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The majority of localized cancers can be cured by surgery 
alone, without any systemic therapy (1). Once distant metas-
tasis has occurred, however, surgical excision is rarely cura-
tive. One major goal in cancer research is therefore the 
detection of cancers before they metastasize to distant sites. 
For many adult cancers, it takes 20 to 30 years for incipient 
neoplastic lesions to progress to late-stage disease (2–4). Only 
in the last few years of this long process do neoplastic cells 
appear to successfully seed and give rise to metastatic lesions 
(2–5). Thus, there is a wide window of opportunity to detect 

cancers prior to the onset of metastasis. Even when metasta-
sis has initiated but is not yet evident radiologically, cancers 
can be cured in up to 50% of cases with systemic therapies, 
such as cytotoxic drugs and immunotherapy (6–9). Once 
large, metastatic tumors are formed, however, current thera-
pies are rarely effective (6–9). 

The only widely used blood test for earlier cancer detec-
tion is based on measurement of prostate specific antigen 
(PSA), and the proper use of this test is still being debated 
(10). The approved tests for cancer detection are not blood-
based, and include colonoscopy, mammography, and cervical 
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Earlier detection is key to reducing cancer deaths. Here we describe a blood test that can detect eight 
common cancer types through assessment of the levels of circulating proteins and mutations in cell-free 
DNA. We applied this test, called CancerSEEK, to 1,005 patients with non-metastatic, clinically detected 
cancers of the ovary, liver, stomach, pancreas, esophagus, colorectum, lung, or breast. CancerSEEK tests 
were positive in a median of 70% of the eight cancer types. The sensitivities ranged from 69% to 98% for 
the detection of five cancer types (ovary, liver, stomach, pancreas, and esophagus) for which there are no 
screening tests available for average-risk individuals. The specificity of CancerSEEK was > 99%: only 7 of 
812 healthy controls scored positive. In addition, CancerSEEK localized the cancer to a small number of 
anatomic sites in a median of 83% of the patients. 
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cytology. New blood tests for cancer must have very high 
specificity; otherwise, too many healthy individuals will re-
ceive positive test results, leading to unnecessary follow-up 
procedures and anxiety. Blood tests that detect somatic mu-
tations (“liquid biopsies”) offer the promise of exquisite spec-
ificity because they are based on driver gene mutations that 
are expected to be found only in abnormal clonal prolifera-
tions of cells, such as cancers (11–18). To date, the vast major-
ity of cancer patients evaluated with mutation-based liquid 
biopsies have advanced-stage disease. In addition, no studies 
have examined a large number of healthy control individuals, 
which is essential for evaluation of the specificity of such tests 
(19). Diagnostic sensitivity is also an issue for liquid biopsies. 
Available evidence indicates that patients with early-stage 
cancers can harbor < 1 mutant template molecule per ml of 
plasma (11, 20), which is often beyond the limit of detection 
of previously reported technologies that assess multiple mu-
tations simultaneously (19, 21). Yet another issue with liquid 
biopsies is the identification of the underlying tissue of 
origin. Because the same gene mutations drive multiple tu-
mor types, liquid biopsies based on genomic analysis alone 
generally cannot identify the anatomical location of the pri-
mary tumor. 

We describe here a new blood test, called CancerSEEK, 
which addresses the issues described above. The test utilizes 
combined assays for genetic alterations and protein bi-
omarkers and has the capacity not only to identify the pres-
ence of relatively early cancers but also to localize the organ 
of origin of these cancers. 

Initial studies demonstrated that the maximum sensitiv-
ity of plasma DNA-based tests (“liquid biopsies”) was limited 
for localized cancers (11). A subsequent study suggested that 
the combination of four protein biomarkers with one genetic 
marker (KRAS) could enhance sensitivity for the detection of 
pancreatic cancers (20). We sought to generalize this ap-
proach by evaluating a panel of protein and gene markers 
that might be used to detect many solid tumors at a stage 
prior to the emergence of distant metastases. We began by 
designing a polymerase chain reaction (PCR)-based assay 
that could simultaneously assess multiple regions of driver 
genes that are commonly mutated in a variety of cancer types. 
In designing this test, we were confronted by four competing 
challenges. First, the test must query a sufficient number of 
bases to allow detection of a large number of cancers. Second, 
each base queried in the test must be sequenced thousands 
of times to detect low prevalence mutations (11, 19, 21, 22). 
Third, there must be a limit on the number of bases queried 
in the test because the more bases queried, the more likely 
that artifactual mutations would be identified, reducing the 
signal-to-noise ratio. And fourth, for implementation in a 
screening setting, the test must be cost effective and amena-

ble to high throughput, factors that limit the amount of se-
quencing that can be performed. To overcome these chal-
lenges, we searched for the minimum number of short 
amplicons that would allow us to detect at least one driver 
gene mutation in each of the eight tumor types evaluated. Us-
ing publicly available sequencing data, we found that there 
was a fractional power law relationship between the number 
of amplicons required and the sensitivity of detection, with a 
plateau at ~ 60 amplicons (Fig. 1). Once this plateau was 
reached, raising the number of amplicons would not detect 
substantially more cancers but would increase the probability 
of false positive results. This decreasing marginal utility de-
fined the optimal number of amplicons. 

Based on these data, we designed a 61-amplicon panel, 
with each amplicon querying an average of 33 bp within one 
of 16 genes (table S1). As shown in Fig. 1, this panel would 
theoretically detect 41% (liver) to 95% (pancreas) of the can-
cers in the Catalog of Somatic Mutations in Cancer (COSMIC) 
dataset (23). In practice, the panel performed considerably 
better, detecting at least one mutation in 82%, two mutations 
in 47%, and more than two mutations in 8% of the 805 can-
cers evaluated in our study (Fig. 1, colored dots; fig. S1; and 
table S2). We were able to detect a larger fraction of tumors 
than predicted by the COSMIC dataset because the PCR-
based sequencing assay we used was more sensitive for de-
tecting mutations than conventional genome-wide sequenc-
ing. Based on this analysis of the DNA from primary tumors, 
the predicted maximum detection capability of circulating tu-
mor DNA (ctDNA) in our study varied by tumor type, ranging 
from 60% for liver cancers to 100% for ovarian cancers (Fig. 
1). 

Armed with this small but robust panel of amplicons, we 
developed two approaches that enabled the detection of the 
rare mutations expected to be present in plasma ctDNA. First, 
we used multiplex-PCR to directly and uniquely label each 
original template molecule with a DNA barcode. This design 
minimizes the errors inherent to massively parallel sequenc-
ing (24) and makes efficient use of the small amount of cell-
free DNA present in plasma. Additionally, we divided the to-
tal amount of DNA recovered from plasma into multiple ali-
quots and performed independent assays on each replicate. 
In effect, this decreases the number of DNA molecules per 
well; however, it increases the fraction of each mutant mole-
cule per well, making the mutants easier to detect. Because 
the sensitivity of detection is often limited by the fraction of 
mutant alleles in each replicate, this partitioning strategy al-
lowed us to increase the signal-to-noise ratio and identify mu-
tations present at lower prevalence than possible if all of the 
plasma DNA was evaluated at once. 

The second component of CancerSEEK is based on pro-
tein biomarkers. Previous studies have demonstrated that a 
major fraction of early-stage tumors do not release detectable 
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amounts of ctDNA, even when extremely sensitive techniques 
are used to identify them (11, 20). Many proteins potentially 
useful for early detection and diagnosis of cancer have been 
described in the literature (25–27). We searched this litera-
ture to find proteins that had previously been shown to detect 
at least one of the eight cancer types described above with 
sensitivities > 10% and specificities > 99%. We identified 41 
potential protein biomarkers (table S3) and evaluated them 
in preliminary studies on plasma samples from normal indi-
viduals as well as from cancer patients. We found that 39 of 
these proteins could be reproducibly evaluated through a sin-
gle immunoassay platform and we then used this platform to 
assay all plasma samples (table S3). Eight of the 39 proteins 
proved to be particularly useful for discriminating cancer pa-
tients from healthy controls (table S3). 

We then used CancerSEEK to study 1,005 patients who 
had been diagnosed with Stage I to III cancers of the ovary, 
liver, stomach, pancreas, esophagus, colorectum, lung, or 
breast. No patient received neo-adjuvant chemotherapy prior 
to blood sample collection and none had evident distant me-
tastasis at the time of study entry. The median age at diagno-
sis was 64 (range 22 to 93). The eight cancer types were 
chosen because they are common in western populations and 
because no blood-based tests for their earlier detection are in 
common clinical use. The histopathological and clinical char-
acteristics of the patients are summarized in table S4. The 
most common stage at presentation was American Joint 
Commission on Cancer (AJCC) stage II, accounting for 49% 
of patients, with the remaining patients harboring stage I 
(20%) or stage III (31%) disease. The number of samples per 
stage for each of the eight tumor types is summarized in table 
S11. The healthy control cohort consisted of 812 individuals 
of median age 55 (range 17 to 88) with no known history of 
cancer, high-grade dysplasia, autoimmune disease, or chronic 
kidney disease. 

CancerSEEK evaluates levels of 8 proteins and the pres-
ence of mutations in 2,001 genomic positions; each genomic 
position could be mutated in several ways (single base sub-
stitutions, insertions, or deletions). The presence of a muta-
tion in an assayed gene or an elevation in the level of any of 
these proteins would classify a patient as positive. It was 
therefore imperative to employ rigorous statistical methods 
to ensure the accuracy of the test. We used log ratios to eval-
uate mutations and incorporated them into a logistic regres-
sion algorithm that took into account both mutation data and 
protein biomarker levels to score CancerSEEK test results 
(Supplementary Materials). The mean sensitivities and spec-
ificities were determined by ten iterations of 10-fold cross-
validations. The receiver operating characteristic (ROC) 
curves for the entire cohort of cancer patients and controls in 
one representative iteration is shown in Fig. 2A. 

The median sensitivity of CancerSEEK among the eight 

cancer types evaluated was 70% (P < 10−96 one-sided binomial 
test) and ranged from 98% in ovarian cancers to 33% in 
breast cancers (Fig. 2C). At this sensitivity, the specificity was 
> 99%; i.e., only 7 of the 812 individuals without known can-
cers scored positive. We could not be certain that the few 
“false positive” individuals identified among the healthy co-
hort did not actually have an as yet undetected cancer, but 
classifying them as false positives provided the most con-
servative approach to classification and interpretation of the 
data. 

The features of the test that were most important to the 
algorithm were the presence of a ctDNA mutation followed 
by elevations of cancer antigen 125 (CA-125), carcinoembry-
onic antigen (CEA), cancer antigen 19-9 (CA19-9), prolactin 
(PRL), hepatocyte growth factor (HGF), osteopontin (OPN), 
myeloperoxidase (MPO), and tissue inhibitor of metallopro-
teinases 1 (TIMP-1) protein levels (table S9). Waterfall plots 
for each of the ctDNA and protein features used in Can-
cerSEEK illustrate their distribution among individuals with 
and without cancer (fig. S2). The importance ranking of the 
ctDNA and protein features used in CancerSEEK are pro-
vided in table S9 and a principal component analysis display-
ing the clustering of individuals with and without cancer is 
shown in fig. S3. The complete dataset, including the levels of 
all proteins studied and the mutations identified in the 
plasma samples, are provided in tables S5 and S6. The prob-
abilistic rather than deterministic nature of the approach 
used here to call a sample positive is evident from fig S4; each 
panel represents the sensitivity of CancerSEEK when one spe-
cific feature was excluded from the analysis. 

One of the most important attributes of a screening test is 
the ability to detect cancers at relatively early stages. The me-
dian sensitivity of CancerSEEK was 73% for the most com-
mon stage evaluated (Stage II), similar (78%) for Stage III 
cancers, and lower (43%) for Stage I cancers (Fig. 2B). The 
sensitivity for the earliest stage cancers (Stage I) was highest 
for liver cancer (100%) and lowest for esophageal cancer 
(20%). 

The basis of liquid biopsy is that mutant DNA templates 
in plasma are derived from dying cancer cells and thus serve 
as exquisitely specific markers for neoplasia. To investigate 
whether CancerSEEK meets this expectation, we evaluated 
tumor tissue from 153 patients in whom ctDNA could be de-
tected at statistically significant levels (Supplementary Mate-
rials) and for whom primary tumors were available. We found 
that the mutation in the plasma was identical to a mutation 
found in the primary tumor of the same individual in 138 
(90%) of these 153 cases (table S7). This concordance between 
plasma and primary tumor was evident in all eight cancer 
types, and ranged from 100% in ovarian and pancreatic can-
cers to 82% in stomach cancers. 
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One limitation of liquid biopsies is their inability to deter-
mine the cancer type in patients who test positive, which 
poses challenges for clinical follow-up. To examine whether 
the CancerSEEK test can help identify a cancer’s tissue of 
origin, we used supervised machine learning to predict the 
underlying cancer type in patients with positive CancerSEEK 
tests. The input algorithm took into account the ctDNA and 
protein biomarker levels as well as the gender of the patient 
(Supplementary Materials). One of the main purposes of such 
predictions is to determine the most appropriate follow-up 
test for cancer diagnosis or monitoring after a positive Can-
cerSEEK test. We therefore grouped together patients with 
esophageal and gastric cancers, as endoscopy would be the 
optimal follow-up in both instances. We then used this algo-
rithm (Supplementary Materials) to study the 626 cancer pa-
tients scoring positive in the CancerSEEK Test. Without any 
clinical information about the patients, we were able to local-
ize the source of the cancer to two anatomic sites in a median 
of 83% of these patients (Fig. 3, table S8; P < 10−77 one-sided 
binomial test). Furthermore, we were able to localize the 
source of the positive test to a single organ in a median of 
63% of these patients (Fig. 3, table S8; P < 10−47 one-sided bi-
nomial test). Given that driver gene mutations are usually not 
tissue-specific, the vast majority of the localization infor-
mation was derived from protein markers. The accuracy of 
prediction varied with tumor type; it was highest for colorec-
tal cancers and lowest for lung cancers (Fig. 3 and table S10). 

In summary, we have designed a multi-analyte blood test 
that can detect the presence of eight common solid tumor 
types. The advantage of combining completely different 
agents, with distinct mechanisms of action, is widely recog-
nized in therapeutics (28–30) but has not been routinely ap-
plied to diagnostics. Here, we combined protein biomarkers 
with genetic biomarkers to increase sensitivity without sub-
stantially decreasing specificity. Other cancer biomarkers, 
such as metabolites, mRNA transcripts, miRNAs, or methyl-
ated DNA sequences could be similarly combined to increase 
sensitivity and localization of cancer site. Such multi-analyte 
tests would not be not meant to replace other non-blood 
based screening tests, such as those for breast or colorectal 
cancers, but to provide additional information that could 
help identify those patients most likely to harbor a malig-
nancy. 

Several limitations of our study should be acknowledged. 
First, the patient cohort in our study was composed of indi-
viduals with known cancers, most diagnosed on the basis of 
symptoms of disease. Though none of our patients had clini-
cally evident metastatic disease at the time of study entry, 
most individuals in a true screening setting would have less 
advanced disease and the sensitivity of detection is likely to 
be less than reported here. Second, our controls were limited 

to healthy individuals whereas in a true cancer screening set-
ting, some individuals might have inflammatory or other dis-
eases which could result in a greater proportion of false 
positive results than observed in our study. Third, although 
multiple-fold cross-validation is a powerful and widely used 
technique for demonstrating robust sensitivity and specificity 
on a cohort of this study’s scale, we were not able to use a 
completely independent set of cases for testing, which would 
have been optimal. Finally, the proportion of cancers of each 
type in our cohort was purposefully not representative of 
those in the U.S. as a whole because we wanted to evaluate at 
least 50 examples of each cancer type with the resources 
available to us. When weighted for actual incidence in the 
U.S., we estimate the sensitivity of CancerSEEK to be 55% 
among all eight cancer types. Importantly, this weighting 
would not affect the high sensitivities of CancerSEEK (69% 
to 98%) to detect five cancer types (ovary, liver, stomach, pan-
creas, and esophagus) for which there are no screening tests 
available for average-risk individuals. 

Our study lays the conceptual and practical foundation for 
a single, multi-analyte blood test for cancers of many types. 
We estimate the cost of the test to be less than $500, which 
is comparable or lower than other screening tests for single 
cancers, such as colonoscopy. The eight cancer types studied 
here account for 360,000 (60%) of the estimated cancer 
deaths in the U.S. in 2017 and their earlier detection could 
conceivably reduce deaths from these diseases. To actually 
establish the clinical utility of CancerSEEK and to demon-
strate that it can save lives, prospective studies of all incident 
cancer types in a large population will be required. 
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Fig. 1. Development of a PCR-
based assay to identify tumor-
specific mutations in plasma 
samples. Colored curves indicate 
the proportion of cancers of the 
eight types evaluated in this study 
that can be detected with an 
increasing number of short (< 40 
bp) amplicons. The sensitivity of 
detection increases with the 
number of amplicons but plateaus 
at ~ 60 amplicons. Colored dots 
indicate the fraction of cancers 
detected using the 61-amplicon 
panel used in 805 cancers 
evaluated in our study, which 
averaged 82% (see main text). 
Publicly available sequencing data 
were obtained from the Catalog of 
Somatic Mutations in Cancer 
(COSMIC) repository. 
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Fig. 2. Performance of 
CancerSEEK. (A) Receiver 
operator characteristic (ROC) 
curve for CancerSEEK. The red 
point on the curve indicate the 
test’s average performance (62%) 
at > 99% specificity. Error bars 
represent 95% confidence 
intervals for sensitivity and 
specificity at this particular point. 
The median performance among 
the 8 cancer types assessed was 
70%, as noted in the main text. (B) 
Sensitivity of CancerSEEK by 
stage. Bars represent the median 
sensitivity of the eight cancer types 
and error bars represent standard 
errors of the median. (C) 
Sensitivity of CancerSEEK by 
tumor type. Error bars represent 
95% confidence intervals.  

First release: 18 January 2018 www.sciencemag.org (Page numbers not final at time of first release) 9

 

Fig. 3. Identification of cancer type by supervised 
machine learning for patients classified as 
positive by CancerSEEK. Percentages correspond 
to the proportion of patients correctly classified by 
one of the two most likely types (sum of light and 
dark blue bars) or the most likely type (light blue bar). 
Predictions for all patients for all cancer types are 
provided in table S8. Error bars represent 95% 
confidence intervals. 
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Analysis of Fusobacterium persistence
and antibiotic response in
colorectal cancer
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Colorectal cancers comprise a complex mixture of malignant cells, nontransformed cells,
and microorganisms. Fusobacterium nucleatum is among the most prevalent bacterial
species in colorectal cancer tissues. Here we show that colonization of human colorectal
cancers with Fusobacterium and its associated microbiome—including Bacteroides,
Selenomonas, and Prevotella species—is maintained in distal metastases, demonstrating
microbiome stability between paired primary and metastatic tumors. In situ hybridization
analysis revealed that Fusobacterium is predominantly associated with cancer cells in
the metastatic lesions. Mouse xenografts of human primary colorectal adenocarcinomas
were found to retain viable Fusobacterium and its associated microbiome through successive
passages. Treatment of mice bearing a colon cancer xenograft with the antibiotic
metronidazole reduced Fusobacterium load, cancer cell proliferation, and overall tumor
growth.These observations argue for further investigation of antimicrobial interventions as
a potential treatment for patients with Fusobacterium-associated colorectal cancer.

T
he cancer-associated microbiota are known
to influence cancer development and pro-
gression, most notably for colorectal can-
cer (1–5). Unbiased genomic analyses have
revealed an enrichment of Fusobacterium

nucleatum in human colon cancers and adeno-
mas relative to noncancerous colon tissues (6, 7).
These observations have been confirmed in studies
of multiple colon cancer patient cohorts from
around the world (8–12). Increased tumor levels
of F. nucleatum have been correlated with lower
T cell infiltration (13); with advanced disease stage
and poorer patient survival (10, 11, 14); and with
clinical and molecular characteristics such as
right-sided anatomic location, BRAF mutation,
and hypermutation with microsatellite instability
(9, 12, 15).
Studies in diverse experimental models have

suggested a pro-tumorigenic role for Fusobacterium.
Feedingmice with Fusobacterium (16–18), infection
of colorectal cancer cell lines with Fusobacterium
(19–21), and generation of xenografts derived from
Fusobacterium-infected colorectal cancer cell

lines (17) were all observed to potentiate tumor
cell growth. Suggested mechanisms have ranged
from enhanced tumor cell adhesion and invasion
(17, 19, 22) to modulation of the host immune
response (16, 23) to activation of the Toll-like
receptor 4 pathway (17, 20, 21). However, not all
animal or cellular studies of Fusobacterium have
demonstrated a cancer-promoting effect (24). A
recent editorial has highlighted the importance
of studying Fusobacterium infection in colon can-
cer as a component of the diverse microbiota with-
in the native tumor microenvironment (25).
To investigate the role of Fusobacterium and

its associated microbiota in native human colo-
rectal cancers, we analyzed five independent co-
horts of patient-derived colorectal cancers for
Fusobacterium and microbiome RNA and/or
DNA. Where technically possible, we performed
Fusobacterium culture and tested the effect of
antibiotic treatment upon the growth of propa-
gated patient-derived colon cancer xenografts.
These cohorts (table S1) include: (i) 11 fresh-
frozen primary colorectal cancers and paired
liver metastases (frozen paired cohort); (ii) 77
fresh-frozen primary colorectal cancers with de-
tailed recurrence information (frozen primary
cohort); (iii) published data from 430 resected
fresh-frozen colon carcinomas from The Cancer
Genome Atlas (26) (TCGA cohort), together with
data from 201 resected fresh-frozen hepatocellular
carcinomas from TCGA (27); (iv) 101 formalin-
fixed paraffin-embedded colorectal carcinomas
and paired liver metastases (FFPE paired cohort);
and (v) 13 fresh primary colorectal cancers used

for patient-derived xenograft studies (xenograft
cohort).
Using the frozen paired cohort, we tested

whether we could culture viable Fusobacterium
species from primary colorectal carcinomas and
corresponding liver metastases. Quantitative poly-
merase chain reaction (qPCR) analysis showed
that 9 of 11 (82%) snap-frozen primary tumors
(table S2) were positive for Fusobacterium in the
primary tumor [patients one through nine (P1
through P9)]; we could isolate Fusobacterium spe-
cies from 73% of these tumors (n = 8 of 11 tumors;
P1 through P8) (Fig. 1A). In addition, we cultured
Fusobacterium species from two liver metastases
(P1 and P2) from Fusobacterium-positive primary
tumors. Five metastatic specimens had inadequate
amounts of tissue for culture but were positive
for Fusobacterium by qPCR (P3 through P7), for
a total of seven primary-metastatic tumor pairs
(64%) testing positive for Fusobacterium by qPCR
(Fig. 1A). This finding extends previous results
showing the presence of Fusobacterium nucleic
acids in hepatic and lymph node metastases of
colon cancer (7, 22, 28) to now demonstrate that
viable Fusobacterium species are present in dis-
tant metastases.
To address whether the same Fusobacterium

is present in primary cancers and metastases,
we performed whole-genome sequencing of pure
Fusobacterium isolates from primary and meta-
static tumors from two patients (P1 and P2). For
both patients, the primary-metastatic tumor pairs
harbored highly similar strains of Fusobacterium,
with >99.9% average nucleotide identity, despite
the tissue being collected months (P2) or even
years (P1) apart (Fig. 1B and fig. S1). We cultured
Fusobacterium necrophorum subsp. funduliforme
from the primary colorectal tumor and liver meta-
stasis of P1 and F. nucleatum subsp. animalis from
the primary tumor and metastasis of P2. We also
cultured other anaerobes, including Bacteroides
species, from the primary-metastasis pairs (table S3).
Our finding of nearly identical, viable Fusobacterium
strains in matched primary and metastatic colo-
rectal cancers confirms the persistence of viable
Fusobacterium species through the metastatic pro-
cess and suggests that Fusobacterium species
may migrate with the colorectal cancer cells to
the metastatic site.
To quantitate the relative abundance of Fuso-

bacterium and to evaluate the overall microbiome
in the paired primary and metastatic tumors,
we performed RNA sequencing of 10 primary
cancers and their matched liver metastases from
the frozen paired cohort (P1 to P6 and P8 to P11).
PathSeq analysis (29) of the RNA sequencing
data showed that the same Fusobacterium spe-
cies were present, at a similar relative abundance,
in the paired primary-metastatic tumors (Fig. 1C,
samples P1 to P6) and that the overall dominant
microbiome was also qualitatively similar. In ad-
dition to F. nucleatum and F. necrophorum,
primary cancer microbes that persisted in the
liver metastases included Bacteroides fragilis,
Bacteroides thetaiotaomicron, and several typically
oral anaerobes such as Prevotella intermedia and
Selenomonas sputigena (Fig. 1C). In contrast, there
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was little similarity between bacterial sequences
in the primary colorectal cancer and liver meta-
stasis in the lone sample where Fusobacterium
was present in the primary cancer but not de-
tected in the metastasis (Fig. 1C, sample P8) or
in the three samples with low or undetectable

levels of Fusobacterium in the primary cancer
(Fig. 1C, samples P9 to P11). Jaccard index analy-
sis revealed a high correlation between the domi-
nant bacterial genera in the primary tumor and
metastasis for Fusobacterium-positive pairs, but
a low correlation between bacterial genera in the

primary tumor and metastasis for Fusobacterium-
negative pairs (Fig. 1D and fig. S2).
Targeted bacterial 16S ribosomal RNA (rRNA)

gene sequencing on DNA from the 11 frozen
paired samples confirmed that (i) Fusobacterium
species are present in paired primary-metastatic

Bullman et al., Science 358, 1443–1448 (2017) 15 December 2017 2 of 6

Fig. 1. Fusobacterium colonizes liver metastases of Fusobacterium-
associated colorectal primary tumors. (A) Schematic of Fusobacterium
culture and Fusobacterium-targeted qPCR status of paired snap-frozen
colorectal primary tumors and liver metastases from 11 patients (P1 to P11)
from the frozen paired cohort. (B) Aligned dot plot representing the
average nucleotide identity (ANI) of whole-genome sequencing data from
F. necrophorum isolated from paired primary colorectal tumor (CP) and
liver metastasis (LM) of P1 and F. nucleatum isolate cultured from paired
primary tumors and liver metastasis of P2. F. necrophorum P1 two-way
ANI: 100% (SD: 0.01%) from 10,220 fragments; F. nucleatum P2 two-way
ANI: 99.99% (SD: 0.23%) from 7334 fragments. (C) Species-level
microbial composition of paired colorectal primary tumors and liver
metastases (frozen paired cohort), assayed by RNA sequencing followed
by PathSeq analysis for microbial identification. For simplicity, only
organisms with >2% relative abundance (RA) in at least one tumor are
shown. The colors correspond to bacterial taxonomic class. Red,
Fusobacteriia; pink, Negativicutes; blue/green, Bacteroidia; orange, Clos-
tridia; yellow, Gamma-proteobacteria; dark brown, Spirochaetes. The
samples are separated into three groups: Fusobacterium-positive primary
tumor and metastases (n = 6 pairs), Fusobacterium-positive primary
tumor and Fusobacterium-negative metastases (n = 1 pair), and
Fusobacterium-negative primary tumor and metastases (n = 3 pairs). P7

had insufficient tissue for RNA sequencing analysis. (D) Box plots represent
the Jaccard index (proportion of shared genera or species) between
paired colorectal primary tumors and liver metastases at both the genus
and species level at 1% RA.The box represents the first and third quartiles,
and error bars indicate the 95% confidence level of the median. Paired
samples that were positive for Fusobacterium in both the primary
tumor and metastasis were compared with paired samples where the
metastasis was Fusobacterium-negative. P values were determined
using Welch’s two-sample t test. (E) Box plots of Fusobacterium RA in
primary colon adenocarcinoma (COAD) (n = 430) and primary liver
hepatocellular carcinoma (LIHC) (n = 201) from TCGA (TCGA cohort)
and primary-metastasis pairs from 10 patients.The box represents the first
and third quartiles, and error bars indicate the 95% confidence level
of the median. P values were determined using Welch’s two-sample t test
with correction for unequal variances. (F) Identification of bacteria that
co-occur with Fusobacterium in primary COAD (TCGA cohort). Primary
COAD tumors were subset into two groups: Fusobacterium “High” if
Fusobacterium RA was >1% (n = 110, median RA = 5%, mean RA = 7.4%)
and Fusobacterium “Low/Neg” if RA was <1% (n = 320, median RA =
0.06%, mean RA = 0.16%). The bar plot illustrates genera enriched (red)
and depleted (green) in COAD with >1% Fusobacterium RA. LDA, linear
discriminant analysis.
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tumors, (ii) the relative abundance of Fusobacte-
rium is correlated between primary tumors and
metastases, and (iii) the dominant microbial
genera in the liver metastases correspond to those
in the primary tumors, demonstrating micro-
biome stability between paired Fusobacterium-
positive primary-metastatic tumors (P = 0.01)
(fig. S3).
To investigate the relationship between

Fusobacterium and cancer recurrence, we per-
formedmicrobial culture and bacterial 16S rRNA
gene sequencing in a blinded fashion on the fro-
zen primary cohort of 77 snap-frozen colorectal
cancers lacking paired metastases (n = 21 with
recurrence,n= 56without recurrence) (table S4).
We discovered that 44 of 77 tumors (57%) had
cultivable Fusobacterium species and 45 of 77
had >1% Fusobacterium relative abundance.
We found no correlation between Fusobacterium
load or culture with either recurrence or stable
disease in this cohort (fig. S4).
To assess Fusobacterium persistence and its

correlation with clinical parameters, we ana-
lyzed the 101 primary-metastasis pairs from the
FFPE paired cohort (table S5). We found that
43% (n = 44 of 101) of primary colorectal cancers
tested positive for Fusobacterium by qPCR and
45% (n = 20 of 44) of liver metastases arising
from these primary tumors were Fusobacterium-
positive (fig. S5A).
To determine the spatial distribution of

Fusobacterium in these tumors, Fusobacterium

RNA in situ hybridization (ISH) analysis was per-
formed on five qPCR-positive primary-metastasis
pairs from this cohort (table S6, Fig. 2, and fig.
S6). Both biofilm and invasive F. nucleatum were
observed in primary colorectal cancer (Fig. 2,
A to D). Invasive F. nucleatum distribution was
highly heterogeneous and focal, found in isolated
or small groups of cells with morphology consist-
ent with that of malignant cells and located close
to the lumen and ulcerated regions. F. nucleatum
was also observed in glandular structures present
in the tumor center and invasive margins, but to
a lesser extent. In adjacent normal mucosa (when
present), F. nucleatum was exclusively located in
the biofilm. In liver metastasis, F. nucleatum was
predominantly localized in isolated cells whose
histomorphology is consistent with colon cancer
cells (Fig. 2, E to H), although occasional stro-
mal F. nucleatum could be observed as well. No
F. nucleatumwas detected in the adjacent residual
liver parenchyma.
Notably, none of the 57Fusobacterium-negative

primary colorectal tumors were associated with a
Fusobacterium-positive liver metastasis (n = 0 of
57; P = 0) (fig. S5A). Consistent with previous re-
ports (15), the presence of Fusobacterium in paired
primary tumors and corresponding metastases
was enriched in metastatic cancers of the cecum
and ascending colon (n = 10 of 20 Fusobacterium-
positive primary-metastasis pairs, P = 0.002),
(fig. S5B), whereas cancers thatwere Fusobacterium-
negative in both primary and metastatic lesions

weremore likely to be rectal cancers (n = 29 of 57
of the Fusobacterium-negative primary-metastasis
pairs, P = 0.016) (fig. S5B).
To assess the relationship between patient

survival and Fusobacterium presence in the pri-
mary cecum and ascending colon, we carried out
PathSeq (29) analysis on RNA sequencing data
from the 430 primary colon adenocarcinomas in
the TCGA cohort. Patients with cancer of the ce-
cumand ascending colon exhibitedworse overall
survival than patients with non-cecum ascend-
ing colon cancer (P = 0.01) (fig. S5C). Among
patientswith cecumand ascending colon tumors,
we observed poorer overall survival in correla-
tion with tumor Fusobacterium load (fig. S5D)
(P = 0.004).
To determine whether Fusobacterium is associ-

ated with primary liver hepatocellular carcinoma,
we performed PathSeq analysis (29) of RNA se-
quencing data from 201 primary liver tumors from
the TCGA cohort. This analysis demonstrated that
Fusobacterium is rare in primary liver carcinomas
and that the relative abundance of Fusobacterium
is significantly enriched in liver metastases arising
from colorectal cancers compared with primary
liver cancers (P = 0.008) (Fig. 1E).
PathSeq analysis of data from the TCGA co-

hort also confirmed that the microbes present in
liver metastases of Fusobacterium-positive colo-
rectal carcinomas are similar to those associated
with Fusobacterium in primary colorectal carci-
noma. Selenomonas, Bacteroides, and Prevotella
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Fig. 2. F. nucleatum RNA ISH analysis of matched primary colorectal
tumors and liver metastases. Representative images of F. nucleatum
spatial distribution in paired samples from P187 primary colorectal tumor
(A and B) and liver metastasis (E and F) and P188 primary colorectal
tumor (C and D) and liver metastasis (G and H) from the FFPE paired
cohort are shown. Arrows indicate cells with histomorphology consistent
with that of colon cancer cells infected by invasive F. nucleatum (red

dots) in both primary colorectal tumors (B and D) and matched liver
metastases (F and H). Fusobacterium-containing biofilm (bf) is
highlighted in the colorectal tumor of P187 (A). Fusobacterium was
not detected in normal liver (nl) tissue [(E) and (F)]. s, stroma. Panels
(B), (D), (F), and (H) show magnification of the boxed areas in (A),
(C), (E), and (G), respectively. Scale bars: 500 mm in (A), (C), (E), and
(G); 250 mm in (B), (D), (F), and (H).
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genera were shared between primary and meta-
static colorectal cancers and also correlated with
Fusobacterium abundance in primary colon ade-
nocarcinoma (Fig. 1F, fig. S7, and table S7).
Given that metastatic colorectal carcinomas

harbored cultivable Fusobacterium species, we
wondered whether viable Fusobacterium could
persist in xenografts from human colorectal can-
cers,whichwouldprovide a valuablemodel system
for evaluating the effects ofmicrobiotamodulation
on cancer growth. In a double-blinded approach,
13 fresh human primary colorectal tumors from
the xenograft cohort were evaluated, by culture
or qPCR, for the presence of Fusobacterium. In
parallel, these tumors were implanted subcutane-
ously, by an independent investigator, into Nu/Nu
mice to establishpatient-derived xenografts (PDXs)
(table S8). All five Fusobacterium–culture positive
tumors resulted in successful xenografts (fig. S8),
one of four qPCR-positive but culture-negative
tumors gave rise to a successful xenograft, and
none of the four Fusobacterium-negative tumors
generated successful xenografts (P = 0.003). Tu-
mor grade did not appear to significantly influ-
ence successful xenograft formation (P = 0.1)
(fig. S9A), although we noted a modest associa-
tion between Fusobacterium cultivability and high-
grade tumors in this cohort (n = 4 of 5 tumors, P =
0.03) (fig. S9B).
Next, we sought to determine whether

Fusobacterium species would remain viable and
stably associatedwith a xenograft. A PDXderived
from an F. nucleatum culture–positive colon can-
cer (COCA36) was passaged to xenograft genera-
tion F8 over 29 weeks and tested for F. nucleatum.
We cultured F. nucleatum from this PDX for up to
four generations and 124days in vivo. All xenograft
generations, from F1 through F8, were positive
for Fusobacterium by qPCR (Fig. 3A). Additional-
ly, we cultured other anaerobic bacteria, including
B. fragilis and B. thetaiotaomicron, from both the
primary tumor and PDXs. We further cultured
Fusobacterium species from PDXs generated
from two additional patient tumors (table S9).
qPCR andmicrobiome analysis of fecal pellets and
oral swabs from the PDX-bearing animals were
negative for Fusobacterium species (fig. S10), ar-
guing against the possibility of Fusobacterium spe-
cies arising fromtheendogenousmurinemicrobiota.
To evaluate the overall microbiome stability

and to identify bacteria that are persistently asso-
ciated with the primary colorectal tumor and de-
rived xenografts, we carried out unbiased total
RNA sequencing followed by PathSeq analysis,
which revealed that F. nucleatum and other
Gram-negative anaerobes, including B. fragilis
and S. sputigena, persist in these PDX models
for multiple generations (Fig. 3B). The bacteria
that persist within the PDX include the genera
that we report to persist in distant-sitemetastases
to the liver (Fig. 1C) and that are enriched in
Fusobacterium-associated colorectal cancer from
analysis of TCGA data (Fig. 1F). Bacterial 16S rRNA
gene sequencing further confirmed the persistence
of Fusobacterium and co-occurring anaerobes in
these primary colorectal tumors and derived xeno-
grafts (fig. S11).

Transmission electronmicroscopy showed that
F. nucleatum isolates from both the primary co-
lon carcinoma and PDXwere invasivewhen incu-
bated with human colon cancer cell lines HT-29
and HCT-116. Upon infection with F. nucleatum,
we saw evidence of bacterial cells within vesicle-
like structures in the cancer cell (fig. S12, A to C).
We also observed evidence of bacterial adhesion
and invasion in the respective patient xenograft
tissue (fig. S12D).
Finally, we asked whether treatment of

Fusobacterium-positive colon cancer xenograftswith
either (i) an antibiotic to which Fusobacterium is
resistantor (ii) anantibiotic towhichFusobacterium
is sensitivewould affect tumor growth.We chose
erythromycin as a resistant antibiotic because the
F. nucleatum clinical isolates were resistant to
high concentrations of erythromycin (minimum
inhibitory concentration >25 mg/ml) (fig. S13A).
After oral gavage of the Fusobacterium-harboring
PDX COCA36, with erythromycin, we observed a
slight decrease in tumor volume compared with
mice treated with the vehicle control. However,
erythromycin did not significantly affect the tra-

jectory of tumor growth (P = 0.073) (fig. S13B),
Fusobacterium tumor load (P = 0.98) (fig. S13C),
or tumor cell proliferation (P = 0.3) (fig. S13D).
For a Fusobacterium-killing antibiotic, we chose

metronidazole because fusobacteria are known
to be highly sensitive to this drug (30). We then
confirmed sensitivity of the F. nucleatum isolate
from PDXCOCA36 (minimum inhibitory concen-
tration<0.01 mg/ml) (fig. S14). BecausePDXs could
not be generated from Fusobacterium-negative
primary tumors, we treated Fusobacterium-free
xenografts derived from HT-29 colon adeno-
carcinoma cells with metronidazole to assess
whether metronidazole inhibits the growth of
Fusobacterium-negative colorectal carcinomas.
This experiment revealed no significant change
in tumor growth (P = 0.88) (Fig. 4A).
Finally, oral administration of metronidazole

to mice bearing Fusobacterium-positive PDXs re-
sulted in a statistically significant decrease in the
trajectory of tumor growth, compared with PDXs
inmice treatedwith vehicle (P = 0.0005) (Fig. 4A).
Treatmentwithmetronidazolewas associatedwith
a significant decrease in Fusobacterium load in the
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Fig. 3. Fusobacterium and co-occurring anaerobes persist in colon adenocarcinoma PDXs.
(A) Assessment of Fusobacterium persistence in PDX COCA36 over a period of 204 days.
Fusobacterium persistence was determined via microbial culture and Fusobacterium-targeted
qPCR. F0 denotes the first implantation of the tumor into mice; F1 to F8 represent sequential xenograft
passages after F0. (B) Species-level microbial composition of three patient primary colon adeno-
carcinomas (COCA36, COCA39, and COCA6) and subsequent PDXs. Total RNA sequencing was carried
out, followed by PathSeq analysis for microbial identification. For simplicity, selected species with
>1% relative abundance in the primary tumor and either corresponding PDX are shown. The colors
correspond to bacterial taxonomic class. Red, Fusobacteriia; pink, Negativicutes; blue/green, Bacte-
roidia; orange, Clostridia.
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tumor tissue (P = 0.002) (Fig. 4B), as well as a sig-
nificant reduction in tumor cell proliferation (P =
0.002) (Fig. 4C and fig. S15).
We have shown that (i) Fusobacterium is per-

sistently associated with distant metastases from
primary human colorectal cancers; (ii) invasive
Fusobacterium can be detected in livermetastases
by ISH; (iii) Fusobacterium co-occurs with other
Gram-negative anaerobes in primary andmatched
metastatic tumors; (iv) Fusobacterium survives in
colorectal cancer PDXs throughmultiple genera-
tions;and(v) treatmentofaFusobacterium-harboring
PDX model with the antibiotic metronidazole
decreases Fusobacterium load, cancer cell prolif-
eration, and tumor growth.
The persistence of Fusobacterium and its asso-

ciated microbiome in both metastasis and PDXs,
as well as the ability of antibiotic treatment to
reduce PDX growth, point to the potential of
Fusobacterium, and its associated microbiota,

to contribute to colorectal cancer growth and
metastasis. On the basis of our observation that
the dominant microbiome is highly similar in
primary-metastatic pairs and the concordance
of Fusobacterium strains found in primary tu-
mors and pairedmetastases, we hypothesize that
Fusobacterium travels with the primary tumor
cells to distant sites, as part of metastatic tissue
colonization. This suggests that the tumormicro-
biota are intrinsic and essential components of
the cancer microenvironment.
Our results highlight the need for further

studies on microbiota modulation as a potential
treatment for Fusobacterium-associated colorec-
tal carcinomas. One concern is the negative effect
of broad spectrum antibiotics on the healthy
intestinal microbiota. Given that metronida-
zole targets a range of anaerobic bacteria, in-
cluding co-occurring anaerobes that persist
with Fusobacterium, one would ideally want

to develop a Fusobacterium-specific antimicrobial
agent to assess the effect of selective targeting of
Fusobacterium on tumor growth. Important ques-
tions raised by our findings are whether conven-
tional chemotherapeutic regimens for colorectal
cancer will affect the colon cancer microbiota and
whether the microbiota will modulate the re-
sponse to such therapies. A recent study, reporting
that colorectal tumors with a high Fusobacterium
load are more likely to develop recurrence (21),
supports the concept that Fusobacterium-positive
tumors may benefit from anti-fusobacterial ther-
apy. Our results provide a strong foundation for
pursuing targeted approaches for colorectal can-
cer treatment directed against Fusobacterium and
other key constituents of the cancer microbiota.
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Fig. 4. Treatment of Fusobacterium-colonized PDXs with metronidazole reduces tumor
growth in vivo. (A) (Left) Tumor volume percentage of Fusobacterium-free xenografts
derived from HT-29 cells treated with metronidazole (treated; 19 animals) or with vehicle
(untreated; 20 animals). (Right) Tumor volume percentage of Fusobacterium-positive
PDX tumors (COCA36) treated with metronidazole (treated; 25 animals) or with vehicle
(untreated; 22 animals). P values were determined by the Wald test. Tumors were measured
in a blinded fashion on Mondays, Wednesdays, and Fridays each week. Error bars represent
mean ± SEM. The remaining number of HT-29-derived xenografts and PDX-implanted animals
at each time point is included in the supplementary materials. (B) Assessment of Fusobacterium
tissue load. Fusobacterium-targeted qPCR on PDX tissue (COCA36) after treatment with
metronidazole (treated) or with vehicle (untreated). ND, not detected. The center bar represents
the mean; error bars indicate SEM. P values were determined using Welch’s two-sample t test.
DCt, delta cycle threshold; PTG, prostaglandin transporter. (C) Bromodeoxyuridine (BrdU)
immunohistochemistry of PDX tumors to assess cell proliferation. The bar plot represents
the percentage of cells with BrdU incorporation in treated and untreated PDXs (n = 6 animals
per arm); error bars denote mean ± SEM. P values were determined using the Welch’s
two-sample t test.
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Fundamentals of cancer metabolism
Ralph J. DeBerardinis1* and Navdeep S. Chandel2*

Tumors reprogram pathways of nutrient acquisition and metabolism to meet the bioenergetic, biosynthetic,
and redox demands of malignant cells. These reprogrammed activities are now recognized as hallmarks of
cancer, and recent work has uncovered remarkable flexibility in the specific pathways activated by tumor cells
to support these key functions. In this perspective, we provide a conceptual framework to understand how and
why metabolic reprogramming occurs in tumor cells, and the mechanisms linking altered metabolism to tumor-
igenesis andmetastasis. Understanding these concepts will progressively support the development of new strat-
egies to treat human cancer.

INTRODUCTION AND OVERARCHING PRINCIPLES

Cancer metabolism is one of the oldest areas of research in cancer
biology, predating the discovery of oncogenes and tumor suppressors
by some 50 years. The field is based on the principle that metabolic
activities are altered in cancer cells relative to normal cells, and that
these alterations support the acquisition and maintenance of malig-
nant properties. Because some altered metabolic features are observed
quite generally across many types of cancer cells, reprogrammed me-
tabolism is considered a hallmark of cancer (1, 2). Precisely how me-
tabolism becomes reprogrammed in cancer cells, whose functions or
malignant properties are enabled by these activities, and how to ex-
ploit metabolic changes for therapeutic benefit are among the key
questions driving research in the field.

This review covers several fundamental principles in cancer metab-
olism, with the goal of introducing non-experts to the concepts mo-
tivating ongoing research. With the explosion of research in cancer
metabolism over the past decade, no single review can possibly cover
it all. The sections below highlight some of the essential, recent papers
supporting these core principles. An overarching theme in cancer me-
tabolism is that reprogrammed activities improve cellular fitness to
provide a selective advantage during tumorigenesis. Most of the clas-
sical examples of reprogrammed activities either support cell survival
under stressful conditions or allow cells to grow and proliferate at path-
ologically elevated levels. Three of these—altered bioenergetics,
enhanced biosynthesis, and redox balance—are discussed at length be-
low. It logically flows that if these activities provide benefit to the ma-
lignant cell, then some of them might be suitable therapeutic targets.
This rendering of cancer metabolism is supported by many examples
in which inhibition of an enhanced metabolic activity results in im-
paired growth of experimental tumors (3, 4). In some cases, the par-
ticular metabolic liabilities of cancer cells have been translated into
effective therapies in human cancer. Asparaginase, an enzyme that
converts the amino acid asparagine to aspartic acid and ammonia, is
an essential component of treatment for acute lymphoblastic leukemia
(ALL) (5). Because of their high rates of protein synthesis and poor
ability to synthesize asparagine de novo, ALL cells require a constant
supply of asparagine from the plasma. This supply is essentially elimi-

nated by systemic administration of asparaginase. Ultimately, effective
metabolic therapy will require defining the stage of tumor progression
in which each pathway provides its benefit to the cancer cell. Some
activities first become essential very early in tumorigenesis as the nas-
cent tumor begins to experience nutrient limitations (6). In other cases,
altered pathways may be dispensable in primary tumors but essential
for metastasis (7, 8). Because new therapeutic targets are nominated
from simple experimental models like cultured cells, it will be essential
to define their context-specific roles in biologically accurate models of
tumor initiation and progression.

METABOLIC REPROGRAMMING AND ONCOMETABOLITES
IN CANCER

Altered metabolic activity supports anabolic growth during nutrient-
replete conditions, catabolism to support cell survival during nutrient
limitation, and fortification of redox homeostatic systems to counter-
act the metabolic effects of oncogene activation, tumor suppressor
loss, and other stresses (9). Discovery and characterization of repro-
grammed activities may provide opportunities to image tumor tissue
noninvasively, predict tumor behavior, and prevent tumor progression
by blocking essential pathways. It is important to differentiate “meta-
bolic reprogramming” from “oncometabolites,” two terms widely used
in the recent cancer metabolism literature (10). We propose that the
term metabolic reprogramming be used to describe conventional
metabolic pathways whose activities are enhanced or suppressed in
tumor cells relative to benign tissues as a consequence of tumorigenic
mutations and/or other factors. Oncometabolite is a relatively new
term that refers to metabolites whose abundance increases markedly
in tumors. We suggest that this term be reserved for metabolites for
which (i) there is a clear mechanism connecting a specific mutation in
the tumor to accumulation of the metabolite, and (ii) there is
compelling evidence for involvement of the metabolite in the develop-
ment of malignancy.

The classical example of a reprogrammed metabolic pathway in
cancer is the Warburg effect or aerobic glycolysis (11). Glycolysis is
a physiological response to hypoxia in normal tissues, but Otto Warburg
in the 1920s observed that tumor slices and ascites cancer cells
constitutively take up glucose and produce lactate regardless of oxygen
availability, an observation that has been seen in many types of cancer
cells and tumors (12). The increase in glycolytic flux allows glycolytic
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intermediates to supply subsidiary pathways to fulfill the metabolic
demands of proliferating cells (11). Like glycolytic intermediates, tri-
carboxylic acid (TCA) cycle intermediates are also used as precursors
for macromolecule synthesis (13). Their utilization in biosynthetic
pathways requires that carbon be resupplied to the cycle so that inter-
mediate pools aremaintained; pathways that “refill” the cycle are termed
anaplerotic pathways, and they generate TCA cycle intermediates that
can enter the cycle at sites other than acetyl-CoA (coenzymeA) (14). Two
activities that provide anaplerotic fluxes in cancer cells are glutaminolysis,
which produces a-ketoglutarate from glutamine, and pyruvate carboxyl-
ation, which produces oxaloacetate from glucose/pyruvate. Oxidation of
the branched-chain amino acids (BCAAs) isoleucine and valine also pro-
vides an anaplerotic flux in some tissues.

Despite the incredible genetic and histological heterogeneity of tu-
mors, malignancy seems to involve the common induction of a finite
set of pathways to support core functions like anabolism, catabolism,
and redox balance (15). The general induction of these pathways may
reflect their regulation by signaling pathways that are commonly per-
turbed in cancer cells (Fig. 1). Normal cells, upon stimulation by
growth factors, activate phosphatidylinositol 3-kinase (PI3K) and its
downstream pathways AKT and mammalian target of rapamycin
(mTOR), thereby promoting a robust anabolic program involving
increased glycolytic flux and fatty acid synthesis through activation
of hypoxia-inducible factor–1 (HIF-1) and sterol regulatory element–
binding protein (SREBP), respectively (16). Tumor cells very frequently

containmutations that allow the PI3K-AKT-mTORnetwork to achieve
high levels of signaling with minimal dependence on extrinsic stimula-
tion by growth factors (17). Many of the best-characterized oncogenes
and tumor suppressors reside in the PI3K-AKT-mTOR network, and
aberrant activation of this pathway is among the most frequent altera-
tions seen in a diverse set of cancers.

Another commonly deregulated pathway in cancer is gain of func-
tion of MYC by chromosomal translocations, gene amplification, and
single-nucleotide polymorphisms. MYC increases the expression of
many genes that support anabolic growth, including transporters and
enzymes involved in glycolysis, fatty acid synthesis, glutaminolysis,
serine metabolism, and mitochondrial metabolism (18). Oncogenes
like Kras, which is frequently mutated in lung, colon, and pancreatic
cancers, co-opt the physiological functions of PI3K andMYC pathways
to promote tumorigenicity. Aside from oncogenes, tumor suppressors
such as the p53 transcription factor can also regulate metabolism (19).
The p53 protein–encoding gene TP53 (tumor protein p53) is mutated
or deleted in 50% of all human cancers. The tumor-suppressive func-
tions of p53 have been ascribed to execution of DNA repair, cell cycle
arrest, senescence, and apoptosis. However, recent studies indicate that
p53 tumor-suppressive actionsmight be independent of these canonical
p53 activities but rather dependent on the regulation ofmetabolism and
oxidative stress (20, 21). Loss of p53 increases glycolytic flux to pro-
mote anabolism and redox balance, two key processes that promote
tumorigenesis (19).

Fig. 1. Signaling pathways that regulate cancer metabolism. Tumor cells have aberrant activation of mTORC1 that induces an anabolic growth
program resulting in nucleotide, protein, and lipid synthesis. Loss of tumor suppressors like p53 or activation of oncogenes like MYC further promotes
anabolism through transcriptional regulation of metabolic genes. Metabolism controls signaling through regulating reactive oxygen species (ROS), acet-
ylation, and methylation. PPP, pentose phosphate pathway; G6P, glucose-6-phosphate; 3-PG, 3-phosphoglycerate; ATP, adenosine 5´-triphosphate;
mTORC1, mTOR complex 1; a-KG, a-ketoglutarate; RTK, receptor tyrosine kinase.
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A salient feature of many tumors is that they reside in a low-oxygen
environment (hypoxia) ranging from 0 to 2%O2 because the tumor cell
proliferation rate often exceeds the rate of new blood vessel formation
(angiogenesis) (22). Themetabolic adaptation to hypoxia is coordinated
by HIF-1, which induces metabolic genes involved in increasing glyco-
lytic flux (23). Some tumors display constitutive activation of HIF-1 un-
der normoxic conditions through a variety of mechanisms, including
(i) hyperactivation of mTORC1, (ii) loss of von Hippel–Lindau, (iii)
accumulation of ROS, and (iv) accumulation of the TCA cycle metabo-
lites succinate or fumarate due to cancer-specific mutations in succinate
dehydrogenase (SDH) or fumarate hydratase (FH), respectively (24).

The robust coordinated induction of metabolic pathways that
support tumorigenesis by combination of deregulation of PI3K-AKT-
mTOR signaling pathways, loss of tumor suppressors, and activation of
oncogenes alleviates the necessity of havingmutations or amplifications
in metabolic enzymes per se. Thus, examples of metabolic enzyme de-
regulation through genetic mutation are rare. One example is the ele-
vated expression of phosphoglycerate dehydrogenase (PHGDH) due
to amplification in a fraction of breast cancer andmelanoma (25, 26).
PHGDH catalyzes the conversion of the glycolytic intermediate 3-
phosphoglycerate to 3-phosphohydroxypyruvate in the first step of
the serine biosynthesis pathway. Serine metabolism supplies methyl
groups to the one-carbon and folate pools contributing to nucleotide
synthesis, methylation reactions, and NADPH (reduced nicotinamide
adenine dinucleotide phosphate) production (27). Inhibiting serine
biosynthesis by silencing PHGDH in cells with high levels of this en-
zyme results in growth suppression, and the enzyme displays oncogenic
properties in gain of function assays (25, 26).

The other examples of mutational deregulation of metabolic en-
zymes are those that generate oncometabolites. The current list of true
oncometabolites is short (28). The term is most commonly and appro-
priately applied to D-2-hydroxyglutarate (D2HG), a reduced formof the
TCA cycle intermediate a-ketoglutarate. D2HG is scarce in normal tis-
sues but rises to millimolar concentrations in tumors with mutations in
isocitrate dehydrogenase 1 or 2 (IDH1 or IDH2). These mutations oc-
cur commonly in gliomas, acute myelogenous leukemias (AMLs), and
other types of cancer (29–31). D2HG and its relationship to mutant
IDH1 and IDH2 have been reviewed extensively elsewhere (32). The
most relevant point here is that D2HG production requires a neomor-
phic enzyme activity imparted to IDH1/IDH2 by specific active-site
mutations (33, 34). High levels of D2HG interfere with the function
of dioxygenases requiring a-ketoglutarate as a cosubstrate. These in-
cludeprolylhydroxylases, cytosinehydroxylases, andhistonedemethylases,
whose inhibition influences gene expression in part via an altered epi-
genetic state characterized by a failure to express differentiation pro-
grams (35–41). Thus, although D2HG arises from an alteration of the
metabolic network, its role in cancer seems to depend on nonmetabolic
effects. Currently, D2HG is being used as a biomarker for disease mo-
nitoring, and inhibitors specific to mutants IDH1/IDH2 are in clinical
trials for AML and solid tumors.

The metabolite 2HG also exists as the enantiomer L-2HG (L2HG),
which is not produced bymutant forms of IDH1/IDH2.Thismetabolite
arises from the noncanonical activity of various dehydrogenases, in-
cluding malate dehydrogenase and lactate dehydrogenase, whose pro-
miscuous behavior reduces a-ketoglutarate to L2HG (42–44). L2HG
may be oxidized back to a-ketoglutarate by a FAD-linked enzyme,
L2HG dehydrogenase (L2HGDH). L2HGDH deficiency, also called
L2HG aciduria, is a rare neurometabolic disease of childhood caused

by the inheritance of biallelicmutations in the gene encoding L2HGDH
(45). Affected children have seizures, mental retardation, white matter
abnormalities of the brain, and systemically elevated levels of L2HG.
Remarkably, a number of these children have developed malignant
brain tumors (46), providing an early clue to the significance of D2HG
in IDH1/IDH2-mutant gliomas and raising the question of whether
L2HG is also an oncometabolite. L2HG and D2HG exhibit different
effects on dioxygenase function (38), suggesting that the sensitivity of a
particular tissue to the presence of either metabolite may depend on
which dioxygenases are expressed. Recent work has demonstratedmod-
est accumulation of L2HG in cells experiencing hypoxia or electron
transport chain (ETC) dysfunction (42, 47) and in human renal cell
carcinomas, which frequently display epigenetic silencing of L2HGDH
(48). It is unknown whether reducing L2HG levels in these settings will
promote cellular differentiation or suppress tumor progression.

The principle that oncometabolites exert their effects outside of the
conventional metabolic network also applies to the other twomolecules
that can reasonably be called oncometabolites: fumarate and succinate
(28). Both are TCA cycle intermediates found throughout the body, but
some tumors accumulatemassive levels of fumarate and/or succinate as
a consequence of loss-of-functionmutations in FHor the SDHcomplex,
respectively (49–51). Although these mutations markedly reprogram
metabolism by impairing TCA cycle flux, the extent to which fumarate
and succinate participate in cancer development likely involves their
nonmetabolic functions (28). Like D2HG, evidence indicates that suc-
cinate and fumarate interfere with dioxygenase activity, supporting the
notion that a general property of oncometabolites is the ability to regulate
epigenetics (52, 53). PHGDH overexpression and mutations in IDH1/
IDH2, SDH, and FH all alter metabolite levels that control epigenetics
(54). Several othermetabolites, including acetyl-CoA, a-ketoglutarate,
and S-adenosylmethionine also participate in epigenetic reprogramming,
and timewill tell whether genetically specific alterations of thesemetab-
olites in tumors promote tumorigenesis (54). Somemetabolites, notably
fumarate, covalently bind to sulfhydryl groups in glutathione, proteins,
and peptides, altering their function and perhaps accounting for anoth-
er mechanism by which oncometabolites promote or perpetuate malig-
nant phenotypes (55–58).

BIOENERGETICS

Otto Warburg’s hypothesis that cancer cells take up glucose and gen-
erate a substantial amount of lactate in the presence of ambient oxygen
due to impaired mitochondrial function led to the widely held miscon-
ception that cancer cells rely on glycolysis as their major source of ATP
(59, 60). Today, it is clear that cancer cells exhibit aerobic glycolysis due
to activation of oncogenes, loss of tumor suppressors, and up-regulation
of the PI3K pathway, and that one advantage of high glycolytic rates is
the availability of precursors for anabolic pathways (2, 61). Warburg’s
observation that tumors display a high rate of glucose consumption has
been validated in many human cancers with fluorodeoxyglucose posi-
tron emission tomography, which uses a radioactive glucose analog to
image glucose uptake in tumors and adjacent normal tissue. Neverthe-
less, many studies have demonstrated that the great majority of tumor
cells have the capacity to produce energy through glucose oxidation
(that is, the process by which glucose-derived carbons enter the TCA cy-
cle and are oxidized toCO2, producingATP throughoxidative phospho-
rylation). Furthermore, limiting glycolytic ATP production by inhibiting
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the activity of pyruvate kinase fails to prevent tumorigenesis, suggest-
ing that themajor role of glycolysis is not to supplyATP (62).Moreover,
mitochondrial metabolism is necessary for cancer cell proliferation and
tumorigenesis (63–65). Thus, despite their high glycolytic rates,most can-
cer cells generate the majority of ATP through mitochondrial function,
with the likely exception of tumors bearingmutations in enzymes involved
in mitochondrial respiration (for example, SDH and FH) (66). Neverthe-
less, cells harboring mutations in FH or SDH still rely on mitochondrial
metabolism by metabolically rewiring themselves to provide the neces-
sary TCA cycle intermediates andROS for cell proliferation (55, 67–70).

In addition to pyruvate derived from glycolysis, fatty acids and amino
acids can supply substrates to the TCA cycle to sustain mitochondrial
ATP production in cancer cells (Fig. 2). The breakdown of fatty acids
(b-oxidation) in themitochondria generates acetyl-CoAand the reducing
equivalents NADH and FADH2, which are used by the ETC to produce
mitochondrial ATP. The amino acid glutamine can generate glutamate
and subsequently a-ketoglutarate to fuel the TCA cycle through a series
of biochemical reactions termed glutaminolysis (71). Furthermore, the
BCAAs isoleucine, valine, and leucine, which are elevated in plasma of
patients with pancreatic cancers, can be converted into acetyl-CoA and
other organicmolecules that also enter theTCAcycle (72). Themetabolic
flexibility afforded by multiple inputs into the TCA cycle allows cancer
cells to adequately respond to the fuels available in the changing micro-
environment during the evolution of the tumor (9). A combination of the
local tumormicroenvironment and oncogenic lesions is likely to dictate
the fuel used by mitochondria to sustain tumor growth.

Solid tumors contain significant heterogeneity of perfusion, such
thatmany tumor cells reside innutrient- andoxygen-poor environments.
Cancer cells have therefore adapted multiple mechanisms to sustain
mitochondrial function for survival. For example, the mitochondrial
ETC can function optimally at oxygen levels as low as 0.5% (73). More-
over, hypoxic tumor cells (<2%O2) can continue to cycle and use gluta-
mine as a fuel for oxidative ATP production (74–76). Kras-driven
pancreatic cancer cells in nutrient-depleted conditions use proteins
scavenged from the extracellular space to produce glutamine and
other amino acids to fuel the TCA cycle for cell survival and growth
(Fig. 2) (77). Furthermore, if pyruvate oxidation to acetyl-CoA is com-
promised by hypoxia or ETC impairment, glutamine can provide acetyl-
CoA as a biosynthetic precursor to sustain tumor growth (69, 78, 79).

When tumor cells become nutrient-deprived, they adapt to the
microenvironment by decreasing their demand for ATP. The result-
ant increase in ATP availability maintains an adequate ATP/ADP
(adenosine 5´-diphosphate) ratio to drive unfavorable biological re-
actions. The anabolic kinase mTOR, discussed in greater detail below,
drives the energetically demanding growth of tumor cells. This kinase
is inhibited when amino acids and oxygen levels are diminished (80).
Furthermore, decreased mTOR activity increases autophagic flux. In
oncogenic Kras- or Braf-driven non–small-cell lung cancer (NSCLC)
cells, autophagy provides an intracellular glutamine supply to sustain
mitochondrial function (81, 82). To survive the hypoxic tumormicro-
environment, cancer cells also diminish their demand for ATP by de-
creasing highly demanding ATP-dependent processes, such as running
the Na/K-dependent adenosine triphosphatase. If diminishing ATP
demand is not sufficient tomaintain ATP/ADP ratio, the rise in ADP
activates adenylate kinase, a phosphotransferase enzyme that buffers
the fall in ATP levels by converting two ADPmolecules into adenosine
5´-monophosphate (AMP) and ATP (83). The rise in AMP during nu-
trient deprivation triggers the activation ofAMPkinase (AMPK), which

activates catabolic pathways like fatty acid oxidation to stimulate ATP
production (84). In conditions of metabolic stress, certain Ras-driven
cancer cells scavenge lipids to support ATP production (85). Ovarian
cancer cells use fatty acids from neighboring adipocytes to fuel mito-
chondrial ATP production (86). Thus, there are multiple mechanisms
by which cancer cells maintain their ATP/ADP ratio to sustain viability
in nutrient- and oxygen-poor environments.

BIOSYNTHESIS OF MACROMOLECULES

Biosynthetic or anabolic pathways are an essential aspect of cancer me-
tabolism because they enable cells to produce the macromolecules re-
quired for replicative cell division and tumor growth. As a general theme,
these pathways involve the acquisition of simple nutrients (sugars, es-
sential amino acids, etc.) from the extracellular space, followed by their
conversion into biosynthetic intermediates through core metabolic
pathways like glycolysis, the PPP, the TCA cycle, and nonessential amino
acid synthesis, and finally the assembly of larger andmore complexmol-
ecules through ATP-dependent processes (Fig. 3). The three macro-
molecular classes most commonly studied in cancer metabolism are
proteins, lipids, and nucleic acids, which comprise approximately 60,
15, and 5% of the dry mass of mammalian cells, respectively. Evidence
indicates that biosynthesis of all three classes is under the control of the
same signaling pathways that govern cell growth and are activated in
cancer via tumorigenic mutations, particularly PI3K-mTOR signaling.

Protein biosynthesis is highly regulated and requires access to a full
complement of essential and nonessential amino acids. Cancer cells
and other cells under the influence of growth factor signaling express sur-
face transporters that allow them to acquire amino acids from the extra-
cellular space (87). This not only provides cells with the raw materials
needed for protein synthesis but also allows them to maintain activity
of the mTOR signaling system, specifically mTORC1. mTORC1 is stim-
ulated by the presence of amino acids and activates protein synthesis via its
effects on translation and ribosome biogenesis (80). Most nonessential
amino acids are produced through transamination reactions, which trans-
fer the amino group fromglutamate to a ketoacid. Proliferating cancer cells
take up glutamine and convert it to glutamate through a variety of de-
amidation and transamidation reactions, most notably the mitochondrial
amidohydrolase glutaminase (71).Together, these enzymesgenerate a large
intracellular glutamate pool available for nonessential amino acid syn-
thesis. Both glutamine uptake and glutaminase activity are stimulated by
mTORC1, providing glutamate for transamination reactions and/ormain-
tenance of the TCA cycle, which also contributes to amino acid synthesis.
Furthermore, when the intracellular glutamine supply exceeds the cell’s
demands, glutamine can be exported in exchange for essential amino acids
to stimulatemTORC1 andprotein synthesis (88). Thus, growth conditions
in which glutamine and essential amino acids are abundant enable
mTORC1-mediated activation of protein synthesis.

When nutrients are scarce, cells have access to a number of catabolic
pathways to degrade macromolecules and resupply key pools of intra-
cellular metabolic intermediates. Protein degradation pathways have
been characterized extensively as mechanisms to supply amino acids
in cancer cells. Intracellular proteins and other macromolecules can be
recycled through autophagy, a highly regulated process through which
proteins and organelles are delivered to the lysosome and degraded
(89). Autophagy is an essential survival pathway during nutrient or growth
factor deprivation, and genetic studies demonstrate that it contributes to
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some forms of cancer in mice (90, 91). However, because autophagy
supplies amino acids through protein degradation, it does not serve
as a source of net protein synthesis. It is also potently suppressed by
mTORC1. Macropinocytosis allows cells to internalize proteins and
other components of the extracellular milieu and deliver them for
degradation via the endocytic pathway. Under conditions of nutrient
depletion, macropinocytosis supplies both nitrogen and carbon to
central metabolic pathways (92). Evidence indicates that extracellular
protein degradation, like autophagy, is suppressed by mTORC1 (93).
Suppressing pathways of protein degradation may help maximize rates
of net protein synthesis when extracellular amino acids are available
and mTORC1 is active.

Tumor cells rapidly produce fatty acids for membrane biosynthesis,
lipidation reactions, and cellular signaling. Fatty acid synthesis requires
sources of acetyl-CoA and reducing power in the form of cytosolic
NADPH; effective fatty acid synthesis therefore requires integration
with other pathways of carbon and redoxmetabolism. Inmost cultured
cells, glucose is the most prominent acetyl-CoA source for fatty acid
synthesis (94, 95). Glutamine and acetate have been demonstrated to
provide alternative carbon sources when access to glucose-derived
acetyl-CoA is impaired by hypoxia or mitochondrial dysfunction
(69, 78, 79, 96). Leucine degradation can also supply acetyl-CoA in some

cell lines (97). The relative importance of these nutrients for fatty
acid synthesis in vivo is unknown, although early studies suggested that
most fatty acyl carbon in experimental tumors is derived from glucose
(98, 99). Isotopic tracing experiments designed to assess the cytosolic
NADPH pool have recently suggested that most NADPH used for fatty
acid synthesis arises from the PPP (100, 101).

Transcription of genes involved in fatty acid synthesis is regulated by
the SREBP-1 transcription factor (102). SREBP-1 regulates not only the
enzymes needed to convert acetyl-CoA into fatty acids but also the
enzymes of the PPP and pathways required to convert acetate and
glutamine into acetyl-CoA (103). This transcription factor therefore
regulates genes encoding proteins that catalyze or facilitate fatty acid
synthesis. In lipid-replete conditions, SREBP-1’s transcriptional activity
is suppressed by its sequestration in the endoplasmic reticulum. Under
conditions of sterol depletion, proteolytic cleavage releases the tran-
scriptionally active domain, which travels to the nucleus and binds to
sterol response elements in the promoters of lipogenic genes (104).

In cancer cells with constitutively high rates of fatty acid synthesis,
additional mechanisms help keep SREBP-1 in a transcriptionally active
state. mTORC1 signaling, via its effector S6 kinase (S6K), activates a
transcriptional program that includes both SREBP-1 and the related pro-
tein SREBP-2, which regulates transcription of genes in sterol biosynthesis

Fig. 2. Metabolic pathways under nutrient-replete and nutrient-deprived conditions. Accessibility to nutrients within solid tumors is regulated
by proximity to the vasculature. Cells located adjacent to the vasculature use nutrients and oxygen to fuel anabolic pathways that support proliferation.
However, cells distant from the vasculature have diminished accessibility to nutrients and oxygen and may engage in alternative forms of metabolism
including oxidation of fatty acids and BCAAs as well asmacromolecular degradation through autophagy andmacropinocytosis to support cell viability.
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Fig. 3. Anabolic pathways that promote growth.Glucosemetabolismgenerates glycolytic intermediates that can supply subsidiary pathways including
the hexosamine pathway, PPP, and one-carbon metabolism, all of which support cell growth. Mitochondrial TCA cycle intermediates such as oxaloacetate
(OAA) and citrate are used to generate cytosolic aspartate and acetyl-CoA for nucleotide and lipid synthesis, respectively. Mitochondria also generate H2O2

and acetyl-CoA for redox signaling and acetylation, respectively. NADPH is used to drive anabolic reactions and to maintain antioxidant capacity. Cytosolic
sources of NADPH include theoxidative PPP, IDH1, and enzymes fromone-carbonmetabolism includingMTHFD1.Mitochondrial sourcesof NADPH include
MTHFD2,MTHF2L, and IDH2. HK2, hexokinase 2; G6PDH, glucose-6-phosphate dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LDH, lactate
dehydrogenase; ACLY, ATP citrate lyase; GLS, glutaminase; SHMT, serine hydroxymethyltransferase; MTHFD2, methylenetetrahydrofolate dehydrogenase 2;
MTHFD2L, MTHFD2-like; ACSS2, acyl-CoA synthetase short-chain family member 2; THF, tetrahydrofolate.
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(103). Both SREBP-1 and SREBP-2 are required for mTORC1-mediated
cell proliferation. Themechanism of SREBP activation bymTORC1 is
incompletely understood but involves nuclear entry of the phosphatidic
acid phosphatase Lipin-1, which enhances nuclear SREBP abundance
and activity on the promoters of lipogenic genes (105).

Both fatty acids and lipids can also be acquired from the extracellular
space to supply membrane biosynthesis. PI3K signaling activates fatty
acid uptake and suppresses fatty acid oxidation, thereby maximizing
lipogenesis in proliferating cells under the control of growth factors
(106). Lipid uptake may acquire further importance during conditions
of metabolic stress, when the ability to meet oncogene-driven demands
for biosynthesis is compromised. The ability to scavenge lysophospho-
lipids (lipid intermediates containing a glycerophosphate backbone
with one acyl chain) is required for maximal cancer cell growth during
hypoxia, which suppresses de novo fatty acid synthesis from glucose
(85). Furthermore, in cancer cells with constitutive mTORC1 signaling,
hypoxia induces a state of dependence on access to extracellular desatu-
rated fatty acids tomaintain endoplasmic reticulum integrity in support
of protein biosynthesis (107). Notably, SREBP-1was first identified as the
transcription factor responsible for expression of the low-density lipo-
protein receptor (LDLR) (108), implying that enhanced de novo lipo-
genesis occurs concomitantly with enhanced import of lipids from the
extracellular space. These parallel pathways appear to be essential
in glioma, where oncogenic activation of epidermal growth factor re-
ceptor (EGFR) signaling stimulates SREBP-1 and expression of LDLR
(109). These cancer cells are highly sensitive to inhibitors of fatty acid
and cholesterol biosynthesis. Inhibition of the EGFR-PI3K signaling
axis but not of mTORC1 suppresses nuclear translocation of SREBP-1
in glioma cells with oncogenic EGFR, suggesting an alternate, mTORC1-
independent mode of SREBP-1 activation in glioma cells (109). This
transcriptional program includes LDLRexpression and induces reliance
on cholesterol uptake to maintain the intracellular pool (110). Impairing
intracellular cholesterol availability by activating liver X receptor induced
cell death both in culture and in vivo, suggesting a pharmacological ap-
proach to silence lipogenic programs in glioma (110).

Purine and pyrimidine nucleotides are required for synthesis of
RNA and DNA. De novo biosynthesis of nucleotides is complex, re-
quiring input from several pathways in a coordinated fashion. The
phosphoribosylamine backbone of these molecules is produced from
ribose-5-phosphate, an intermediate of the PPP, and an amide donation
reaction using glutamine as a substrate (111). The purine and pyrimidine
bases are constructed from various nonessential amino acids andmethyl
groups donated from the one-carbon/folate pool. TheTCA cycle contrib-
utes oxaloacetate, which is transaminated to aspartate, an intermediate
required to synthesize both purine and pyrimidine bases. Conversion
of ribonucleotides to deoxynucleotides by ribonucleotide reductase re-
quires a source of NADPH.Well-characterized mechanisms of feedback
inhibition exist to prevent excessive accumulation of nucleotides, and
mutations interrupting these mechanisms can produce pathological ac-
cumulationof nucleotide intermediates (for example, precipitationof uric
acid crystals in gout).

Clearly, nucleotide biosynthesis is a targetable vulnerability in cancer
cells because nucleoside analogs and antifolates have been amainstay of
chemotherapeutic regimens for decades (112). However, relatively little
is known about how oncogenic signaling interfaces with nucleotide bio-
synthesis. It is likely that the effects of numerous signaling pathways on
glucose and amino acid metabolism influence the availability of pre-
cursors for purines and pyrimidines. In the case of mTORC1, evidence

points to a distinct mechanism by which activation of the signaling
pathway enables nucleotide biosynthesis. The mTORC1 effector ribo-
somal S6K1 phosphorylates the trifunctional enzymeCAD (carbamoyl-
phosphate synthetase 2, aspartate transcarbamoylase, dihydroorotase),
which catalyzes the first three steps of pyrimidine synthesis (113). Phos-
phorylation on CAD S1859 is required for mTORC1-dependent stim-
ulation of pyrimidine biosynthesis (113). Additional work is needed to
determine how other aspects of de novo nucleotide synthesis, purine
andpyrimidine salvage pathways, and accessory activities like folateme-
tabolism are regulated in cancer cells in support of cell proliferation.

REDOX BALANCE

ROS are intracellular chemical species that contain oxygen and include
the superoxide anion (O2

−), hydrogen peroxide (H2O2), and the hy-
droxyl radical (OH·) (114). The mitochondria and cytosolic NADPH
oxidases (NOXs) produce O2

− from the one-electron reduction of ox-
ygen (115). O2

− is converted into H2O2 by the enzymatic activity of
superoxide dismutase 1 or 2, which are localized to the cytosol ormito-
chondrial matrix, respectively. H2O2 is subsequently detoxified to water
by the enzymatic activity of mitochondrial and cytosolic peroxiredoxins
(PRXs), which, as a consequence, undergo H2O2-mediated oxidation of
their active-site cysteines (116). Thioredoxin (TXN), thioredoxin reduc-
tase (TrxR), and the reducing equivalent NADPH reduce oxidized PRXs
to complete the catalytic cycle (117). Glutathione peroxidases (GPXs)
can also convert H2O2 to water in themitochondrial matrix and cytosol
through H2O2-mediated oxidation of reduced glutathione (GSH)
(118). Glutathione reductase (GR) and NADPH reduce oxidized gluta-
thione (GSSG) back to GSH. Additionally, catalase, an abundant antiox-
idant in peroxisomes, can detoxify H2O2 to water without any cofactors.
However, in the presence of ferrous or cuprous ions, H2O2 can become
OH· and quickly cause the oxidation of lipids, proteins, and DNA, re-
sulting in cellular damage.NADPH is required tomaintainmultiple anti-
oxidant defense systems. The cytosol has multiple sources of NADPH
generation, including the oxidative PPP, malic enzyme 1, IDH1, and
one-carbon metabolism. NADPH generation in the mitochondria, in
part, is controlled by one-carbon metabolism and IDH2.

Historically, ROS have been thought of as lethal metabolic by-
products of cellular respiration and protein folding. However, studies
over the past two decades have unveiled a previously underappreciated
role of ROS in cellular signaling. Low levels of ROS, particularly H2O2,
can reversibly oxidize the cysteine residues of proteins to positively reg-
ulate cell proliferation and cellular adaptation to metabolic stress (119).
As H2O2 levels increase, however, cell death signaling pathways are ini-
tiated, andH2O2 is converted to OH·, which can directly damage DNA,
proteins, and lipids. Cancer cells have an increased rate of spatially lo-
calizedmitochondria- andNOX-dependentROSproduction compared
to normal cells. This allows for the proximal activation of signaling
pathways [PI3K and mitogen-activated protein kinase/extracellular
signal–regulated kinase (MAPK/ERK)] and transcription factors [HIF
and nuclear factor kB (NF-kB)] necessary for tumorigenesis. The can-
cer cell–specific increased rate of spatially localized ROS production is
due to a combination of oncogenic lesions and the tumor micro-
environment. For example, the activation of oncogenes, PI3K signaling
pathway induction, and hypoxia (low-oxygen levels) stimulate the
increased rate of ROS production from the mitochondria and NOXs
in cancer cells (120–122). Thus, mitochondria-targeted antioxidants
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and NOX inhibitors can prevent cancer cell proliferation, hypoxic acti-
vation of HIF, tumorigenesis, and metastasis (64, 123–125).

The increased localized ROS in cancer cells, which activates sig-
naling pathways and transcription factors to promote tumorigenesis,
needs to be buffered from reaching levels of ROS that incur cellular
damage by the increased expression of antioxidant proteins (126). Thus,
cancer cells have higher levels of ROS scavenging enzymes than normal
cells, preventing ROS-mediated activation of death-inducing pathways
like c-Jun N-terminal kinase (JNK) and p38 MAPK and oxidation of
lipids, proteins, and DNA, resulting in irreversible damage and cell
death. One mechanism by which cancer cells increase their antioxidant
capacity is by activating the transcription factor nuclear factor (erythroid-
derived 2)–related factor-2 (NRF2) (127). Specifically, NRF2 is activated
following disruption of the interaction of NRF2 with its binding partner
Kelch-like ECH-associated protein 1 (KEAP1). Critical cysteine residues
within KEAP1 can undergo oxidation, succination, and glutathionylation,
thereby inhibiting theKEAP1-NRF2 interaction, leading to the proteasomal
degradation of NRF2. Additionally, NRF2 activation can occur indepen-
dently of KEAP1 (128). Once activated, NRF2 induces the transcription
of many antioxidant proteins including GPXs and TXNs as well as en-
zymes involved inGSHsynthesis and cysteine import through the cystine/
glutamate antiporter. Furthermore, tomaintain the antioxidant capacity
of GPXs and TXNs, NADPH is required. NRF2 plays an important role
in activating enzymes that increase cytosolic NADPH levels. NRF2 also
regulates the serine biosynthesis pathway, generating NADPH in the
mitochondria, which is critical for redox balance under hypoxic condi-
tions (129, 130). Therefore, inactivating NRF2 or disabling antioxidant
proteins in cancer cells would allow for the accumulation of excessive
amounts of ROS to levels that initiate toxicity and reduce tumorigenesis
(128, 131, 132).

During tumorigenesis andmetastasis, redox homeostasis is required
(Fig. 4). An emergingmodel of redox balance is that as a tumor initiates,
themetabolic activity of cancer cells is increased, resulting in an increase
in ROS production and subsequent activation of signaling pathways
that support cancer cell proliferation, survival, andmetabolic adaptation
(126). Accordingly, to prevent toxic levels of ROS, tumor cells increase
their antioxidant capacity to allow for cancer progression (133). The harsh
tumor microenvironment increases ROS levels due to hypoxia, and the
low glucose levels limit flux through the cytosolic oxidative PPP, thus
decreasing cytosolicNADPH levels. Cells in these nutrient-deprived con-
ditions activate AMPK to increase NADPH levels by stimulating PPP-
dependent NADPH and diminishing anabolic pathways, such as lipid
synthesis, that require high levels ofNADPH(134,135). ROS-dependent
signaling and increased mitochondrial respiration are also necessary for
tumor metastasis (124, 136). However, when tumor cells detach from a
matrix, they encounter high levels of ROS that incur cellular damage
and require activation of adaptive ROS-mitigating pathways to survive
and grow (137, 138). The ability to up-regulate antioxidant proteins and
increase flux through NADPH-producing metabolic pathways enables
distant metastasis to occur (8). These findings suggest that perhaps dis-
abling antioxidant capacity in cancer cells to raise ROS levels might be
beneficial in preventing metastasis.

TARGETING METABOLISM FOR CANCER THERAPY

There are a few things to consider when determining what makes a
goodmetabolic target for cancer therapy. First, inhibition of somemeta-

bolic enzymes is likely to be systemically toxic because of their physio-
logical functions in normal tissues (139). The feasibility of targeting
these pathways therapeutically depends on whether systemic blockade
of the pathway can be tolerated. Normal proliferating cells, such as im-
mune cells and stem cells, also reprogram theirmetabolism in amanner
similar to cancer cells (140, 141). Metabolic inhibitors should likely not
interfere with the adaptive immune system. Nevertheless, there are ex-
cellent examples of pathways whose reprogramming does provide an
adequate therapeutic window in cancer. Enhanced nucleotide and DNA
synthesis in tumor cells is targeted by antifolates (methotrexate, peme-
trexed, and others) (112). Although these drugs do produce toxicity in
normal proliferative tissues like the intestinal epithelium and bone mar-
row, they are essential components of highly successful chemotherapeutic
regimens. Thus, it is critical to elucidate in normal cells any toxic effects
of metabolic enzyme inhibition. To circumvent this challenge, one ap-
proach is to target ametabolic enzyme in a deregulated pathway specific
to cancer cells. To date, many of the genetic and pharmacologic inter-
ventions on metabolic enzymes have been conducted using human
cancer cells subcutaneously injected into athymicmice. Therefore, it will
be important for future experiments to not only use patient-derived xeno-
graft (PDX) models but also make use of genetically engineered mouse
cancer models and syngeneic mouse models that have intact immune
systems, especially given the promising results from immunotherapy.
An emerging theme is that cancer cells display metabolic plasticity and
can alter their metabolic profile during the course of tumorigenesis and
metastasis. Thus, it is conceivable that cancer cells could develop resist-
ance to inhibition of a particularmetabolic pathway by expressing alter-
nate protein isoforms or up-regulating compensatory pathways. Therefore,
a rational cancer therapeutic strategy should involve targeting multiple
metabolic pathways simultaneously or targeting a particular metabolic
pathway in combination with therapies against oncogenic or signaling
pathways. Here, we highlight a few promising metabolic targets in gly-
colytic, one-carbon, mitochondrial, and redox metabolism.

Glycolysis was an early attractive target for cancer therapy given
the clinical observation thatmany tumors exhibit a significant increase
in glucose uptake compared with adjacent normal tissue (112). LDH-A,
a metabolic enzyme that converts pyruvate (the final product of glycol-
ysis) to lactate, was identified as the first metabolic target of the oncogene
MYC (142). Genetic or pharmacologic inhibition of LDH-A has been
shown to diminish MYC-driven tumors in xenograft models (143, 144).
Furthermore, recent studies indicate that inhibition of LDH-A leads
to the regression of established tumors in genetically engineered mouse
models of NSCLC without systemic toxicity (145). Genetic ablation of
LDH-A also delays the progression of myeloid leukemia (146). Thus,
the increased expression of LDH-A, specifically inMYC-mutant cancer
cells, may prove to be an attractive target. Another potential therapeutic
target is the glycolytic proteinHK2.Many tumor cells overexpressHK2,
andpreclinicalmousemodels of genetically engineeredNSCLCandbreast
cancer demonstrate that HK2 inhibition delays tumor progression (3).
Furthermore, systemic HK2 deletion in mice does not cause adverse
physiological consequences. However, the effect of LDH-A andHK2
on the adaptive immune system is currently unknown. Lactate has been
shown to inhibit cytotoxic T cells; thus, LDH-A inhibition may coop-
erate with immune checkpoint inhibitors to unleash host inflammatory
T cells that will specifically attack tumor cells (147). Lactate can also re-
programmacrophages to promote tumorigenesis (148). Thus, it may be
efficacious to target LDH-A or HK2 in highly glycolytic tumors that
overexpress these proteins.
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Another potential glucose-dependent target is PHGDH, an enzyme
in the de novo serine synthesis pathway. High levels of PHGDH have
been found in a subset of human melanoma and breast cancers, and
these cancer cells require PHGDH for their growth in vitro (25, 26).
Serine starvation in mice diminishes tumorigenicity of p53-null
cancers (149). De novo synthesis or exogenous uptake of serine can
enter the mitochondria where SHMT2 converts it into glycine to gen-
erate folate intermediates (101, 150). In many cancer types, SHMT2
expression is elevated and correlates with a poor prognosis. Further-
more, the transcription factors MYC and HIF induce SHMT2 under
hypoxia to promote survival (130, 151). Currently, it is not known
whether targetingPHGDH, SHMT2, or other enzymes in the one-carbon
metabolism pathway would be effective in delaying or regressing tumor
progression in genetically engineered, PDX, or syngeneicmousemodels
of cancer without incurring systemic toxicity. However, given the im-
portance of one-carbonmetabolism in supporting the anabolic needs of
cancer cells and its up-regulation in cancer cells, it is likely that this
pathway is needed for in vivo tumor progression (152).

Mitochondrial metabolism has also emerged as a key target for
cancer therapy, in part, due to the revelation that the antidiabetic drug
metformin is an anticancer agent (153). Numerous epidemiological stu-
dies first suggested that diabetic patients taking metformin, to control
their blood glucose levels, were less likely to develop cancer and had an

improved survival rate if cancer was already present (154). Laboratory-
based studies have also provided evidence that metformin may serve as
an anticancer agent (155–157). Biochemists recognized that metformin
reversibly inhibits mitochondrial complex I (158–160). Recent studies
indicate that metformin acts as an anticancer agent by inhibiting mito-
chondrial ETC complex I (161). Specifically, metformin inhibits mito-
chondrial ATP production, inducing cancer cell death when glycolytic
ATP levels diminish as a result of limited glucose availability. Metfor-
min also inhibits the biosynthetic capacity of the mitochondria to gen-
erate macromolecules (lipids, amino acids, and nucleotides) within
cancer cells (162). The remarkable safety profile of metformin is due
to its uptake by organic cation transporters (OCTs), which are only
present in a few tissues, such as the liver and kidney (163). Certain tumor
cells also express OCTs to allow the uptake of metformin (164). How-
ever, in the absence of OCTs, tumors would not accumulate metformin
to inhibit mitochondrial complex I. Ongoing clinical trials using met-
formin as an anticancer agent should assess the expression levels of
OCTs to identify the tumors with highest expression, which are likely
to be susceptible to metformin. Moreover, it is not clear whether the
current antidiabetic dosing of metformin used in clinical trials allows
for metformin accumulation to levels necessary to inhibit mitochondri-
al complex I in tumors. Thus, it is possible thatmetformin at doses high-
er than those currently used for diabetes might be more efficacious

Fig. 4. Cancer cells maintain redox balance. Cancer cells have increased rates of ROS production due to activation of oncogenes and loss of tumor
suppressors that promote signaling pathways supporting proliferation and survival. However, cancer cells prevent the buildup of ROS to levels that incur
damage by increasing antioxidant capacity through induction of NRF2-dependent genes and, in glucose replete conditions, the use of PPP to generate
NADPH. As cells encounter hypoxia and low glucose due to limited vasculature accessibility, the levels of ROS further increase, requiring AMPK and one-
carbon metabolism to enhance NADPH production to raise antioxidant capacity. Loss of matrix attachment and escape of cancer cells into the blood for
dissemination to distant sites incur further increases in ROS levels, which require additional enhancements of antioxidant defenses to avoid cell death. It is
important to note that too little ROS or too high steady-state ROS levels within cancer cells result in failure for solid tumor progression and metastasis.
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without causing toxicity. Like metformin, the biguanide phenformin
exhibits anticancer properties by inhibiting mitochondrial complex I
(165). In contrast to metformin, phenformin is readily transported into
tumor cells and has been withdrawn from human use in most parts of
the world due to its clinical increase in the incidence of lactic acidosis.
However, it is worth considering phenformin as a possible cancer ther-
apy because lactic acidosis can bemonitored. Biguanide sensitivity can
be improved inmice starved for serine or in tumors that have lost p53
or LKB1 (155, 166, 167). Thus, biguanides, and possibly other mito-
chondrial complex I inhibitors, may be effective anticancer agents.

Another potential therapeutic strategy to inhibit mitochondrial me-
tabolism in certain tumors would be to use autophagy or glutaminase
inhibitors. Autophagy provides amino acids, such as glutamine, that fu-
el the TCA cycle in NSCLC and pancreatic cancers, and short-term
autophagy inhibition has been shown to decrease tumor progression
without incurring systemic toxicity in mouse models of NSCLC (168, 169).
Some tumors are addicted to using glutamine to support TCA cycle
metabolism even in the absence of autophagy; thus, glutaminase inhib-
itors can reduce tumor burden in thesemodels (4, 75, 170). An alterna-
tive approach is to target acetate metabolism. Although a major function
of the mitochondria is to provide acetyl-CoA to the cell, cancer cells can
also use acetate to support cell growth and survival during metabolic
stress (hypoxia or nutrient deprivation) (96, 171). The cytosolic enzyme
acetyl-CoA synthase 2 (ACCS2), which converts acetate to acetyl-CoA, is
dispensable for normal development; thus, ACCS2 is a promising target
of acetate metabolism. ACCS2 knockout mice do not display overt
pathologies, but genetic loss of ACCS2 reduces tumor burden in models
of hepatocellular carcinoma (171). Human glioblastomas can oxidize ac-
etate and may be sensitive to inhibitors of this process (172). Thus, tar-
geting metabolism with inhibitors of autophagy, acetate metabolism, and
other pathways that supply keymetabolic intermediatesmay be efficacious
in some contexts.

Because mitochondrial inhibitors are unlikely to be effective cancer
therapies as single agents, combination therapy is likely the best ap-
proach. For example, the use of metformin with the current clinical
PI3K inhibitors, which reduce glucose uptake and glycolysis (173), is
one approach that would impair both sources of ATP within cells. Tar-
geted therapies against oncogenes such as KRAS, BRAF, and NOTCH1
kill a largemajority of cancer cells but ultimately yield resistant cells that
exhibit an increased sensitivity to inhibitors that impair mitochondrial
metabolism (174–176). Cancer-initiating cells also have increased sensi-
tivity to mitochondrial inhibitors, adding further evidence that inhibiting
mitochondrial metabolism may suppress tumor recurrence (177, 178).

Furthermore, to counterbalance the increased production of ROS
encountered during tumorigenesis and metastasis, cancer cells increase
their antioxidant capacity (126). Thus, an additional therapeutic ap-
proach is to target redox metabolism, that is, selectively disable the
antioxidant capacity of cancer cells causing ROS levels to rise and in-
duce cancer cell death (133). The reducing equivalent NADPH is re-
quired to maintain multiple antioxidant defense systems. The cytosol
has multiple sources of NADPH generation, including the oxidative
PPP,malic enzyme 1, IDH1, and one-carbonmetabolism. By contrast,
NADPH generation in the mitochondria is controlled in part by one-
carbon metabolism and IDH2. Many of these NADPH-generating
systems are critical for normal cell survival and function. Nevertheless,
there are two NADPH-generating systems that may serve as potential
therapeutic targets. It is estimated that 400 million people worldwide
are deficient in G6PDH, an enzyme in the oxidative PPP that converts

NADP+ to NADPH. However, certain tumors rely on this pathway as
a major source of cytosolic NADPH; therefore, it may be therapeutic
to disable this pathway and induce oxidative stress and diminish tumor
growth. Moreover, RNA profiling of metabolic enzymes identified the
mitochondrial one-carbon metabolism protein MTHFD2, which can
generateNADPH, as being highly expressed in 19 different cancer types
but not in normal adult proliferating cells (152). Loss of MTHFD2 in
cancer cells increasesROS levels and sensitizes the cells to oxidant-induced
cell death in vitro. An interesting approach to depleting NADPH
levels and increasing ROS is to administer high doses of vitamin C
(ascorbate). Vitamin C is imported into cells through sodium-dependent
vitaminC transporters,whereas theoxidized formof vitaminC, dehydro-
ascorbate (DHA), is imported into cells through glucose transporters
such as GLUT1 (179). When the cell takes up DHA, it is reduced back to
vitamin C by glutathione (GSH), which consequently becomes GSSG.
Subsequently, GSSG is converted back toGSH byNADPH-dependent
GR. Because the blood is an oxidizing environment, vitamin C becomes
oxidized to DHA before being taken up by the cell. Thus, high doses of
vitamin C diminish the tumorigenesis of colorectal tumors that harbor
oncogenicKRASmutations and express high levels ofGLUT1bydeplet-
ing the NADPH and GSH pools and consequently increasing ROS levels
to induce cancer cell death (179, 180). Vitamin C administered at high
doses intravenously is safe in humans and, in conjunction with con-
ventional paclitaxel-carboplatin therapy, demonstrated a benefit in a
small number of patients (181). Additional strategies to diminish GSH
include the administration of buthionine sulfoximine, an irreversible
inhibitor of g-glutamylcysteine synthetase, which can be safely admin-
istered to humans and is efficacious in preclinical tumor models (182).
Moreover, glutathione is a tripeptide consisting of cysteine, glutamate,
and glycine. Thus, decreasing glutamate levels using glutaminase inhib-
itors or diminishing cysteine levels by preventing extracellular cystine
(two linked cysteinemolecules) uptake can also raise ROS levels in can-
cer cells to induce cell death.

An important consideration is that normal stem cells are sensitive to
ROS levels; thus, it is important to stratify patients on the basis of their
expression levels of a particular antioxidant protein or antioxidant
pathway. It is critical to determine which antioxidant pathways are likely
up-regulated as a result of the high rate of ROS production within cancer
cells.Many cancer typesuse theNRF2pathway tomaintain redoxbalance;
therefore, targeting this pathway may provide a viable therapeutic op-
portunity (128). Additionally, superoxide dismutase 1 (SOD1) is over-
expressed in NSCLC, and its inhibition kills human NSCLC cells and
decreases the tumor burden in mouse models of NSCLC (183). Because
NRF2 and SOD1 knockoutmice develop normally, short-term inhibition
of these pathways might be an effective way to kill cancer cells.

TECHNOLOGIES ENABLING DISCOVERY
IN CANCER METABOLISM

Many recent advances in our understanding of cancer metabolism
have been propelled by advanced technologies to detect metabolites
andmetabolic activities (184). A key concept is that quantifying metab-
olites (that is, metabolomics) is amore distinct form ofmetabolic analysis
than measuring the activities of metabolic pathways [that is, metabolic
flux analysis (185)]. Although these two approaches can provide
complementary types of information, they are not interchangeable. One
cannot infer metabolic activity from changes in metabolite levels, and
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alteredmetabolic fluxesmay ormay not cause changes inmetabolite levels
(186). Both of these approaches have provided important recent insights
into cancer metabolism, and using the two techniques together provides
the most complete assessment of metabolic phenotypes.

Metabolomics experiments seek to characterize and quantify the
metabolites in a biological sample, usually by nuclear magnetic reso-
nance (NMR) or, more commonly, mass spectrometry. Depending
on the methods of extraction, separation, and detection, metabolomics
experiments may focus on particular classes of metabolites or provide a
comprehensive analysis of as many metabolites as possible. Targeted
approaches typically detect a few dozen to a few hundred molecules,
whereas untargeted analyses may detect more than 1000. Detecting al-
terations of metabolite levels in cancer can be extremely valuable. The
massive accumulation of D2HG in IDH1-mutant gliomas was initially
discovered through a metabolomics approach (33). Because altered
metabolite levels can be detected noninvasively using 1H magnetic
resonance spectroscopy (MRS), perturbed metabolite levels discovered
through metabolomics can sometimes be translated into clinical diag-
nostic techniques. Elevated levels of lactate, choline, glycine, and other
metabolites aredetectedbyMRS inglioma.More recently,MRS techniques
have been developed to monitor specific metabolic states programmed
by tumor-specific mutations in metabolic enzymes. Applications include
elevated 2HG in IDH1/IDH2-mutated gliomas (187) and elevated suc-
cinate in SDH-deficient paragangliomas (188).

Metabolic flux studies use isotope tracers like 13C, 15N, and 2H to
track flow through metabolic pathways. Typically, a nutrient of inter-
est is labeled by an isotope (for example, 13C-glucose) and supplied to
cancer cells in the culture medium. Metabolites extracted from the
culture are analyzed for isotope enrichment using mass spectrometry
or NMR. The extent and distribution of labeling within informative
metabolites encode information about which pathways are active in
the cells. Incorporating additional data (for example, definitive rates
of nutrient consumption, waste secretion, and biomass production) al-
lows quantitative fluxes to be determined across a metabolic network.

Isotope tracing studies provide information about metabolic altera-
tions in cancer cells that cannot be detected by metabolite levels alone.
For example, hypoxia and mutations in the ETC induce a restructur-
ing of the TCA cycle in which many of the intermediates are produced
in the reverse order from the conventional form of the cycle. The
key reaction in this pathway involves the reductive carboxylation of
a-ketoglutarate to isocitrate in a NADPH-dependent carboxylation
reaction catalyzed by IDH1 and/or IDH2. Although metabolomics
experiments can detect altered levels of TCA cycle metabolites in cells
using the reductive carboxylation pathway or in cells with deficiencies
in pyruvate import into mitochondria, the marked restructuring of the
cycle is apparent only through isotope tracing experiments, particular-
ly experiments using 13C-glutamine as the tracer (69, 78, 79, 189–191).
An example of the use of isotope tracers to identify metabolic liabilities
involves the surprising discovery that a significant fraction of cellular
NADPH, particularly in the mitochondria, is produced through folate
metabolism (100, 101). These studies involved a sophisticated combi-
nation of 13C and 2H tracers, coupled with quantitative measurements
of metabolic flux.

Several recent studies have begun to use stable isotopes to investigate
metabolism in intact tumors. Because these isotopes do not undergo
radioactive decay, they are safe for administration to animals and hu-
man subjects. Systemic administration of 13C-labeled nutrients through
either boluses or continuous infusions has been shown to generate

substantial labeling of glycolytic and TCA cycle intermediates in tu-
mors. In mice bearing orthotopic transplants of high-grade human
gliomas, continuous infusion of 13C-glucose was demonstrated to pro-
duce steady-state labeling of metabolites from the TCA cycle within the
tumor, enabling the assessment of several metabolic pathways (192).
Here, tumors with diverse oncogenotypes oxidized glucose-derived
pyruvate in the mitochondria and synthesized glutamine from glucose
carbon. In contrast to most cultured glioma cell lines, these tumors did
not demonstrate significant levels of 13C-glutamine oxidation in vivo,
and primary cell lines derived from the tumors did not require gluta-
mine for survival or proliferation. In another study, metabolism of
13C-glucose and 13C-glutamine in autochthonous models of MYC- or
MET-driven tumorigenesis revealed that metabolic phenotypes depend
not only on the tumor’s genetic driver but also on the tissue or origin.
MYC but not MET stimulated glutamine catabolism in liver tumors,
whereas MYC-driven lung tumors expressed glutamine synthetase and
accumulated glutamine (193). Thus, in vivo isotope tracing can detect
metabolic activities of intact tumors and characterize some of the factors
that specify the metabolic phenotype.

Administration of 13C-labeled nutrients has also proven to be valu-
able in human cancer (172, 194–197). Fan et al. (196) used 13C-glucose
to demonstrate that human non–small cell lung tumors metabolize
glucose through glycolysis and the TCA cycle concurrently, with me-
tabolites from both pathways demonstrating higher levels of labeling
in tumors relative to adjacent lung tissue. In a subsequent study, these
investigators demonstrated that the anaplerotic enzyme pyruvate car-
boxylase (PC) was highly expressed in lung tumors and contributed to
13C labeling in TCA cycle intermediates (195). Enhanced glucose oxi-
dation involving both PC and pyruvate dehydrogenase (PDH) was de-
monstrated in a separate cohort of non–small cell lung tumors, inwhich
formal analysis of metabolic fluxes was used to complement mea-
surements of 13C labeling (197). An important conclusion from these
studies, and from a similar study in mice bearing KRAS-driven tumors
(198), is that non–small cell lung tumors demonstrate higher levels of
both glycolysis and glucose oxidation relative to adjacent, benign lung.
This finding sharply contrasts with the frequently invoked “switch”
from oxidative metabolism to glycolysis in malignant tissue, commonly
used to explain theWarburg effect (Fig. 5A). Rather, the data support a
model in which the amplitude of both pathways is increased simulta-
neously, perhaps through increased substrate delivery and enzyme ex-
pression in tumor cells (Fig. 5B). It is also significant that human tumors
exhibit substantial heterogeneity of metabolic phenotypes, both between
tumors and even within distinct regions of the same tumor (197). The
extent of glucose-dependent labeling of TCA cycle intermediates is pre-
dicted by noninvasive assessment of tumor perfusion by magnetic
resonance imaging, providing an approach to identify areas of regional
metabolic heterogeneity in human cancer (197).

Metabolomics and metabolic flux analysis can be integrated with
functional genomics to identify and understand metabolic vulnerabil-
ities in cancer cells. This approach has produced several good examples
of screens that identified potential therapeutic targets while stimulating
entirely new lines of investigation in cancer cell biology. For example,
the serine biosynthetic enzyme PHGDH was first identified as a meta-
bolic vulnerability in breast cancer cells through a large-scale in vivo
short hairpin RNA screen targeting thousands of metabolic enzymes
(25). PHGDH is frequently amplified at the genomic level in breast tu-
mors andmelanomas and exhibits oncogene-like features in cell culture
(25, 26). Subsequent work on serine biosynthesis, much of it involving
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metabolomics and metabolic flux analysis, has uncovered novel
functions and liabilities of this pathway in cancer cell growth and stress
resistance (129, 150, 151). Combining functional screens withmetabolic
analysis can also identify context-specific vulnerabilities that may be
therapeutically actionable. A CRISPR (clustered regularly interspaced
short palindromic repeats)–based loss-of-function screen identified
GOT1, the cytosolic aspartate aminotransferase, as conditionally essen-
tial for survival during treatment with the ETC inhibitor phenformin
(199). Isotope labeling then demonstrated that ETC blockade caused
the direction of this enzyme to reverse from aspartate consumption
in untreated cells to aspartate synthesis during ETC blockade (200).
In addition to the discovery of synthetic lethality between ETC and
GOT1 inhibition, these studies led to the novel biological concept that
a major function of the ETC in proliferating cells is to support the syn-
thesis of aspartate for nucleotide and protein synthesis (199, 200).

CONCLUSIONS AND CURRENT CHALLENGES

Substantial progress has been made in the past decade toward under-
standing the mechanisms, biological consequences, and liabilities as-
sociated with metabolic reprogramming in cancer. Several common

themes have emerged from this research (Box 1). First, metabolic re-
programming is essential for the biology ofmalignant cells, particular-
ly their ability to survive and grow by using conventional metabolic
pathways to produce energy, synthesize biosynthetic precursors, and
maintain redox balance. Second, metabolic reprogramming is the re-
sult of mutations in oncogenes and tumor suppressors, leading to ac-
tivation of PI3K andmTORC1 signaling pathways and transcriptional
networks involving HIFs, MYC, and SREBP-1. Third, alterations in
metabolite levels can affect cellular signaling, epigenetics, and gene ex-
pression through posttranslational modifications such as acetylation,
methylation, and thiol oxidation. Fourth, taken together, studies on
cultured cells have demonstrated a remarkable diversity of anabolic
and catabolic pathways in cancer, with induction of autophagy and
utilization of extracellular lipids and proteins complementing the clas-
sical pathways like glycolysis and glutaminolysis. We have exited the
period when cancer metabolism could be considered synonymous
with the Warburg effect.

Several challenges will likely shape research over the next decade.
First, the studies cited above were performed primarily in cancer cell
lines rather than intact tumors. These straightforward experimental
models have been highly informative about the molecular mechanisms
of metabolic reprogramming, particularly those linking aberrant

A

B

Fig. 5. Relationship between glycolysis and oxidative phosphorylation in cancer cells. (A) A common view of cancer cell metabolism invokes a
switch from glucose oxidation in normal tissues toward glycolysis and suppressed oxidative phosphorylation (OxPhos) in cancer. (B) Analysis of
metabolic activity in intact tumors from humans and mice argues against a switch. Rather, tumors appear to enhance both glycolysis and glucose
oxidation simultaneously relative to surrounding tissue.
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signaling to altered metabolic fluxes. But it is challenging (perhaps
impossible) to model an accurate tumor microenvironment in culture.
Direct analysis of metabolic fluxes in intact tumors should begin to play
a more prominent role in the field and may prove essential in deter-
mining precisely how to deploy metabolic inhibitors in clinical trials.
Along these lines, it is remarkable that some tumor cell metabolic vul-
nerabilities observed in vivo are absent from cultured cell models (198)
and that metabolic phenotypes are inconsistent even across single solid
tumors in patients (197). Developing rational therapeutic strategies will
be aided by learning how to derivemetabolic information efficiently and
comprehensively from both preclinical and clinical models of intact
tumor growth. A further challenge for these in vivo studies will be to
develop analytical or computational approaches to deconvolute the
distinctmetabolic phenotypes of discrete cell types (cancer cells, cancer-
associated fibroblasts, lymphocytes, and endothelial cells) within solid
tumors. This may allow us to understand the metabolic cooperativity
among populations of cells within a tumor and whether metabolic re-
programming of stromal cells provides therapeutic opportunities. Sec-
ond, by far the best recent candidate for a targetable, tumor-specific
metabolic activity is the neomorphic function of mutant IDH1/IDH2.
This has stimulated intense interest in finding other metabolic altera-
tions for which the therapeutic window may be wide enough for real
clinical opportunities. Third, although we have learned a great deal about
the metabolic pathways that support cancer cell proliferation, we know
much less about themetabolism that supports survival of nonproliferat-
ing tumor cells, which constitute the bulk of the malignant cells in most
solid tumors. Along these lines, the metabolism of tumor-initiating
cells/cancer stem cells is just now beginning to be investigated, and it
will be ofmajor interest to devise strategies to targetmetabolism in these
cells. Finally, we still know relatively little about metabolic interactions
between tumor and host. This area has the potential for enormous im-

pact on public health. It is clear that obesity and diabetes, both of which
are reaching epidemic proportions in the developed world, increase
cancer risk, but we lack insight into how to break these links.
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The DNA cytosine deaminase APOBEC3B promotes
tamoxifen resistance in ER-positive breast cancer
Emily K. Law,1,2,3,4* Anieta M. Sieuwerts,5* Kelly LaPara,2 Brandon Leonard,2,3,4

Gabriel J. Starrett,2,3,4 Amy M. Molan,2,3,4 Nuri A. Temiz,2,3,4 Rachel Isaksson Vogel,2,6

Marion E. Meijer-van Gelder,5 Fred C. G. J. Sweep,7 Paul N. Span,8 John A. Foekens,5

John W. M. Martens,5 Douglas Yee,2 Reuben S. Harris1,2,3,4†

Breast tumors often display extreme genetic heterogeneity characterized by hundreds of gross chromosomal aber-
rations and tens of thousands of somatic mutations. Tumor evolution is thought to be ongoing and driven by
multiplemutagenic processes. Amajor outstanding question iswhether primary tumors havepreexistingmutations
for therapy resistance or whether additional DNA damage and mutagenesis are necessary. Drug resistance is a key
measure of tumor evolvability. If a resistancemutation preexists at the time of primary tumor presentation, then the
intended therapy is likely to fail. However, if resistance does not preexist, then ongoing mutational processes still
have the potential to undermine therapeutic efficacy. The antiviral enzyme APOBEC3B (apolipoprotein B mRNA-
editing enzyme, catalytic polypeptide-like 3B) preferentially deaminates DNA C-to-U, which results in signature
C-to-T and C-to-Gmutations commonly observed in breast tumors. We use clinical data and xenograft experiments
to ask whether APOBEC3B contributes to ongoing breast tumor evolution and resistance to the selective estrogen
receptor modulator, tamoxifen. First, APOBEC3B levels in primary estrogen receptor–positive (ER+) breast tumors in-
versely correlate with the clinical benefit of tamoxifen in the treatment of metastatic ER+ disease. Second, APOBEC3B
depletion in an ER+ breast cancer cell line results in prolonged tamoxifen responses inmurine xenograft experiments.
Third, APOBEC3B overexpression accelerates the development of tamoxifen resistance in murine xenograft
experiments by a mechanism that requires the enzyme’s catalytic activity. These studies combine to indicate that
APOBEC3B promotes drug resistance in breast cancer and that inhibiting APOBEC3B-dependent tumor evolvability
may be an effective strategy to improve efficacies of targeted cancer therapies.

INTRODUCTION
Improvements in the detection and therapy of operable breast tumors
have contributed to a steady decline in mortality (1, 2). Essentially all
breast cancer deaths are caused by metastatic outgrowths that
compromise vital organs, such as the brain, liver, or lungs. Adjuvant
systemic therapies effectively reduce the risk of recurrence at these dis-
tant metastatic sites by treating preexisting, clinically undetectable,
micrometastatic deposits. In estrogen receptor–positive (ER+) breast
cancer, a propensity for late recurrencemore than 5 years after surgery
is well documented and has resulted in recommendations to extend
adjuvant endocrine therapy for a total of 10 years (3, 4). Although en-
docrine therapy may be extended, it is evident that late recurrences
occur even while the patient is taking appropriate therapy (5). The late
recurrence of these apparently dormant metastatic breast cancer cells
may be due to ongoing tumor evolution and acquisition of additional
genetic aberrations.

Mutations are thought to be the major drivers of recurrence,
metastasis, and therapeutic resistance. Recent studies on the molec-

ular origins of mutations in breast cancer have implicated several
molecular mechanisms, including both spontaneous and enzyme-
catalyzed deamination of DNA cytosine bases (6–10) [reviewed by
Swanton et al. (11), Roberts and Gordenin (12), and Helleday et al.
(13)]. The former process correlates with aging and is mostly due to
hydrolytic conversion of 5-methyl cytosine (mC) bases within 5′
NmCG motifs into thymines, which escape base excision repair and
are converted into C-to-T transition mutations by DNA replication
(N = A, C, G, or T). The latter process is attributable to single-stranded
DNA cytosine-to-uracil (C-to-U) deamination catalyzed by one or
more members of the APOBEC3 (apolipoprotein B mRNA-editing
enzyme, catalytic polypeptide-like 3) family of enzymes, characterized
by C-to-T transitions and C-to-G transversions in 5′TCW motifs
(W = A or T).

Human cells have the capacity to express up to seven distinct
APOBEC3 enzymes, which function normally as overlapping innate
immune defenses against a wide variety of DNA-based viruses and
transposons [reviewed by Malim and Bieniasz (14), Stavrou and Ross
(15), and Simon et al. (16)]. APOBEC3A (A3A) and APOBEC3B
(A3B) are leading candidates for explaining APOBEC signature mu-
tations in breast tumors because overexpression of these enzymes
triggers DNA damage responses and inflicts chromosomal muta-
tions in hallmark trinucleotide contexts (7, 17–21). However, endog-
enous A3A is not expressed significantly, nor is its activity detectable
in breast cancer cell lines (7, 22) (see Results). The molecular relevance
of A3A is therefore difficult to assess because the impact of the endog-
enous protein cannot be quantified. In comparison, endogenous A3B
is predominantly nuclear and has been shown to be responsible for
elevated levels of genomic uracil and mutation in multiple breast
cancer cell lines (7, 22). A3B is overexpressed in approximately 50%
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of primary breast tumors (7, 8), and retrospective studies have asso-
ciated elevated A3B mRNA levels with poor outcomes for adjuvant
treatment–naïve ER+ breast cancer cohorts (23, 24). Our original studies
relied on a retrospective prognostic analysis of a treatment-naïve ER+

breast cancer cohort (23); therefore, the observed correlation between
elevated A3B mRNA levels and poor clinical outcomes is consistent
with a variety of therapy-independent intrinsic molecular mechanisms
ranging from indirect models (such as A3B promoting tumor cell
growth) to direct models (such as A3B causing the genomic DNA
damage that results in mutations that fuel ongoing tumor evolution).

A current debate in the cancer field is whether the mutations
that cause therapy resistance preexist in primary tumors (that is,
exist even before diagnosis) or continually accumulate (even after
treatment initiation). In support of the former view, primary tumors
are often composed of billions of cells that are highly heterogeneous,
and deep-sequencing studies have found known drug resistance mu-
tations before therapy initiation [for example, (25–27)]. However,
many studies also support the latter view of ongoing tumor evolu-
tion. For instance, primary tumor deep-sequencing studies often fail
to find evidence for preexisting resistance mutations [for example,
(26, 28)]. Recurrent breast tumors also often have many more so-
matic mutations compared to corresponding primary tumors, sug-
gesting ongoing and cumulative mutational processes (29, 30). In
addition, the subclonal nature of most mutations in breast cancer,
as well as many other cancer types, provides strong evidence for on-
going tumor evolution, including significant proportions of APOBEC
signature mutations (28, 31, 32). Moreover, at the clinical level, the
fact that remission periods in breast cancer can last for many years
strongly suggests that additional genetic changes are required for at
least one remaining tumor cell to manifest as recurrent disease (3, 4).
Here, we test the hypothesis that A3B contributes to ongoing tumor

evolution and to the development of drug resistance mutations in ER+

breast cancer.

RESULTS
Primary breast tumor A3B mRNA levels predict therapeutic
failure upon tumor recurrence
To determine whether A3B contributes to endocrine therapy
resistance, we evaluated the predictive potential of A3B expression
in primary breast tumors from a total of 285 hormone therapy–
naïve breast cancer patients who received tamoxifen as a first-line
therapy for recurrent disease (33). A schematic of the study timeline
is shown in Fig. 1A, and detailed patient characteristics are shown in
table S1. Archived fresh-frozen primary tumor specimens were used
to prepare total RNA, and reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) was used to quantify A3B mRNA
levels. These gene expression results were divided into four quartiles
for subsequent clinical data analysis, with primary tumors of the
upper quartile expressing an average of fourfold to sixfold more A3B
mRNA than those in the lower quartile (dark blue versus red histo-
gram bars, respectively, in Fig. 1B).

The progression-free survival (PFS) durations following recur-
rence and subsequent first-line tamoxifen therapy were compared
for each of the four A3B expression groups. This analysis revealed a
dose-response relationship, with the highest A3B-expressing group
associating with the shortest PFS and with the lowest A3B-expressing
group associating with the longest PFS (Fig. 1C; log-rank, P <
0.0001). The median PFS was 6.2 months for the highest A3B-
expressing group and 14.5 months for the lowest A3B-expressing
group [hazard ratio (HR) 2.40 (1.69 to 3.41); log-rank, P < 0.0001].
This result remained significant for high versus low A3B levels in
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a multivariate analysis after including the known clinical pathological
predictors of age, disease-free interval, dominant site of relapse, adju-
vant chemotherapy, and ER and progesterone receptor mRNA levels
measured in the primary tumor [HR 2.19 (1.51 to 3.20); log-rank, P <
0.0001; table S2]. These data indicate that primary tumor A3B mRNA
levels are strong and independent predictors of PFS for recurrent ER+

breast cancer treated with tamoxifen. These observations do not sup-
port models in which resistance-conferring mutations preexist in
primary tumors—or disease outcomes would have had no correlation
with A3B expression levels and the data for each quartile group would
have superimposed. Rather, the data support a model in which A3B
promotes the ongoing diversification of residual primary tumor cells
(micrometastatic deposits) that ultimately manifest in the recurrent
setting as acquired resistance, failed tamoxifen therapy, and disease
progression.

Endogenous A3B depletion does not alter the phenotype of
MCF-7L ER+ breast cancer cells in culture
MCF-7 has been used for decades as a unique cell-based model for
ER+ breast cancer research [reviewed by Lee et al. (34)]. Engrafted
MCF-7 tumors are dependent on ER function and therefore are
sensitive to selective ER modulators, including tamoxifen. Further-
more, tamoxifen-induced tumor dormancy (indolence) in this model
system, which can last for several months, frequently leads to drug-
resistant and highly proliferative cell masses. For further studies, in-
cluding animal experiments below, we elected to use the derivative
line MCF-7L because it is tumorigenic in immunodeficient mice
[Ibrahim et al. (35), Sachdev et al. (36), and references therein]
and expresses endogenous A3BmRNA at levels approximating those
found in many primary breast tumors (7). Like most other breast
cancer cell lines, MCF-7L cells have very low levels of A3A and var-
iable levels of other APOBEC3 mRNAs, which have not been impli-
cated in breast cancer mutagenesis (fig. S1).

We initially asked whether endogenous A3B depletion alters
molecular or cellular characteristics of MCF-7L. Cells were trans-
duced with an A3B-specific short hairpin RNA (shRNA) construct
(shA3B) or a nonspecific shRNA construct as a control (shCON) (7),
and uniform shRNA-expressing pools were selected using the linked
puromycin resistance gene. In all shA3B-transduced pools, a robust
>25-fold depletion of endogenous A3BmRNA was achieved (Fig. 2A).
Moreover, the depletion of A3B mRNA was mirrored by a corres-
ponding ablation of all measurable DNA cytosine deaminase activities
from whole-cell and nuclear extracts (Fig. 2B). Although several other
APOBEC family member genes are expressed in MCF-7L, their pro-
tein levels are likely too low to detect using this assay (A3A, A3D,
A3G, and A1), the enzyme is not active on DNA (A2), and/or their
single-stranded DNA cytosine deaminase activity is not evident in
cellular extracts (A3C and A3F) (7, 22). At the microscopic level,
shA3B- and shCON-expressing cells were visibly indistinguishable
(Fig. 2C). The two cell populations showed nearly identical growth
rates and doubling times in cell culture (Fig. 2, D and E). These
results are consistent with A3B knockdown data using the same
shRNA construct in other breast cancer cell lines (7, 22) and with
the observation that A3B is a nonessential human gene (37).

A3B is required for the development of tamoxifen-resistant
tumors in mice
The clinical data reported in Fig. 1 support a model in which A3B
is responsible for precipitating the mutations that promote tamox-

ifen resistance. To directly test this model, we performed a series of
xenograft experiments using MCF-7L pools in which endogenous
A3B was left intact (shCON) or was depleted with the specific
shRNA described above (shA3B). For each condition, 5 million
cells were injected subcutaneously into the flank regions of a cohort
of 5-week-old immunodeficient mice, and tumors were allowed to
reach a volume of approximately 150 mm3. At this point, typically
40 to 50 days after engraftment, the mice in each experimental
group were randomly assigned into two subcohorts, one to receive
daily tamoxifen injections and the other to be observed in parallel
as a control (schematic of experimental design in Fig. 3A).
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Fig. 2. Endogenous A3B depletion does not alter MCF-7L ER+ breast cancer
cells in culture. (A) A3B mRNA levels in MCF-7L cells expressing shA3B or shCON
constructs (TBP, TATA-binding protein mRNA; each bar represents the mean ± SD
of three RT-qPCR assays). (B) A3B DNA cytosine deaminase activity in soluble
whole-cell (W), cytoplasmic (C), and nuclear (N) extracts of MCF-7L cells
expressing shA3B or shCON constructs. Vector (V) and A3B-transfected 293T cell
lysates were used as controls (S, substrate; P, product). (C) Light microscopy
images of shA3B and shCON expressing MCF-7L pools. (D and E) Growth kinetics
and doubling times of cultured MCF-7L cells expressing shA3B versus shCON
constructs (mean ± SD of n = 6 cultures per condition).
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Control-transduced MCF-7L cells formed large 1000-mm3 tu-
mors within 100 days after engraftment and, interestingly, A3B
knockdown caused a modest delay in tumor growth (open blue
versus open orange symbols in Fig. 3B; linear mixed model, F test,

P = 0.002). This result differed from the near-identical growth rates
in cell culture (Fig. 2, D and E) and may be due to the likelihood
that additional adaptations/mutations are required for monolayer/
plastic-conditioned cells to be able to grow optimally as tumors in
mice. As expected, tamoxifen treatment attenuated the growth of
both engineered pools (filled orange and blue symbols in Fig. 3B).
However, control-transduced cells rapidly developed resistance to ta-
moxifen and grew into large tumors, whereas the growth of the A3B-
depleted cell masses was mostly suppressed by tamoxifen over the
year-long duration of this representative experiment (filled orange
versus blue symbols in Fig. 3B; linear mixed model, F test, P <
0.0001). Similar outcomes were observed in additional experiments
(for example, fig. S2).

Xenograft tumor A3B mRNA levels were analyzed by RT-qPCR,
and, in all instances, the intended knockdown or control mRNA
level was found to be durable and maintained through the entire du-
ration of the experiment (Fig. 3C). This series of control experiments
also revealed that endogenous A3B mRNA levels increase in control
shRNA–transduced tumor masses in comparison to the same cells
before engraftment (Fig. 3C). The mechanism for A3B induction
in immunodeficient mice is not known but is unlikely to be due to
estrogen (figs. S3 and S4), as suggested by a recent report (38). Rep-
resentative xenografts were recovered in culture, and the tamoxifen-
resistant phenotype was reconfirmed (for example, Fig. 3D). These
results are fully supportive of a mechanism in which endogenous
A3B causes an inheritable drug resistance phenotype (addressed fur-
ther below). It is notable that endogenous A3B mRNA levels in this
system are comparable to those observed in a large proportion of
primary tumors [approximately 0.1 to 0.2 relative to TBP mRNA
levels in cultured MCF-7L cells (Fig. 2B), 0.4 relative to TBP in ani-
mal tumors described here (Fig. 3C and fig. S3), and a range of 0 to
1.25 and a median of 0.25 relative to TBP in primary breast tumors
previously documented using the same RT-qPCR assay (7)].

A novel lentivirus-based system enables A3B overexpression
in any cell type
We next developed a conditional A3B overexpression system to fur-
ther test the A3B mutagenesis model. A conditional approach is re-
quired because A3B expression in virus-producing cells causes lethal
mutagenesis of retroviral complementary DNA intermediates during
reverse transcription (39–42), and excessive levels of cellular A3B
have the potential to inflict genomic DNA damage that ultimately
leads to cytotoxicity (7, 18, 19). We therefore developed a novel lenti-
viral construct that will only express A3B upon transduction into sus-
ceptible target cells (Fig. 4A). This construct mitigates viral toxicity
issues because it is inactive in virus-producing cells as a result of dis-
ruption of the antisense A3B open reading frame with a sense strand
intron, and it is only expressed after intron removal by splicing in the
virus-producing cells and reverse transcription and integration of the
full proviral DNA in susceptible target cells. It also mitigates toxicity
issues for target cell populations because expression levels are not
excessive (see below). In parallel, an A3B catalytic mutant derivative
(E255Q) was created by site-directed mutagenesis to serve as a neg-
ative control.

Transducing viruses were made by plasmid transfection into 293T
cells with appropriate retroviral helper plasmids encoding Gag, Pol,
and Env (vesicular stomatitis virus glycoprotein). As anticipated, no
producer cell toxicity was observed, and A3B and A3B-E255Q viral
titers were equivalent by RT-qPCR. MCF-7L cells were transduced
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with each virus stock, and puromycin selection was used to eliminate
nontransduced cells and to ensure 100% transduction efficiencies.
A3B quantification by RT-qPCR showed that each construct elevates
mRNA expression to levels approximately 10-fold higher than those
of the reference gene TBP (Fig. 4B), which equate to levels approxi-
mately 50-fold higher than those of the endogenous A3B expressed
in this system. These A3B mRNA levels are similar to those found
in the top fraction of breast tumors and cancer cell lines [Burns
et al. (7), Leonard et al. (22), Sieuwerts et al. (23), and this study].
As for the A3B knockdown experiments above, A3B- and A3B-
E255Q–overexpressing MCF-7L populations showed no overt signs
of toxicity and indistinguishable growth rates (Fig. 4C).

Overexpression of catalytically active A3B accelerates the
development of tamoxifen-resistant tumors
To further test the model in which A3B provides mutagenic fuel for
tumor evolution and drug resistance, we performed a series of
xenograft experiments using MCF-7L cells transduced with the
aforementioned constructs and thereby overexpressing wild-type
A3B or the catalytic mutant derivative A3B-E255Q (Fig. 5A). Im-
munodeficient animals were injected subcutaneously with 5 million
cells and, upon palpable tumor growth (150 mm3), randomly
divided into groups for tamoxifen injections or control observation.
Remarkably, most of the cell masses overexpressing A3B developed
rapid resistance to tamoxifen (filled red symbols in Fig. 5B). In
comparison, MCF-7L cells expressing equivalent levels of A3B-
E255Q mutant mRNA showed resistance kinetics similar to those
of the shCON engraftments described above (filled orange symbols
in Fig. 5B; linear mixed model, F test, P = 0.015). An independent
experiment yielded similar results (fig. S5). These data demonstrate
that A3B overexpression accelerates the kinetics of the development
of tamoxifen resistance and, notably, that this phenotype requires
catalytic activity.
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ESR1 mutations are not responsible for tamoxifen resistance
in the MCF-7L model for ER+ breast cancer
Although the development of tamoxifen-resistant breast tumors is
a major clinical problem, in most cases the molecular basis for
resistance is unknown. A small fraction of treated patients develop
tumors with ESR1 exonic mutations that cause amino acid changes
in the hormone-binding domain of the ER. These mutations have
been seen mostly in tumors resistant to aromatase inhibitors and
not as frequently in tumors resistant to tamoxifen [reviewed by
Clarke et al. (43) and Jeselsohn et al. (44)]. To determine whether
ESR1 mutations are also part of the tamoxifen resistance mecha-
nism in MCF-7L cells, we performed DNA exome sequencing on
9 independent tamoxifen-resistant xenografts and 10 independent
control tumor masses. The ESR1 gene contained no mutations un-
der either condition (see table S3 for a full list of base substitution
mutations). Resistant tumor ESR1 mRNA levels were somewhat
variable but still similar to those present in the original MCF-7L
cell populations (fig. S6). Together with the data presented above
indicating heritable resistance to tamoxifen (Fig. 3D), these results
suggest that at least one other resistance mechanism occurs in the
MCF-7 model system for ER+ breast cancer.

DISCUSSION
The clinical and xenograft results presented here strongly support a
model in which A3B drives tamoxifen resistance in ER+ breast
cancer. Clinically, resistance to endocrine therapies has been defined
as primary or secondary, depending on the length of time a patient
benefits from ER-targeted therapy. Our data suggest that A3B may
have a role in both kinds of resistance and particularly in the develop-
ment of secondary, acquired resistance. Suppression of endogenous
levels of A3B enhances tamoxifen benefit (Fig. 3), whereas overex-
pression of A3B eliminates almost all benefits from tamoxifen ther-
apy (Fig. 5). Because the only known biochemical activity of A3B is
single-stranded DNA cytosine deamination [for example, (7, 42, 45)]
and the tamoxifen resistance phenotype is heritable (Fig. 3D), the
most likely mechanism is A3B-catalyzed DNA C-to-U editing coupled
to the processing of these uracil lesions into somatic mutations by
normal DNA repair processes [reviewed by Swanton et al. (11), Roberts
and Gordenin (12), and Helleday et al. (13)]. In further support of this
mechanism, the catalytic glutamate of A3B (E255) is required for
accelerated tamoxifen resistance kinetics upon enzyme overexpression.

Because ESR1mutations were not observed in MCF-7L tamoxifen-
resistant tumors, the identity of the resistance-conferring mutations
in this system will require significant future studies and possibly even
whole-genome sequencing if the predominant causal lesions lie out-
side the exomic fraction of the genome. The intrinsic signature of
A3B may help to identify candidate (frequently mutated) sites for
mechanistic follow-up. Then, for instance, genetic knock-in experi-
ments could be used to unambiguously establish a cause-effect re-
lationship. However, the resistance-conferring mutations (such as
gene translocations, amplifications, or deletions) could also be complex
and difficult to recapitulate precisely because DNA repair enzymes
can readily process genomic uracil lesions into single- and double-
stranded breaks (46, 47).

A3Bhas been implicated as a dominant source ofmutation in breast,
head/neck, lung, bladder, and cervical cancers and—to a lesser but still
significant extent—in many other tumor types (7–10, 28, 32, 48, 49).
The fundamental nature of theDNAdeaminationmechanism, together

with the data presented here, strongly suggests that A3B may be a gen-
eral mechanism of therapeutic resistance to cancer therapy. At this
point, potential mutagenic contributions from other APOBEC3 family
members, such as A3A, cannot be excluded fully, but they do not ap-
pear to manifest in the MCF-7L system, nor are these potential contri-
butions large enough to prevent the significant association between
A3B expression levels and clinical outcomes for ER+ breast cancer
patients [treatment-naïve data in the studies by Sieuwerts et al. (23)
and Cescon et al. (24) and post-recurrence tamoxifen resistance data
in Fig. 1]. Thus, strategies to down-regulate A3B activity or expression,
as reported here using a specific shRNA knockdown construct in a
model system for ER+ breast cancer, may be beneficial as chemo-
therapeutic adjuvants to “turn down” the mutation rate, decrease the
likelihood of evolving drug resistance, and prolong the clinical benefit
of therapy for the many cancers that are likely to be driven by this
ongoing mutational process.

MATERIALS AND METHODS
Clinical studies
The clinical characteristics of the 285 patients [225 from Rotterdam
(Erasmus University Medical Center) and 60 from Nijmegen (Radboud
University Medical Center)] whose primary tumor specimens and data
were used here have been described previously by Sieuwerts et al. (33).
The protocol to study biological markers associated with disease out-
come was approved by the medical ethics committee of the Erasmus
University Medical Center (Rotterdam, Netherlands) (MEC 02.953);
for Nijmegen, coded primary tumor tissues were used in accordance
with the Codes of Conduct of the Federation of Medical Scientific So-
cieties in the Netherlands (www.federa.org/codes-conduct). Thirty-
two patients presented with distant metastasis at diagnosis or developed
distant metastasis (including supraclavicular lymph node metastasis)
within 1 month following primary surgery (M1 patients). These 32
patients and the 253 patients who developed a first recurrence during
follow-up (25 patients with local-regional relapse and 228 patients
with distant metastasis) were treated with first-line tamoxifen. All pa-
tients were ER+ and anti–hormonal therapy–naïve, but 38 patients
received adjuvant chemotherapy. The median time between the
primary surgery and the start of therapy was 24 months (range, 0
to 120 months). The median follow-up of patients alive at the end of
follow-up was 98 months (range, 9 to 240 months) after the primary
surgery and 45 months (range, 3 to 178 months) after the start of
first-line tamoxifen therapy. For 182 patients (64%), disease progres-
sion occurred within 6 months of the start of the first-line therapy
being controlled by tamoxifen. At the end of the follow-up period,
268 (94%) patients had developed tumor progression, and 222
(78%) patients had died.

Total RNA was extracted with RNA Bee (Tel Test, Thermo Fisher
Scientific Inc.) from 30-mm fresh-frozen primary tumor tissue sections
containing at least 30% invasive tumor cell nuclei, and mRNA tran-
scripts were quantified by RT-qPCR as described previously by Sieuwerts
et al. (23). The median A3B expression level in the group of 285 breast
cancers was 0.22 relative to the normalized average of three reference
genes [HPRT1, HMBS, and TBP (23)].

DNA constructs
A3B knockdown and control shRNA constructs were described and
validated previously by Burns et al. (7) and Leonard et al. (50). The
A3B and A3B-E255Q lentiviral expression constructs were based
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on the pLenti4TO backbone (Life Technologies). Overlapping PCR
was used to place a sense-encoded intron between an antisense-
encoded A3B open reading frame (primers available on request). A
cytomegalovirus promoter drove A3B expression, and a simian virus
40 early promoter drove puromycin resistance. Constructs were ver-
ified by DNA sequencing.

Cell culture studies
MCF-7L cells were cultured at 37°C under 5% CO2 and maintained
in improved minimum essential medium (Richter’s modification
medium) containing 5% fetal bovine serum, penicillin (100 U/ml),
streptomycin (100 mg/ml), and 11.25 nM recombinant human in-
sulin. These cells were originally obtained from C. Kent Osborne
(Baylor College of Medicine, Houston, TX) and are subject to short
tandem repeat analysis yearly to confirm their identity with the
original MCF-7 cell line. Cells were transduced with the lentivirus-
based shRNA or conditional expression constructs described above
and selected with puromycin (1 mg/ml; United States Biological) for
72 hours to generate uniformly transduced pools. Cell growth ex-
periments were performed by plating 100,000 cells per six-well plate
and incubating them at 37°C for the indicated days. Cells were tryp-
sinized, diluted 1:2 in trypan blue (Invitrogen), and counted via a he-
mocytometer (six biological replicates per day per condition). Cell
proliferation rates were determined using the xCELLigence real-time
cell analyzer dual-plate instrument according to the manufacturer’s
instructions (ACEA Biosciences).

The mRNA level of eachAPOBEC family member gene was quan-
tified using previously described RT-qPCR protocols and primer/
probe combinations and presented relative to the housekeeping gene
TBP (7, 51, 52). ESR1 andC-MYCRNAwere quantified by RT-qPCR
using intron-spanning primers 5′-ATGACCATGACCCTCCA-
CACC and 5′-TCAGACCGTGGCAGGGAAACC (UPL24) and
5′-GCTGCTTAGACGCTGGATTT and 5′-TAACGTTGAGGGG-
CATCG (UPL66), respectively, and manufacturer-recommended
protocols (LightCycler 480, Roche). C-MYC is an established estrogen-
responsive gene (53).

DNA deaminase activity was measured in soluble whole-cell,
nuclear, and cytoplasmic fractions of MCF-7L cultures using
established protocols (7, 54). The single-stranded DNA substrate
contained a single target cytosine (5′-ATTATTATTATTC-
GAATGGATTTATTTATTTATTTATTTATTT-fluorescein); de-
amination, uracil excision, and backbone cleavage resulted in a
single faster-migrating product on SDS–polyacrylamide gel electro-
phoresis and image analysis (Typhoon FLA 7000 and ImageQuant
software, GE Healthcare Life Sciences).

Xenograft studies
The University of Minnesota Institutional Animal Care and Use
Committee approved the animal protocols used here (1305-
30638A). MCF-7L cells were harvested at 70% confluence, counted,
and resuspended in serum-free medium (without phenol red) at a
concentration of 5 million cells per 50 ml of final volume. Ovariec-
tomized, athymic mice (Harlan) were injected subcutaneously in
the left flank with 50 ml of cell suspension at approximately 5 weeks
of age. Each experiment was initiated with 5 or 10 mice per exper-
imental condition. One week before injection and at all times fol-
lowing, the mice were provided with drinking water supplemented
with 1 mM b-estradiol (Sigma-Aldrich) (except for the subset of
mice used in the experiment shown in fig. S3). Tumors were measured

bidirectionally twice weekly, and tamoxifen treatment began when the
average tumor volume reached 150 mm3. Tamoxifen citrate (500 mg;
Sigma-Aldrich) emulsified in 50 ml of peanut oil was administered
subcutaneously 5 of 7 days each week. Tumor volumes were calculated
using the following formula: length × breadth2/2.

MCF-7L exome sequencing
GenomicDNAwas prepared from tumor cellmasses (~20mg per sam-
ple) via the Gentra Puregene Tissue DNA isolation protocols (Qiagen).
Samples were diluted to 100 ng/ml and assessed further for quality and
purity by SYBRGreenPCRon a 197-bp fragment ofA3Husing primers
5′-CATGGGACTGGACGAAGCGCA and 5′-TGGGATCCACACA-
GAAGCCGCA. Samples with no amplification were excluded from
the analysis. One microgram of total genomic DNA per sample was
subjected to whole-exome sequencing on the Complete Genomics
platform to an average target depth of 100× (BGI). Reads were
aligned by BGI using its in-house pipeline, and the alignments in bam
format were used for variant calling. Somatic variants were called for
each tumor alignment by VarScan 2 (55) using an estrogen-treated
shA3B sample as the normal control. The variants were filtered with a
minimum overall coverage depth of 20 reads and a minimum coverage
depth of 4 reads for the alternate allele. Any variant occurring at any
frequency above 0 at the same position in more than one sample was
considered a common mutation in the input pool and was removed.
A full list of base substitution mutations is provided in table S3.

Statistics
Comparisons of the PFS of hormone-naïve breast cancer patients
following treatment for first recurrence with tamoxifen, by A3B ex-
pression level (divided into quartiles), were conducted using log-
rank tests; HRs and 95% confidence intervals are presented for
pairwise comparisons. Clinical data were analyzed using SPSS Sta-
tistics version 23.0 (IBM). In the xenograft studies, repeated mea-
sures of tumor volume over time were compared by treatment
group using linear mixed models with fixed effects for treatment,
days, and interaction between treatment and days and with random
intercept and slope effects for each mouse. P values <0.05 were
considered statistically significant. Xenograft data were analyzed
using Prism 6 and SAS 9.3.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/10/e1601737/DC1
fig. S1. APOBEC family member expression in MCF-7L cells.
fig. S2. Replica A3B knockdown xenograft experiment.
fig. S3. Estrogen does not affect A3B mRNA levels in engrafted MCF-7L cells.
fig. S4. A3B is not estrogen-inducible.
fig. S5. Replica A3B overexpression xenograft experiment.
fig. S6. ESR1 mRNA levels in tamoxifen-resistant MCF-7L cells.
table S1. Patient characteristics and median and interquartile range of APOBEC3B mRNA levels.
table S2. Cox univariate and multivariate analyses for PFS after initiating first-line tamoxifen.
table S3. Single-base substitution mutations in tamoxifen-resistant tumors (separate Microsoft
Excel file).
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A melanin-mediated cancer immunotherapy patch
Yanqi Ye,1,2* Chao Wang,1,2* Xudong Zhang,1,2 Quanyin Hu,1,2 Yuqi Zhang,1,2 Qi Liu,1,2 Di Wen,1,2 
Joshua Milligan,1 Adriano Bellotti,1,3 Leaf Huang,1,2 Gianpietro Dotti,4 Zhen Gu1,2,3†

Melanin is capable of transforming 99.9% of the absorbed sunlight energy into heat, reducing the risk of skin 
cancer. We here develop a melanin-mediated cancer immunotherapy strategy through a transdermal microneedle 
patch. B16F10 whole tumor lysate containing melanin is loaded into polymeric microneedles that allow sustained 
release of the lysate upon insertion into the skin. In combination with the near-infrared light irradiation, melanin 
in the patch mediates the generation of heat, which further promotes tumor-antigen uptake by dendritic cells, 
and leads to enhanced antitumor vaccination. We found that the spatiotemporal photoresponsive immunother-
apy increases infiltration of polarized T cells and local cytokine release. These immunological effects increase the 
survival of mice after tumor challenge and elicited antitumor effects toward established primary tumor and dis-
tant tumor. Collectively, melanin generates local heat, boosts T cell activities by transdermal vaccines, and pro-
motes antitumor immune responses.

INTRODUCTION
Emerging technologies associated with immunotherapy hold tremen-
dous promise in cancer therapy (1). Micro- or nanoformulations or 
engineered immune cells can be used to deliver a variety of immuno-
modulators (2, 3). Scaffolds, such as hydrogel, have also been devel-
oped to generate an immunogenic microenvironment that recruits 
and activates immune cells in situ (4–7). Moreover, T cell engineer-
ing that incorporates antibodies or therapeutics facilitates immune 
targeting and treatment (8–11). Also, dendritic cell (DC)–based vacci-
nation can effectively capture antigens to improve the effectiveness 
of the immune response and is a powerful tool for cancer therapy 
(12–16). However, engineering of DCs often involves complex and 
expensive ex vivo manipulation (4, 17). In addition, the limited lymph 
node–homing capability of ex vivo manipulated DCs is, at least in part, 
responsible for the limited anticancer efficacy (18). Vaccination with 
whole tumor antigens provides a broad source of tu mor-associated 
antigens that elicit substantially enhanced immune responses com-
pared with narrowly defined tumor antigens (19). Moreover, present-
ing a broad spectrum of immunogenic epitopes not only augments 
the immunity mediated by the DC antigen uptake and processing but 
also improves the direct activation of CD4+ T helper and CD8+ cy-
totoxic T lymphocytes (7, 20).

Here, we describe a B16F10 melanoma vaccine patch that targets 
antigen-presenting cells (APCs) directly via transdermal delivery of 
tumor lysates combined with melanin (Fig. 1A). This vaccine in-
volves the encapsulation of inactive whole tumor lysate that is grad-
ually released by an intradermal microneedle (MN) patch inserted 
into the skin. MNs facilitate the uptake and presentation of antigens 
by DCs and, in turn, promote immune activation through the ex-
tensive network of lymphatic vessels in the dermis (21–23). At the 
same time, the presence of melanin, the existing natural biological 

pigment in the whole tumor lysate, allows the local release of heat 
via remotely controllable near-infrared (NIR) light emission. Local 
heat causes the release of inflammatory cytokines that attract immune 
cells, generation of immunogenic substrates such as extracellular 
heat shock proteins (HSPs), reactive oxygen species (ROS), antigen 
adjuvants, and some other danger signals that activate the immune 
system (24, 25). The mild increase in the local temperature of the 
interstitial tissues also contributes to the increased blood and lym-
phatic flow that facilitates the migration of APCs and T cells (24) and 
finally initiates B16F10-specific immune responses (23, 26). The in-
creased blood flow may also allow the recruitment of other cell sub-
sets such as natural killer (NK) cells (7, 27, 28). We found that the 
administration of the vaccine MN patch generated robust innate 
and adaptive immune responses and induced tumor regression in 
the B16F10 melanoma model. Moreover, the NIR-enhanced trans-
dermal vaccination delayed the growth of distant tumor and improved 
long-term survival, paving a strong rationale for pursuing this strategy 
in clinical studies.

RESULTS
Preparation and characterization of the cancer 
immunotherapy patch
We first investigated whether the tumor lysate can be loaded and 
released from transdermal MN patches in a sustained manner. We 
fabricated the MN patch within a micromold to form hyaluronic 
acid–based MNs that encapsulate the whole tumor lysate (with 
melanin) and adjuvants, such as granulocyte-macrophage colony- 
stimulating factor (GM-CSF) (29, 30). Patches with and without 
tumor lysate were illustrated from the axial and transverse perspec-
tives, respectively (Fig. 1B). An array of 15 × 15 MNs was assembled 
on a 9 mm by 9 mm patch with a center-to-center interval of 600 m. 
The detailed dimensions of the MNs were visualized by the scanning 
electron microscopy (Fig. 1C). Each MN had a conical construction 
with a diameter of 300 m at the base, a height of 800 m, and a sharp 
tip tapering to a 5-m radius of curvature. Upon loading with the 
tumor lysate, MNs appeared notably darker than the blank hyaluron-
ic acid–based MNs because of the presence of melanin in the patch 
(31, 32). The amount of melanin was around 50 g per patch, which 
is within the safe dosage range of a single administration (33). A 
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representative MN was constructed with rhodamine B–labeled hyal-
uronic acid encapsulating tumor lysate with actin filaments and 
DNA stained with phalloidin and Hoechst, respectively (Fig. 1D). A 
fluorescent view of the array further showed the uniform loading of 
tumor lysate and alignment of the MNs (Fig. 1E). The MN under-
went failure at 0.39 N in strain testing while being compressed to a 
quarter of its height (fig. S1), demonstrating sufficient strength for 
potential skin insertion without buckling (34).

Next, we evaluated the effects of the NIR laser irradiation on 
melanin-induced heat generation. The temperature variations of the 
MNs were recorded in real time using an infrared thermal camera 
(Fig.  2A). Compared with the transparent hyaluronic acid–based 
MNs, the surface temperature of the MNs loaded with tumor lysate in-
creased dramatically within 1 min because of the melanin-induced 
light-to-heat transduction (Fig. 2B). NIR irradiation at 808 nm could 
be absorbed by the melanin contained in the tumor lysate as demon-
strated by the melanin’s absorption spectrum (fig. S2A). The ab-

sorption coefficient of the melanin content in the tumor lysate was 
also comparable with that of the synthetic melanin (fig. S2A and 
table S1). Despite the temperature increase, the morphology of the 
MNs remained unchanged, and the photothermal property of mela-
nin was stable during the treatment (fig. S2B) (35). The heating be-
havior of the MN patch was also maintained when repeated NIR 
light exposures were performed (fig. S3). Furthermore, the steady 
state of the patch’s surface temperature was lysate concentration– 
and NIR light intensity–dependent, whereas the thickness of the MN 
backing had a minimum effect (fig. S4 and Fig.  2C). The surface 
temperature of the patch could be controlled under hyperthermia 
(42°C) to minimize the potential thermal-induced denatura tion of 
the tumor antigen and other biomolecules.

In vitro activation of DCs in response to vaccine MN
GM-CSF that serves as a potent cytokine for DC recruitment and ac-
tivation was physically encapsulated into MN tips by cross-linking 

Fig. 1. Schematic of melanin-mediated cancer immunotherapy through a transdermal MN-based vaccine patch. (A) Schematic illustration of MN-based transdermal 
vaccination. TH cell, T helper cell; Tc cell, cytotoxic T cell. (B) Photograph of representative MN patches without (W/o) melanin and with (W/) melanin (scale bar, 4 mm). 
(C) Scanning electron microscopy image of the MN patch (scale bar, 400 m). (D) Fluorescence cross-sectional images of a representative MN. Actin filaments in cells were 
visualized by Alexa Fluor 488 phalloidin (green), cell DNA fragments were stained with Hoechst (blue), and hyaluronic acid polymer matrix was labeled with rhodamine B 
(red) (scale bar, 200 m). (E) Fluorescence imaging of a representative MN patch that contained the Alexa Fluor 488 phalloidin–labeled tumor lysate and rhodamine 
B–labeled hyaluronic acid (scale bar, 400 m).
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methacrylated hyaluronic acid upon ultraviolet irradiation. We 
found that 60% of the bioactive GM-CSF was released from MN 
within 48 hours (fig. S5, A and B), whereas sustained release of the 
tumor lysate protein was observed over 5 days (Fig. 2D). Incorpora-
tion of the NIR treatment did not alter the release profiles of GM-CSF 
and tumor lysate (fig. S5, C and D). Scanning electron microscopy 
images of vaccine MNs showed a gradual dissociation of tips over 
time (fig. S6).

To evaluate whether GM-CSF in MNs provided signaling cues 
that could efficiently promote DC maturation, we exposed bone 
marrow–derived DCs to the dissolved MN suspension. The percent-
age of matured DCs (CD80+ and CD86+) substantially increased from 
36.7 ± 2.3% to 48.9 ± 3.1% after treatment with tumor lysate– and 
GM-CSF–loaded MNs with 10 min of NIR laser irradiation (Fig. 2E) 
(36). The effect of varying NIR laser irradiation time on the activation 

of DCs was also measured. Ten minutes of NIR irradiation allowed 
optimal DC activation as compared with samples treated with 5 or 
15 min (Fig. 2E). Only 20 min of NIR exposure slightly impaired DC 
viability and functionality (fig. S7). DCs in all other experimental 
conditions of either MN suspension or 10 min of NIR irradiation 
exhibited high viability (Fig. 2, F and G, and fig. S8).

In vivo efficacy of MN-mediated immunization upon NIR
To characterize the in vivo efficacy of MN-based immunization, we 
transdermally treated C57BL/6J mice with vaccine MN patch loaded 
with B16F10 whole tumor lysate containing 1.5 mg of extracted pro-
tein. We measured the magnitude and duration of the immune re-
sponse after NIR irradiation and subsequent tumor challenge (Fig. 3A). 
MN patches were applied on the mice skin of the caudal-dorsal area 
for about 10 min and further affixed using the Skin Affix surgical 

Fig. 2. Characterization of the light-responsive transdermal MNs. (A) Surface temperature changes of the MNs with or without tumor lysate in real time with continuous 
808-nm NIR irradiation at 1.0 W/cm2, characterized by an infrared thermal camera (scale bars, 1 mm). (B) Quantitative surface temperature changes of representative 
MNs with continuous NIR irradiation at 1.0 W/cm2 (n = 3). (C) Quantitative temperature changes of representative MN patch with increasing laser power flux (n = 3). (D) In 
vitro collective release of tumor lysate proteins from the MN patch (n = 3). (E) In vitro activation of DCs in response to MNs loaded with tumor lysate and GM-CSF or LPS 
and exposed to NIR irradiation for different time (n = 3). (F) LIVE/DEAD assay of DCs after treatments with (i) blank MN, (ii) 10 min of NIR, (iii) MN, and (iv) MN and 10 min 
of NIR. Live cell (green), dead cell (red). (G) Quantification of DC viability after treatments. Data points represent mean ± SD (n = 3). Error bars indicate SD. Statistical signif-
icance was calculated by Student’s t test [not significant (NS), P > 0.05; *P < 0.05].
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adhesive. Staining with trypan blue and hematoxylin and eosin 
(H&E) indicated successful penetration of MNs in the excised skin 
(fig. S9). The transdermal patch remained in the skin for at least 
5 days (Fig. 3B). We then performed localized NIR irradiation on 
the MN region for 10 min daily for 5 days (MN + NIR). Control mice 
were treated with either vaccine MN patch without NIR irradiation 
(MN), MN patch loaded only with melanin (melanin), or MNs con-
taining only hyaluronic acid with NIR irradiation (blank).

Temperature changes in the regional skin surface after vaccine 
MN insertion were recorded in real time using an infrared thermal 
camera. Light-to-heat transduction upon NIR irradiation caused a 
local heating effect observed in mice treated with vaccine MNs 
(Fig. 3C). The melanin in the vaccine patch mediated the transder-
mal heating at temperatures between 38° and 42°C within 30 s. Mild 
hyperthermia at the local treated site was similarly observed in mice 
treated with synthetic melanin–loaded MNs (fig. S10A). In contrast, 
mice treated with blank MNs and NIR and mice implanted with 
loaded MNs but without NIR showed limited variations in skin sur-
face temperature within the normal range of 33° to 36°C (Fig. 3C).

In a prophylactic mouse model, mice were implanted with B16F10 
melanoma cells 10 days after vaccination (Fig. 3D). All mice treated 
with the blank MNs had appreciable tumor growth within 15 days 

after tumor cell inoculation and required euthanasia by day 25. MNs 
loaded with melanin and treated with NIR irradiation slightly im-
proved the survival of the mice because some mice survived to day 
25 (fig. S10, B and C). Similarly, MNs loaded with tumor lysate and 
melanin but without NIR irradiation caused tumor protection in 
13% of the mice until day 30 (Fig. 3, E and F). In sharp contrast, 
mice receiving the combined vaccination (MNs loaded with tumor 
lysate and GM-CSF and NIR irradiation) showed long-term survival 
with complete tumor rejection in 87% of the treated mice (Fig. 3, E 
and F, and fig. S11). Bioluminescence imaging of the B16F10 melanoma– 
bearing mice confirmed significant inhibition of tumor growth (Fig. 3G 
and fig. S12). This was further evidenced by the measurement of 
tumor weight (fig. S13) and histologic analysis (fig. S14A).

We next assessed the requirement of immune cells for the anti-
tumor effects observed by combined vaccination–based treatments. 
Depletion of CD11c+ DCs in diphtheria toxin receptor (DTR) mice 
was sufficient to abrogate the antitumor effect of the vaccine MN 
(Fig. 3, E and F). A study in Rag1−/− mice deficient in T cells and B 
cells showed a significant loss of tumor growth suppression during 
treatment with combined vaccination (fig. S11). Selective depletions 
of CD8+ and CD4+ T cells before combined MN vaccination were 
also studied. Eliminating CD8+ T lymphocytes showed no significant 

Fig. 3. Vaccine MN confer protective innate and adaptive immunity. (A) Schematic illustration of MN cancer immunotherapy. (B) Characterization of the MNs after 
insertion. (i) Photo of mouse dorsal skin (the area within the red line) that was treated transdermally with one MN patch and (ii) fluorescence signals of Cy5.5-labeled MN 
patch over time. (C) Surface temperature changes of individual animal after MN insertion into the skin measured by an infrared thermal camera. (D) Schematic represen-
tation of the B16F10 vaccine tumor model. (E) Average tumor volumes in treated mice after tumor challenge. (F) Kaplan-Meier survival curves for treated and control mice. 
Data points represent mean ± SD (n = 8). Error bars indicate SD. Statistical significance was calculated by Student’s  test and log-rank test (**P < 0.01; ***P < 0.001). (G) In 
vivo bioluminescence imaging of the B16F10 melanoma in different experimental groups and at different time points after tumor challenge. Three representative mice 
per treatment group are shown. The tumor growth in (E) to (G) was measured 10 days after tumor cell inoculation.
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tumor regression compared with blank control (fig. S15). When anti- 
CD4 antibody was given to the mice, there was a decrease (P < 0.01) 
in tumor size in contrast to the control, suggesting the benefit of 
CD4 T cells to a lesser extent than CD8 T cells for the antitumor 
response (fig. S15). The depletion of B cells and NK cells also had 
deleterious impact on the immune response while not diminishing 
the vaccination effect toward tumor challenge (fig. S15). Together, these 
results showed that the MN vaccination was associated with CD11c+ 
DCs and other immune cells such as T cells, B cells, and NK cells.

Loading of GM-CSF in the MNs played an important role in the 
local recruitment of DCs [CD11c+, paired immunoglobulin (Ig)–like 
receptors (PIRs) of activating-A/B+] (Fig. 4, A and C). Three days 
after combined vaccination, a 5.9-fold increase in accumulated DCs 
was observed in the skin section compared with mice treated with 
blank MN. NIR further augmented the effect of GM-CSF–loaded 
MNs on recruiting DCs (Fig. 4C). Increased localization of NK cells 
was also observed (Fig. 4, B and D). In addition, the elevated local 
microcirculatory blood perfusion observed after NIR and MN treat-
ment could contribute in enhancing the migration of immune cells 

(table S2 and fig. S16). Tumor infiltration by T cells upon treatment 
was analyzed by flow cytometry on day 15 after tumor inoculation. 
About 9.8-fold increase in CD8+ T cells was observed in mice re-
ceiving the combined vaccination compared with control mice, 
whereas MN-only group showed a 5.8-fold increase (Fig. 5A). Fur-
thermore, staining with H-2Db gp100 tetramers identified B16F10- 
specific CD8+ T cells in tumors of treated mice (37). The percentage 
of tetramer-positive CD8+ T cells was found to be greater in the 
MN-treated mice compared with control mice lacking immuniza-
tion (fig. S17). Mice with combined treatment or MN-only treatment 
exhibited 1.5- and 1.3-fold increases in activated DCs (CD80+ and 
CD86+), respectively, in regional skin as compared with control mice 
(Fig. 5B). Immunofluorescence staining and in situ cell apoptosis 
confirmed the results obtained with flow cytometry (Fig. 5C and fig. 
S14B). Local immune activation was associated with systemic immune 
responses. We measured an eightfold increase in IgG titers in the 
serum of immunized mice as compared with mice treated with blank 
control (Fig. 5D). NIR treatment promoted further increase in IgG 
titers by day 15 and prolonged immune responses compared with 

Fig. 4. Immune cell recruitment after the NIR-boosted and MN-mediated cancer immunotherapy. (A) Representative quantitative analysis of DCs (CD11c+ and 
PIR-A/B+) infiltrated in the skin 3 days after treatments as assessed by flow cytometry. The indicated samples were treated with blank MN (blank), vaccine MN (MN), MN 
loaded with tumor lysate without GM-CSF and treated with NIR (NIR), and vaccine MN and treated with NIR (MN + NIR). a.u., arbitrary units. (B) Representative quantitative 
analysis of NK cells (CD49b+) in the skin upon transdermal cancer immunotherapy as assessed by flow cytometry. (C and D) Immunofluorescence staining and quantitative 
analysis of (C) CD11c+ DCs (scale bar, 100 m) and (D) CD49b+ NK cells (scale bar, 100 m). Statistical significance was calculated by Student’s t test (*P < 0.05; **P < 0.01). 
Asterisks indicate significant differences between the MN + NIR group and all other treatment groups. Data points represent mean ± SD (n = 3). Error bars indicate SD.
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control groups (fig. S18). The in vitro analysis of splenocytes re-
vealed 10-fold higher frequency of T cells responding to B16F10 
tumor lysate in mice receiving the combined vaccination (Fig. 5E).

To examine that the light-to-heat transduction induced the produc-
tion of danger signals and proinflammatory cytokines, we first mea-
sured local levels of ROS in the MN-treated surrounding tissue by 
flow cytometry. Samples from mice receiving the combined treat ment 
showed about fourfold increase in ROS levels compared with the un-
treated group, whereas 1.5-fold increase was observed compared with 
the MN control without the NIR irradiation (fig. S19). In line with the 
elicitation of danger signals, combined vaccination caused the expres-
sion of HSP70 and HSP90 (Fig. 5F and fig. S20) (38). Danger signals 
from the local tissue and the antigenic molecules promote proinflam-
matory cytokine production (39). Consistent with this effect, we found 
local increases of interferon- (IFN-), tumor necrosis factor– 
(TNF-), and interleukin-6 (IL-6) in mice treated with the combined 
vaccination compared with MN controls (Fig. 5G and fig. S21).

Efficacy of MN patch in distant tumors
We further analyzed whether the local vaccination confers protection 
toward secondary tumors distant from the NIR- and MN-treated site 
(Fig. 6A). Local NIR irradiation and MN treatment were performed 
only on the left-side tumor in B16F10 mice bearing bilateral tumors. 
Right-side tumor was not injected and was shielded from light 
(Fig. 6B). We observed that the tumor sizes and bioluminescence 
signals decreased significantly on both sides of the mice that had the 
combined vaccination (Fig. 6, C to G). Meanwhile, substantial in-
crease of activated DCs in the regional lymph node (Fig. 5B) and 
enhanced cytotoxic responses to B16F10 cells of the splenocytes 
in vitro (Fig. 5E) indicated that systemic antitumor effect could 
be achieved by the transdermal immunotherapy. This effect was 
parallel by fivefold increases in CD8+ T cell infiltration compared 
with control, which was consistent with the role of immune cells for 
antitumor efficacy (Fig. 6D). Distant metastases were not observed 
in the lungs of the mice with combinational treatment (fig. S22). 

Fig. 5. Immunologic responses after the MN-mediated cancer immunotherapy. (A) Representative quantitative analysis of T cells (gated on CD3+ T cells) in 
treated tumors analyzed by flow cytometry. (B) Representative quantitative analysis of activated DCs (CD86+ and CD80+) in the draining lymph nodes analyzed by 
flow cytometry. Data points represent mean ± SD (n = 8). (C) Immunofluorescence staining of the tumors showing CD4+ T cell and CD8+ T cell infiltration (scale bars, 
100 m). (D) Quantification of IgG1 subtypes in serum collected at day 10. Data points represent mean ± SD (n = 8). (E) Cytotoxic responses of splenocytes against 
B16F10 cells in vitro. Data points represent mean ± SD (n = 6). (F) Immunofluorescence staining of HSP70 (green) in the regional skin with actin filaments visualized 
by Alexa Fluor 660 phalloidin (red) and cell nuclei stained with Hoechst (blue) (scale bars, 100 m). (G) In vivo local detection of cytokines from extracted patches at 
day 3. Statistical significance was calculated by Student’s t test (*P < 0.05; **P < 0.01). Data points represent mean ± SD (n = 8). Error bars indicate SD. CTL, cytotoxic 
T lypmphocyte.
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Body weight measurements indicated that the treated mice gained 
weight within the normal ranges (Fig.  6H). When the mice were 
vaccinated with tumor lysate of a different melanoma cell type 
[BRAFV600EPTEN −/− Duke-clone 6 cell line (BPD6 or BP), syngene-
ic with C57BL/6J] (40, 41), minimal changes in the B16F10 tumor 
growth were observed (Fig. 6I), indicating the specificity of the im-
munological memory. Similarly, when vaccinated mice were rechal-
lenged with B16F10 cells or BP cells, tumor protection was observed 
only in mice challenged with B16F10 (Fig. 6, J and K, and fig. S23).

Efficacy of MN patch in other tumor models
To demonstrate that the potency of proposed vaccination is not lim-
ited to the B16 melanoma model in which there is an up-regulation 
of the melanogenesis, we used a BRAFV600E-mutated BP melanoma 
in C57BL/6J mice and a triple-negative breast cancer 4T1 carcinoma 

tumor in BALB/cJ mice. Studies of MN loaded with synthetic melanin 
(with the same amount of pigment as quantified by spectrophotom-
etry; table S1) and tumor lysate showed similar hyperthermic effect 
and enhanced immune responses with combined vaccination (fig. 
S24). Tumor regression and long-term survival were also achieved. 
Vaccination with the combined approach rendered 75 and 87% of 
mice resistant to BP and 4T1 engraftment, respectively (Fig. 7, A and 
B, and fig. S25). In the tumor-bearing mice, MN and NIR treat ments 
induced complete remissions in 87 and 37% of mice engrafted with 
BP and 4T1 cells, respectively (Fig. 7, C and D, and fig. S25). Analysis 
of the local HSP70 expression showed a 2.5-fold increase in BP and 
a 4-fold increase in 4T1 models upon combined vaccination com-
pared with the MN alone (fig. S26). Production of proinflammatory 
cytokines was also induced with the combined treatment, resulting in 
enhanced DC activation (figs. S27 and S28). Treatments were well 

Fig. 6. Antitumor effect of local cancer immunotherapy treatment toward distant B16F10 tumors. (A) Schematic representation of the B16F10 tumor model. 
(B) Photograph of a mouse before and after MN administration. Red arrows indicate established tumors on both sides. L, left; R, right.The red line indicates the MN injec-
tion site. (C) Tumor weights in different experimental groups (n = 3). (D) Tumor-infiltrating CD8+ T cells after treatments in different experimental groups (n = 6). Asterisks 
in (C) and (D) indicate statistically significant differences between blank MN and other groups. (E) Images of tumors extracted from treated mice indicated by the labels 
in (D). (F) In vivo bioluminescence imaging of treated B16F10 melanoma at different time points after treatment. One representative mouse per treatment group is shown. 
(G) Average tumor volumes in treated mice. (H) Body weights of treated mice (n = 6). (I) Average B16F10 tumor volumes in mice treated with MNs loaded with BP lysate 
with melanin and blank MN (n = 8). (J) Average tumor volumes in vaccinated mice rechallenged with either B16F10 cells or BP cells on day 80. (K) Kaplan-Meier survival 
curves for rechallenged mice. Data points represent mean ± SD (n = 8). Error bars indicate SD. Statistical significance was calculated by Student’s t test and log-rank test 
(NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).
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tolerated and did not cause weight loss or clinical signs of distant 
metastasis (figs. S29 and S30).

DISCUSSION
In the current study, we have integrated the B16F10 whole tumor 
lysate and GM-CSF into a transdermal MN patch to sustain the de-
livery of the cancer vaccine and target immune cell populations in the 
epidermis. By incorporating the melanin, we have demonstrated that 
the combined vaccine facilitated local immune activation upon NIR 
irradiation through the recruitment of DCs and other immune cells. 
Compared with other photosensitizing agents (42, 43), melanin is a nat-
ural pigment with high biocompatibility and broad absorption spec-
trum. The efficient light-to-heat transduction mediated by melanin 
contributed to the rapid increase in skin temperature toward 42°C.

The combined treatment caused long-term survival with tumor 
rejection in 87% of vaccinated C57BL/6J mice. Complete tumor pro-
tection was further observed in mice rechallenged with B16F10 tumor 
cells. After NIR treatment, the elevated local microcirculatory blood 
perfusion was associated with the migration of local DCs and NK 
cells. Depletion of B cells, NK cells, and T cells attenuated the treatment 
efficacy in vaccinated mice, highlighting the relevance of the immune 
control in the tumor development. In accordance, the production of dan-
ger signals and proinflammatory cytokines triggered the immune activa-
tion. We have identified the elevated HSP70 and HSP90 expression and 
ROS levels in the surrounding tissues. This effect was also associated with 
local enrichment of IFN-, TNF-, and IL-6. Characterization of other rel-
evant danger signals and antigen adjuvants needs to be further examined.

In summary, the whole tumor lysate with melanin in a light- 
irradiated MN patch generates a hyperthermic-mimicking micro-
environment that effectively recruits and activates immune cells at 
the vaccination site. As a result, the melanin-mediated patch prevents 
tumor engraftment in prophylactic models and causes sustained 
tumor regression in tumor-bearing mice. In addition, the natural 
melanin used in this treatment can also be extended to other bio-
logical pigments, such as carotenoid, xanthophylls, and bilirubin, for 
photomediated therapy. This method is also adaptable to deep- 
tissue photoacoustic imaging, biological labeling, and targeting a 
variety of diseases in a photo-/thermoresponsive manner (44–46 ). 
Nevertheless, the parameters associated with this immune activa-
tion need further optimization, for instance, the duration of NIR 
irradiation and the selection of light wavelength, as well as the treat-
ment site. For the future study of the proposed approach, personal 
neoantigens and checkpoint inhibitors could be incorporated into 
the MNs to further enhance treatment specificity and efficacy (47). 
For the potential translation of the vaccine patch, it relies profoundly 
on a prolonged safety evaluation of the local and systemic toxicity, 
as well as other potential side effects.

MATERIALS AND METHODS
Study design
The objective of this study was to assess the effect of a melanin-mediated 
transdermal patch on cancer vaccine–based immunotherapy. The 
B16F10 whole tumor lysate containing melanin was integrated into 
an MN patch that allows controlled release of the cancer vaccine. 

Fig. 7. Antitumor effect of local cancer immunotherapy treatment in various tumor models. (A) Average tumor growth and Kaplan-Meier survival rate of vaccinated 
C57BL/6J mice after BP tumor cell challenge. Mice were pretreated with blank MN (blank), MN loaded with BP tumor lysate and melanin (MN), or loaded MN combined 
with NIR irradiation (MN + NIR). (B) Average tumor growth and Kaplan-Meier survival rate of vaccinated BALB/cJ mice after 4T1 tumor cell challenge. Mice were pretreat-
ed with blank MN, MN loaded with 4T1 tumor lysate and melanin, or loaded MN combined with NIR irradiation. (C) Average tumor growth and Kaplan-Meier survival rate 
of C57BL/6J mice bearing established BP tumors. Mice were treated with blank MN, MN loaded with BP tumor lysate and melanin, or loaded MN combined with NIR irra-
diation. (D) Average tumor growth and Kaplan-Meier survival rate of BALB/cJ mice bearing established 4T1 tumors. Mice were treated with blank MN, MN loaded with 4T1 
tumor lysate and melanin, or loaded MN combined with NIR irradiation. Data points represent mean ± SD (n = 8). Error bars indicate SD. Statistical significance was calcu-
lated by Student’s t test and log-rank test (*P < 0.05; **P < 0.01; ***P < 0.001).
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Upon NIR light irradiation on the patch, the local heating effect on 
boosting immune responses was evaluated. Mice subjects were pur-
chased from the Jackson Laboratory, weighed, and randomly divided 
into different experimental groups. The numbers of sampling and 
experimental replicates were included in each figure legend.

Preparation and characterization of MNs
All MNs were prepared using silicone molds with arrays of conical 
holes machined by laser ablation (Blueacre Technology Ltd.). Each MN 
had a 300 m by 300 m round base tapering to a height of 800 m with 
a tip radius of around 5 m. MNs were arranged in a 15 × 15 array with 
a 600-m center-to-center spacing. GM-CSF solution (0.1 mg/ml, 10-l 
final volume) was directly deposited by pipetting onto each silicone 
micromold surface, followed by vacuum (600 mmHg) condition for 
5 min to allow the solution to flow into the cavities. After that, 0.2 ml of 
4.0 weight % (wt %) methacrylated hyaluronic acid solution mixed with 
N,N′-methylenebisacrylamide (2.0 wt %) and photoinitiator (Irgacure 
2959; 0.05 wt %) were directly deposited by pipetting onto each silicone 
micromold surface, followed by vacuum (600 mmHg) condition for 
5 min and centrifugation at 2000 rpm for 5 min (Hettich Universal 32R 
centrifuge). GM-CSF layer was cross-linked via ultraviolet irradiation 
(wavelength, 365 nm) for 10 s, and a piece of 4 cm by 9 cm silver adhe-
sive tape was applied around the 2 cm by 2 cm micromold baseplate. 
Three milliliters of homogenized B16F10 tumor lysate (containing 1.5 mg 
of extracted tumor lysate proteins) in 4.0 wt % mixed methacrylated 
hyaluronic acid solution was added to the prepared micro mold reser-
voir. We also used hyaluronic acid solution with different concentrations 
of tumor protein from 0.25 to 0.5 to 1.0 mg/ml. Protein concentration 
was quantified by measuring extracted protein content in the tumor 
lysate supernatant using T-PER (tissue protein extraction reagent) and 
Bradford assay before the MN fabrication. For the BP or 4T1 tumor 
lysate–loaded MNs, 50-g melanin was dissolved in 4.0 wt % mixed 
methacrylated hyaluronic acid solution with tumor lysate (containing 
1.5 mg of extract tumor lysate proteins, 3.0-ml final volume) to fabri-
cate the MN matrix. For the blank MNs without tumor lysate, mixed 
methacrylated hyaluronic acid solution was used without the tumor 
lysate. For the melanin-loaded MNs, 50-g melanin was dissolved in 
4.0 wt % mixed methacrylated hyaluronic acid solution to fabricate the 
MN matrix. The stock melanin solution (100 mg/ml) was prepared by 
dissolving melanin in 1.0 M sodium hydroxide and heating to 99°C for 
10 min. Final formulation was dried at 25°C in a vacuum desiccator 
overnight. After desiccation was completed, needle arrays were careful-
ly separated from the silicone molds and cross-linked via ultraviolet 
irradiation. The needle base was tailored into a square shape. Fluores-
cent MNs were fabricated with phalloidin-labeled tumor lysate and 
rhodamine B– or Cy5.5-labeled hyaluronic acid. The preparation and 
storage of MNs were under sterilized condition. Morphology of MNs 
was characterized on a FEI Verios 460L field-emission scanning elec-
tron microscope operating at 20 kV after sputter coating with gold/
palladium at the Analytical Instrumentation Facility. Cross sections of 
MNs were obtained by cutting 5-m slides using Thermo Fisher Scien-
tific HM525 NX Cryostat and stained with Alexa Fluor 488 phalloidin 
and Hoechst. Fluorescence images of MNs were taken by the Olympus 
IX70 multiparameter fluorescence microscope.

NIR-responsive property of MN
To evaluate the property of the MN patch in response to NIR light irra-
diation, we irradiated samples with 808-nm NIR laser light. The diode 
infrared laser module (Opto Engine LLC, MDL-N-808) was approved 

by a laser safety officer of the North Carolina State University (NC State) 
Environmental Health and Safety Center. The MN patches were placed 
on a piece of white paper with the needle tips facing down. The laser 
wire was fixed in place using a plate stand with a support rod and a 
clamp. The distance between the patch and spotlight was fixed at 10 cm, 
and the spot size was ~1 cm2. The output energy of the diode infrared 
laser module was adjusted within 1.0 W and led to the intensity per unit 
area (E = I/d2) of 1.0 W/cm2 (at 808 nm). The NIR light was irradiated 
continuously or intermittently as needed. Surface temperature changes 
of the MN patch backing were recorded, and the highest temperature 
was controlled below 42°C in real time using a thermal imager (FLIR E4) 
and a noncontact infrared thermometer gun (Leegoal). For intermittent 
irradiation, the MNs were repeatedly exposed to the laser (1.0 W/cm2), 
and the local temperature reached about 42°C for 1 min. Subsequently, 
the laser was turned off for 1 min. This cycle was repeated four times 
to assess the responsive behavior of MN patch under repeated NIR 
irradiation. For the continuous irradiation, samples with different 
parameters were tested. The effect of melanin content on the light- 
responsive behavior was tested on MNs loaded with tumor lysate of 
different protein concentration or blank MN with hyaluronic acid. 
Quantitative surface temperature changes of the representative MNs 
were recorded under continuous NIR irradiation at 1.0 W/cm2. In a 
separate experiment, the laser power flux was controlled. During con-
tinuous NIR exposure for 2 min, the maximal temperature of the MN 
surface was recorded and plotted. The effect of MN backing thickness 
on the light-responsive behavior was tested on MNs with continuous 
NIR irradiation at 1.0 W/cm2. The thickness of the MN patch was mea-
sured with an average value of 181 m and an SD of 12.5 m using a 
digimatic indicator (Mitutoyo Corp. ID-C112E Series 543). MN patch 
samples with different backing thicknesses (169, 175, 179, 181, and 
202 m) were used.

In vitro DC activation
Bone marrow was collected by flushing the femur and tibia with 
complete RPMI 1640 containing 10% fetal bovine growth serum. Af-
ter lysis of red blood cells (lysate solution, Cwbiotech), 1 × 106 bone 
marrow cells were seeded in six-well culture dishes with 3.0 ml of 
the culture medium containing GM-CSF (20 ng/ml) and 50 M 
-mercaptoethanol (Bio-Rad, Hercules, CA, USA). On day 3, an ad-
ditional 4.0 ml of the same medium with GM-CSF was added into 
the plates. On day 6, half of the culture supernatant was collected and 
centrifuged. Cells were resuspended in RPMI 1640 and added back into 
the original plates. On day 7, nonadherent cells were collected and 
used as bone marrow–derived DCs for further research use. Another 
murine DC line JAWS II cells were cultured in minimum essential 
medium Eagle alpha modification (Sigma-Aldrich) supplemented with 
GM-CSF (5 ng/ml). DCs were left unstimulated or stimulated for 
12 hours with blank MN (100 g/ml) or tumor lysate–loaded MN 
release medium or lipopolysaccharide (LPS; 100 ng/ml). After the 
stimulation, the cells were exposed to NIR irradiation (1.0 W/cm2) 
at a distance of 10 cm for 0, 5, 10, 15, and 20 min, respectively. After cell 
incubation for 4 hours, the supernatants were collected and measured 
by IL-12 p70 mouse ELISA kit (Thermo Fisher Scientific, MC0121). The 
cells were washed and stained with LIVE/DEAD assay (Thermo Fisher 
Scientific, L3224) and CD80+, and CD86+ maturation marker- specific 
antibodies and subsequently analyzed by the confocal microscopy 
and flow cytometer. Both bone marrow–derived DCs and JAWS II 
cell line were used for characterization of DC activation. The LIVE/
DEAD assay imaging data were obtained from the JAWS II cell line.
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Mice and in vivo tumor models
Female C57BL/6J mice, BALB/cJ mice, CD11c-DTR transgenic mice 
[B6.FVB-Tg(Itgax-DTR/EGFP)57Lan/J; stock no. 004509], and 
Rag1−/− knockout mice (B6.129S7-Rag1tm1Mom/J; stock no. 002216) 
were purchased from the Jackson Laboratory. Mice were weighed and 
randomly divided into different groups. On day 0, healthy mice were 
treated with MNs loaded with tumor lysates and GM-CSF, blank MNs 
loaded with synthetic melanin without tumor lysates, or blank MNs 
containing hyaluronic acid only (blank). MN patches were applied into 
the skin of the caudal-dorsal area for about 10 min and further fixed 
using Skin Affix surgical adhesive (Medline Industries Inc.). After in-
jection of the MNs, NIR irradiation was performed on the localized 
MN region for 10 min each day for five successive days after immuni-
zation (MN + NIR). The diode infrared laser module at 808 nm (Opto 
Engine LLC, MDL-N-808) was approved by a laser safety officer of the 
NC State University Environmental Health and Safety Center. Mice in 
the control groups were treated with either vaccine MNs without NIR 
irradiation (MN), blank MNs loaded with synthetic melanin without 
tumor lysate with NIR irradiation (melanin), or blank MNs containing 
hyaluronic acid only with NIR irradiation (blank). Surface temperature 
changes of the regional skin were recorded and controlled below 42°C 
in real time using a thermal imager (FLIR E4) and a noncontact infra-
red thermometer gun (Leegoal). On day 10, 1 × 106 B16F10 tumor cell 
lines in 25 l of phosphate-buffered saline (PBS) were subcutaneously 
transplanted into the flank of the C57BL/6J mice, CD11c-DTR trans-
genic mice, and Rag1−/− knockout mice. Tumor-free mice were rechal-
lenged with 1 × 106 B16F10 tumor cells in 25 l of PBS 80 days after the 
first tumor inoculation. For the depletion antibody study, we depleted 
specific T cell, B cell, and NK cell populations in mouse models. Mice 
were intraperitoneally given 200 g of antibody purified from mouse 
thymus or spleen dissolved in 200 l of PBS. Antibodies against CD4 
(BioLegend, LEAF 100435), CD8 (BioLegend, LEAF 100735), CD19 
(BioLegend, LEAF 152402), and NK-1.1 (BioLegend, LEAF 108712) 
were administered twice weekly for 3 weeks, starting 1 week before the 
tumor inoculation. Depletions were confirmed by flow cytometry of 
splenic suspension. For another melanoma model, 1 × 106 BP tumor 
cells in 25 l of PBS were subcutaneously transplanted into the flank of 
the C57BL/6J mice. For the carcinoma tumor model, 1 × 106 4T1 tu-
mor cells in 25 l of PBS were subcutaneously transplanted into the 
flank of the BALB/cJ mice. For experimental metastasis model, 1 × 105 
tumor cells were intravenously infused into mice via the tail vein. In 
another set of experiments, tumor cells were subcutaneously trans-
planted into the flank of the mice on day 0. The tumor-bearing mice 
were weighed and randomly divided into four groups when the tumor 
volume reached around 50 mm3 on day 3. After that, the mice were 
peritumorally administrated with sterile MN loaded with tumor lysate 
and GM-CSF (MN) or blank MN containing hyaluronic acid only 
(blank). After that, NIR light was irradiated on the MN patch for 10 min 
during the following 5 days from days 3 to 7. Tumor growth was mea-
sured by a digital caliper or monitored by bioluminescence signals of 
luciferase-tagged cells. The tumor volume (cubic millimeter) was cal-
culated as 1/2 × long diameter × (short diameter)2.

To assess potential toxicity, we monitored mice daily for weight loss. 
H&E staining was performed on the organs collected from the mice 
following the standard procedure (Histology Laboratory at NC State 
College of Veterinary Medicine). Lungs were excised, and macroscopi-
cally visible metastases were counted. The resected primary tumors 
were stored at −20°C for immunofluorescence staining or fixed in 4% 
paraformaldehyde for subsequent analysis.

Identification of DC subsets, T cells, and cytokines
Antibodies used were purchased from Thermo Fisher Scientific and 
BioLegend Inc. Staining antibodies, including CD3 (Thermo Fisher 
Scientific, A18644), CD4 (Thermo Fisher Scientific, A18667), CD8 
(Thermo Fisher Scientific, A18609), CD11c (BioLegend, 117309), CD49b 
(BioLegend, 108909), CD80 (BioLegend, 104707), CD86 (BioLegend, 
105007), PIR-A/B (gp91, BioLegend, 144103), tetramer (MBL Interna-
tional, H-2Db gp100, EGSRNQDWL-P), and fluorogenic CellROX 
Deep Red reagent (BioLegend, C10422) were used for fluorescence- 
activated cell sorting (FACS) and were analyzed following the manu-
facturers’ instructions. Organs (skin, tumor, lymph node, and spleen) 
were harvested and minced into 2- to 4-mm pieces using scissors or 
scalpel blade. A single-cell suspension was prepared in the cell staining 
buffer (BioLegend, 420201). CellROX reagents at predetermined opti-
mum concentrations were added to the cells and incubated on ice for 
20 to 30 min in the dark for ROS detection. The relevant tetramer phy-
coerythrin (PE) was stained at room temperature for 30 min in the dark 
before additional staining with appropriately conjugated fluorescent 
antibodies. Stained cells were analyzed on a FACSCalibur instrument (BD) 
and using FlowJo software. To determine the concentration of different 
cytokines at the vaccine MN site, patch and adjacent tissues were ex-
cised and digested with T-PER (Pierce). Cytokine concentrations in the 
extracted patch were analyzed with a BioLegend’s LEGENDplex bead-
based immunoassays, according to the manufacturer’s instructions.

Statistical analysis
Statistical analysis was evaluated using GraphPad Prism (6.0). Statisti-
cal analysis was performed with paired Student’s t test and analysis of 
variance (ANOVA). P values for Kaplan-Meier curves were calculated 
with log-rank test. P values of 0.05 or less were considered significant.

Study approval
All mouse studies were performed following animal protocols ap-
proved by the Institutional Animal Care and Use Committee at the NC 
State University and the University of North Carolina at Chapel Hill 
(UNC-CH).

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/2/17/eaan5692/DC1
Materials and Methods
Fig. S1. Mechanical property of the MN.
Fig. S2. Characteristics of tumor lysate solution and synthetic melanin.
Fig. S3. Heating behavior of MN patches by repetitive NIR irradiation.
Fig. S4. Surface temperature of MN patches with various loadings of tumor lysates upon NIR 
irradiation.
Fig. S5. In vitro release profiles of GM-CSF and tumor lysate proteins.
Fig. S6. Scanning electron microscopy images of MN patch after insertion into the mouse skin 
over time.
Fig. S7. DC function evaluation after in vitro activation.
Fig. S8. Cytotoxicity study of the blank MNs.
Fig. S9. Characterization of the skin after MN insertion.
Fig. S10. Melanin-loaded MNs confer protective immunity in vivo.
Fig. S11. Tumor growth in control and treated mice.
Fig. S12. Quantified B16F10 bioluminescent tumor signals in control and treated mice.
Fig. S13. Tumor weights in control and treated mice.
Fig. S14. Histology and apoptosis analysis of the tumor sections.
Fig. S15. Tumor growth of mice receiving the transdermal cancer immunotherapy.
Fig. S16. Measurement of local microcirculatory blood perfusion of mice.
Fig. S17. Immunologic responses after the transdermal cancer immunotherapy.
Fig. S18. Quantification of IgG1 subtypes in serum after treatment with blank, MN, or MN + NIR.
Fig. S19. ROS detection by flow cytometry in tumor sections.
Fig. S20. HSP90 expression after the transdermal cancer immunotherapy.
Fig. S21. Cytokine kinetics after the transdermal cancer immunotherapy.
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Fig. S22. Histology analysis after the transdermal cancer immunotherapy.
Fig. S23. Antitumor effect of the transdermal cancer immunotherapy toward different tumor 
models.
Fig. S24. Surface temperature changes of the melanin-loaded MNs.
Fig. S25. Antitumor effect of the transdermal cancer immunotherapy.
Fig. S26. HSP70 expression after the transdermal cancer immunotherapy.
Fig. S27. Representative quantitative analysis of the DC activation.
Fig. S28. Cytokine kinetics after the transdermal cancer immunotherapy.
Fig. S29. Average weights of mice after the transdermal cancer immunotherapy in control and 
treated mice.
Fig. S30. H&E staining of organs collected after the transdermal cancer immunotherapy.
Table S1. Melanin content of tumors excised from tumor-bearing mice.
Table S2. Measurement of total local microcirculatory blood perfusion of mice receiving 
different treatments using the laser Doppler flowmetry.
Excel file 1.
Excel file 2.
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Platelets subvert T cell immunity against cancer via 
GARP-TGF axis
Saleh Rachidi,1,2* Alessandra Metelli,1,2* Brian Riesenberg,1,2 Bill X. Wu,1,2 Michelle H. Nelson,1,2 
Caroline Wallace,1,2 Chrystal M. Paulos,1,2,3 Mark P. Rubinstein,1,2,3 Elizabeth Garrett-Mayer,2,4 
Mirko Hennig,5 Daniel W. Bearden,6 Yi Yang,1,2 Bei Liu,1,2 Zihai Li1,2,7†

Cancer-associated thrombocytosis has long been linked to poor clinical outcome, but the underlying mechanism 
is enigmatic. We hypothesized that platelets promote malignancy and resistance to therapy by dampening host 
immunity. We show that genetic targeting of platelets enhances adoptive T cell therapy of cancer. An unbiased 
biochemical and structural biology approach established transforming growth factor  (TGF) and lactate as major 
platelet-derived soluble factors to obliterate CD4+ and CD8+ T cell functions. Moreover, we found that platelets 
are the dominant source of functional TGF systemically as well as in the tumor microenvironment through con-
stitutive expression of the TGF-docking receptor glycoprotein A repetitions predominant (GARP) rather than 
secretion of TGF per se. Platelet- specific deletion of the GARP-encoding gene Lrrc32 blunted TGF activity at the 
tumor site and potentiated protective immunity against both melanoma and colon cancer. Last, this study shows 
that T cell therapy of cancer can be substantially improved by concurrent treatment with readily available anti-
platelet agents. We conclude that platelets constrain T cell immunity through a GARP-TGF axis and suggest a 
combination of immunotherapy and platelet inhibitors as a therapeutic strategy against cancer.

INTRODUCTION
Platelets, or thrombocytes, play essential roles in hemostasis (1). In-
creasingly, they have emerged to possess other regulatory functions 
in physiology such as angiogenesis, wound healing, and immuno-
modulation (2–4). Intriguingly, cancer-associated thrombocytosis 
is an independent poor prognostic factor in multiple cancer types 
(5, 6), via enhancing invasiveness of cancer cells (7), promoting cancer 
motility (4, 8), and inducing epithelial-mesenchymal cell transi tion 
(9). Despite knowledge of platelet cross-talk with natural killer cells 
(10), neutrophils (11), macrophages (12), dendritic cells (13–15), and 
T lymphocytes (14), the direct impact of thrombocytes on T cell 
immunity against cancer and the underlying molecular mecha-
nisms have yet to be fully elucidated.

Platelets are bioactive, anuclear cellular fragments that are shed 
out of megakaryocytes in the bone marrow vasculature (16). They 
are the smallest cellular component of the hematopoietic system 
and are second only to red blood cells in number. Platelets express a 
number of cell surface receptors for adhesion and aggregation (1, 17), 
such as glycoprotein (GP) Ib-IX-V complex, which serves as a re-
ceptor for von Willebrand factor, and GPIIb-IIIa integrin, which binds 
to fibrinogen and fibronectin. They also express other activation recep-
tors, including the thromboxane A2 receptor, the adenosine diphos-
phate (ADP) receptors P2Y1 and P2Y12, and the protease- activated 
receptors PAR1 and PAR4, the latter of which can be activated by 

thrombin (18). Platelets have been found to constitutively express 
the nonsignaling transforming growth factor  (TGF)–docking re-
ceptor glycoprotein A repetitions predominant (GARP) (19), en-
coded by the leucine-rich repeat-containing protein 32 (Lrrc32) gene. 
The role of GARP is to increase the activation of latent TGF (LTGF) 
and thus its biological function in the close proximity of GARP-expressing 
cells. The other cells that express GARP are regulatory T (Treg) cells, 
which do so only after activation via T cell receptor (TCR) (20). Both 
GPIb-IX-V complex and GARP depend on the molecular chaperone 
gp96 for folding and cell surface expression (21, 22). Genetic dele-
tion of Hsp90b1 (encoding gp96) from platelets results in significant 
thrombo cytopenia and impaired platelet function (21). Last, there 
are cytoplasmic granules in platelets containing a variety of mole-
cules such as TGF, ADP, serotonin, and proteases, which are re-
leased upon platelet activation and degranulation to exert their 
functions (23, 24).

The key unresolved questions are how platelets affect the adap-
tive immunity in cancer and what are the underlying molecular 
mechanisms for such an action. With regard to TGF, it is com-
pletely unknown what the physiological function of platelet-specific 
cell surface GARP-TGF is in host immunity. In addition, GARP-TG-
F complex on platelets could be formed intracellularly, during the 
de novo biogenesis, or extracellularly, where GARP snatches LTG-
F in the extracellular matrix from nonplatelet sources and binds to 
it. However, it is unclear which source of the GARP-TGF complex 
is critical in regulating the host immunity against cancer in vivo. In 
this study, we systematically probed the effect of platelets on the 
effector function of antitumor T cells. We also took an unbiased 
approach to identify platelet-derived soluble immunoregulatory 
factors in blunting T cell function. This study not only uncovers 
mechanisms of platelet-mediated T cell suppression but also dem-
onstrates the validity of the combination therapy of cancer with im-
munotherapeutics and antiplatelet (AP) agents in clinically relevant 
mouse models.
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RESULTS
Genetic inhibition of platelets enhances adoptive T cell 
therapy of cancer
Using bone marrow chimeric mice, we previously demonstrated that 
genetic deletion of Hsp90b1 from the hematopoietic system resulted 
in macrothrombocytopenia coupled with dysfunctional platelets due 
to the loss of cell surface GPIb-IX-V, the receptor for von Willebrand 
factor (21). To probe the immunological function of platelets, we gen-
erated a megakaryocyte-specific Hsp90b1 knockout (KO) mouse model 
in this study. As expected, KO mice had significantly lower platelet 
counts in the blood compared with wild-type (WT) mice (Fig. 1A). The 
dysfunction of platelets was evidenced by prolonged bleeding time 
(Fig. 1B). Extensive phenotypical analysis showed no obvious abnor-
malities in other cellular lineages, including T and B cells in the hemato-
poietic system of KO mice (fig. S1, A to D). The ability of CD8+ and 
CD4+ cells from the KO mice to produce interferon- (IFN) in re-
sponse to polyclonal activation was also unaffected (fig. S1, E and F).

Adoptive T cell therapy (ACT) was next used to determine whether 
platelet dysfunction in the host affects the ability of transferred donor 

T cells to control cancer. ACT is a process of transferring preacti-
vated antigen-specific T cells for the treatment of established cancers 
(25). Melanoma was chosen because (i) immuno therapy of unresect-
able melanoma has been increasingly implemented over the past few 
years with encouraging efficacies (26) and (ii) TCR trans genic mice of 
both CD4+ (TRP1) and CD8+ (Pmel) lineages (27, 28) against mel-
anoma antigens permit studying tumor-reactive T cells in our 
mouse models. B16-F1 melanomas were therefore established in 
C57BL/6 mice after subcutaneous injection on day 0, followed by 
infusion of ex vivo primed Pmel cells on day 11, along with interleukin-2 
(IL-2)–anti–IL-2 antibody complex (29). Transferred Pmel cells had 
better antitumor activity in the Hsp90b1 KO recipients compared with 
WT ones (Fig. 1C), whereas no difference in tumor growth was ob-
served between the two groups without ACT (Fig. 1D). The improved 
ACT efficacy in the KO mice was associated with increased production 
of IFN (Fig. 1E) and tumor necrosis factor– (TNF) (Fig. 1F) by 
the donor T cells. These results suggest that platelet function in tumor- 
bearing mice constrains T cell–mediated cancer immunotherapy.

Platelet releasate suppresses T cell activation and function
We next focused on understanding the molecular mechanisms of T cell 
suppression by platelets. Given that platelets are not usually found 
in the lymphatic system and the T/B cell zone of the lymphoid organs, 
we reasoned that activated platelets exert their immunosuppressive 
function via releasing soluble factors. Purified platelets were suspended 
at 108 platelets/ml (several times lower than physiological platelet con-
centration) and activated with thrombin to generate platelet releasate 
(PR). The suppressive capacity was then measured in vitro using a 
standard polyclonal T cell activation assay (fig. S2A). Soluble factors in 
PR, but not platelet microvesicles (MVs), completely blocked T cell 
proliferation, blastogenesis, and IFN production (Fig. 2 and fig. S2, 
B to G). The activity of PR was not species-specific because both 
mouse (Fig. 2A) and human (Fig. 2B) PRs suppressed the activation 
and effector function of T cells from either source. Several parameters 
related to PR-mediated T cell suppression were also examined (fig. 
S3, A to J). The negative effect of PR could not be rescued by high-
dose IL-2 (fig. S3A). Kinetic studies showed that the inhibitory ef-
fect was most pronounced during the first 2 days of T cell activation 
and was irreversible (fig. S3, B to G). Supernatant from unstimulated 
platelets had minimal effects (fig. S3H). PR had no direct effect on 
the proliferation of nonlymphocytes such as fibroblasts and B16-F1 
melanoma (fig. S3, I and J). In addition, PR-treated T cells displayed 
a naïve phenotype expressing more CD62L and less CD44, programmed 
death–1 (PD-1), glucocorticoid-induced TNF receptor–related pro-
tein (GITR), and CD25 (Fig. 2, C and D). Moreover, the presence of 
PR during in vitro activation of CD4+ TRP1 transgenic T helper 
17 (TH17) cells (27) abolished their activity upon adoptive transfer 
against B16-F10 melanoma (Fig. 3A) and reduced their persistence 
in the recipient mice (Fig. 3B). Similarly, CD8+ Pmel cells also lost 
their antitumor activity in the adoptive transfer setting after expo-
sure to PR during ex vivo activation (Fig. 3C), which correlated with 
poor donor cell persistence (Fig. 3D).

Platelet TGF and lactate mediate T cell suppression
Next, we took an unbiased approach to identify active T cell–suppressive 
molecule(s) in the PR. Human PR was fractionated by size exclusion 
chromatography, followed by quantifying individual fractions for their 
suppressive activity. Two major peaks with suppressive activity were 
resolved (Fig. 4A). Fraction A (>150 kDa) was further subfractionated 

Fig. 1. Targeting platelets genetically potently enhances ACT of cancer. (A) Platelet 
counts from the peripheral blood of WT and Pf4-cre-Hsp90b1flox/flox (KO) mice (n = 
15 per group). (B) Bleeding time was measured in WT and KO mice by pricking the 
lateral tail vein (n = 5 per group). (C) B16-F1 melanoma tumors were established in 
WT and Pf4-cre-Hsp90b1flox/flox mice, followed by adoptive transfer of activated Thy1.1+ 
Pmel cells on day 11 plus IL-2–anti–IL-2 antibody complexes on days 11, 13, 15, and 
17. Average tumor growth curves (n = 7 to 9 per group) are shown. (D) Same as in 
(C) except that mice did not receive T cells (n = 5 to 6 per group). (E and F) Pmel 
cells from the tumor-draining lymph nodes of the adoptively transferred mice in 
(D) were stimulated with hgp100 peptide for 4 hours, followed by intracellular 
staining for IFN (E) and TNF (F). MFI, mean fluorescence intensity. Repeated-  
measures two-way ANOVA was used to compare the tumor growth curves. Two-tailed 
independent Student’s t test was used in (A), (B), (E), and (F). Data are means ± SEM.
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by anion exchange chromatography (Fig. 4B). Coomassie blue staining 
of a reducing SDS–polyacrylamide gel electrophoresis (SDS-PAGE) of 
the most active subfractions showed prominent bands corresponding 
to 150 to 250 kDa and 10 to 50 kDa (Fig. 4B). Mass spectrometry iden-
tified these proteins to be mature TGF (mTGF), latency-associated 
peptide (LAP), LTGF-binding protein 1 (LTBP1), and thrombospondin-1 
(TSP1), indicating the presence of an mTGF-LAP-LTBP1-TSP1 complex 
(30). Immunoblot confirmed the existence of mature (12.5 kDa) and latent 
(44 kDa) TGF, LTBP1 (180 kDa), and TSP1 (110 to 180 kDa) in the 
whole PR, as well as in fraction A (Fig. 4B). Neutralizing TGF with 
the combination of an inhibitor for activin receptor–like kinase 5 (ALK5) 

(also known as type I TGF receptor) and anti-TGF antibody in frac-
tion A completely rescued T cell function (Fig. 4C). We thus defined 
TGF as a major T cell–suppressive factor in the PR.

However, blocking TGF in the whole mouse PR only partially 
rescued T cell activity in vitro (fig. S4), indicating the presence of other 
TGF-independent factors. Furthermore, the activity of fraction B in 
both human and mouse PRs was heat-stable, proteinase K–resistant, 
and smaller than 1.0 kDa in size (fig. S5). Fraction B was then sub-
fractionated by an anion exchange column to obtain subfractions 
B1 to B8 and used nuclear magnetic resonance (NMR) spectroscopy 
to delineate the metabolite composition (Fig. 4, D and E). Targeted 

Fig. 2. Platelet-derived soluble factors suppress T cell function. (A) Naïve splenic CD8+ T lymphocytes were activated polyclonally with or without mouse PR for 3 days, 
followed by measuring forward scatter profile (FSC) and multiple intracellular molecules. Data from multiple experiments (n > 5 times) were summarized at the bottom 
of the panel. GZMB, granzyme B. (B) Human peripheral blood CD4+ or CD8+ cells were activated polyclonally for 7 days with or without human PR, followed by measuring 
the indicated markers (representative of two experiments). Correlation between % PR and cytokine quantity was established using Spearman’s correlation coefficient. (C and 
D) Naive CD8+ T cells were polyclonally activated in the presence or absence of PR for 3 days, followed by flow cytometry. Numbers represent percentage of cells in the 
corresponding quadrants (n = 3 to 4 per group). Comparisons in (A), (C), and (D) were performed using two-tailed independent Student’s t tests.
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profiling using the Chenomx NMR Suite software identified lactate as 
the most abundant metabolite (~3.4 mM) in the most suppressive B3 
and B4 subfractions (Fig. 4E). The immunoregulatory roles of lac-
tate in T cells (31) and macrophages (32) have been reported. The 
concentration of lactate in the whole PR was ~5.7 mM. Lactate effi-
ciently suppressed T cell activation with concentrations as low as 
2.5 mM (Fig. 4F). Blocking both TGF (by a neutralizing antibody) 
and lactic acid (LA) (by inhibiting monocarboxylate transporter I with 
-cyano-4-hydroxycinnamic acid) (32) in the whole human PR almost 
completely rescued IFN production, CD25 expression, and blasto-
genesis of CD8+ T cells (fig. S6). Thus, we conclude that the sup-
pressive activity of PR primarily resides in TGF and lactate.

To further address the suppressive components in the PR, we per-
formed an in vitro Treg induction assay. Splenocytes were activated 
with anti-CD3/28 antibody in the presence of PR, TGF, and lactate 
for 3 days. Consistent with earlier findings, PR attenuated T cell 
blastogenesis (fig. S7, A and D), and this was partially recapitulated by 
each of TGF and LA. A proportion of CD4+ cells cultured with PR 
differentiated into the Treg lineage (fig. S7, B and D), and this was 
accompanied by up-regulation of phosphorylated Smad2/3 (p-Smad2/3) 
(fig. S7, C and D). Expectedly, TGF, but not LA, also induced Treg 
differentiation and p-Smad2/3.

We then investigated whether TGF and/or LA can independently 
recapitulate the inhibitory effects of PR on tumor-reactive T cells. 
B16-F1 melanoma tumors were established in C57BL/6 mice, which 
were subsequently treated with Pmel CD8 T cells, similar to the ex-
periment described in Fig. 3C. T cells were primed ex vivo with human 
gp100 (hgp100) and IL-12 in control media (Pmel-12), PR, TGF, and/

or LA (fig. S8). T cells primed in the presence of PR or TGF (650 pg/
ml, the concentration of TGF present in PR from 1 × 108 platelets/ml) 
failed to control melanoma progression and to persist in peripheral 
blood (fig. S8, A to C). This poor in vivo persistence is likely ex-
plained by the failure of Pmel cells to up-regulate receptors of the 
homeostatic cytokines IL-2 and IL-7 under these conditions (fig. S8D). 
IL-7 is crucial for Pmel cell persistence in vivo in the Pmel tumor 
model (33). In turn, LA in the priming phase had no effect on the sub-
sequent antitumor activity of Pmel T cells. This suggests that platelet- 
derived TGF is likely a more relevant target in immunotherapy.

Platelet-intrinsic GARP plays critical roles in generating 
active TGF
Platelets not only produce and store high levels of TGF intracellularly 
(34) but also are the only cellular entity known so far that constitu-
tively expresses the cell surface–docking receptor GARP for TGF 
(19). Thus, platelets may contribute to the systemic levels of TGF via 
active secretion, as well as GARP-mediated capturing from other cells 
or the extracellular matrix (9, 35–37). We next addressed to what 
extent and how platelets contribute to the physiological TGF pool. 
Baseline sera were obtained from WT mice followed by administra-
tion of a platelet-depleting antibody. These mice were sequentially 
bled, and serum TGF was quantified by enzyme-linked immuno-
sorbent assay (ELISA). Depletion of platelets resulted in a complete 
loss of active and total TGF, which rebounded effectively as soon 
as platelet count recovered (Fig. 5A). These experiments demonstrate 
that platelets contribute dominantly to the circulating TGF level. 
By comparison, serum LA with or without depletion showed no sig-
nificant changes (fig. S9), arguing that platelet-derived TGF, but not 
LA, is a more relevant platelet-derived immunosuppressive molecule 
in vivo.

The biology of platelet-derived TGF in cancer immunity was ad-
dressed next, focusing on the role of platelet GARP in the production 
of active TGF.In addition to platelet-specific Hsp90b1 KO mice, two 
additional mouse models were generated: one with selective deletion of 
GARP in platelets (Pf4-cre-Lrrc32flox/flox or Plt-GARPKO) and another 
with platelet-restricted KO of TGF1 (Pf4-cre-Tgfb1flox/flox or Plt-TGF1KO) 
(Fig. 5B). Because gp96 is also an obligate chaperone for GARP (22), 
platelets from neither Plt-gp96KO mice nor Plt-GARPKO mice expressed 
cell surface GARP-TGF complex. However, platelets from Plt-TGF1KO 
mice expressed similar levels of surface GARP-TGF1 complex when 
compared with WT platelets (Fig. 5, B to D), indicating that the GARP- 
TGF1 complex can be formed without autocrine TGF1.

The levels of active TGF and LTGF were then measured in the 
plasma and sera of WT and KO mice (Fig. 5, E and F). In WT mice, 
active TGF was elevated in serum compared with plasma, indicating 
a role for platelets and/or the coagulation cascade in TGF activation 
(Fig. 5E). Plt-gp96KO and Plt-GARPKO mice had very little active TGF 
in their sera, confirming the importance of platelet-intrinsic GARP in 
converting LTGF to the active form. In contrast, the serum level of 
active TGF in Plt-TGF1KO mice was comparable with that of WT 
mice (Fig. 5E), indicating that platelets are capable of activating TGF 
from nonplatelet sources in a trans fashion. Significantly, the total 
LTGF level in the serum is only reduced in Plt-TGF1KO mice but 
not Plt-gp96KO or Plt-GARPKO mice (Fig.  5F). Collectively, these 
data indicate that platelet-intrinsic GARP is the most important 
mechanism in the activation of TGF systemically. This experiment 
also categorically confirmed that serum but not plasma level of ac-
tive TGF reflects platelet activation.

Fig. 3. Priming of antigen-specific T cells in the PR abrogates their antitumor im-
munity in vivo. (A) TRP1 transgenic CD4+ T cells were primed under TH17-differentiating 
conditions, in control media or human PR (n = 6 per group). They were then adop-
tively transferred on day +10 to B16-F10–bearing mice that also received sublethal dose 
of total body irradiation on day +9. (B) Percentages of TRP1 cells in the peripheral 
blood on day +37 (n = 6 to 7 per group). Mann-Whitney test for non-normal distribu-
tion was used to compare the two groups. WBC, white blood cell. (C) Pmel T cells 
were primed with IL-12 and hgp100 peptide, in control media or human PR. They 
were then adoptively transferred on day +8 to B16-F10–bearing mice that also received 
cyclophosphamide on day +7 (n = 4 to 8 per group). (D) Percentages of Pmel cells 
in the peripheral blood on day +33 (n = 4 to 8 per group). Tumor growth curves 
were compared using repeated-measures two-way ANOVA. Percentages of T cells 
were compared using two-tailed independent Student’s t tests. Data are means ± SEM.
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Platelet GARP-TGF complex blunts 
antitumor T cell immunity
So far, we have shown that TGF is a major T cell 
suppressor molecule from PR and that platelet- 
specific deletion of gp96 (which functionally deletes 
GARP) improves ACT of cancer. These fortuitous 
observations suggest that platelet-specific GARP 
plays critically negative roles in antitumor T cell 
immunity. This hypothesis was next addressed by 
comparing the efficacy of ACT of melanoma in 
WT, Plt- TGF1KO, and Plt-GARPKO recipient mice 
(Fig. 6). B16-F1 melanomas were established in ei-
ther WT or KO mice, followed by lymphodepletion 
with cyclophosphamide (Cy) on day 9, and the in-
fusion of ex vivo activated Pmel T cells on day 10 
(Fig. 6A). Tumors were controlled much more effi-
ciently in the Plt-GARPKO mice compared with WT 
mice (Fig. 6A). This was associated with enhanced 
persistence (Fig. 6B) and functionality of Pmel cells 
in the peripheral blood of Plt-GARPKO mice (Fig. 6, 
C and D). In contrast, Plt-TGF1KO mice, whose 
platelets express GARP and remain capable of activating TGF, did 
not have improved control of tumors (Fig. 6D). The generality of these 
findings was next studied in the MC38 colon carcinoma system, given 
that the growth of this transplantable tumor in syngeneic mice under-
goes both CD4- and CD8-mediated immune pressure (38, 39). The 
growth of MC38 was significantly diminished in Plt-GARPKO mice 
compared with WT mice (Fig. 7, A to C). The MC38-bearing Plt- 
GARPKO mice had reduced serum levels of active TGF (Fig. 7D). 

Staining for p-Smad2/3 in MC38 tumor sections demonstrated a re-
markable attenuation of TGF signaling in MC38 cells in Plt- GARPKO 
mice (Fig. 7, E and F). This was associated with reduction of both sys-
temic myeloid- derived suppressor cells (Fig. 7G) and tumor- infiltrating 
Treg cells in Plt-GARPKO mice (Fig. 7H). Together, this demonstrates 
that platelets are the commanding source of TGF activity in the tumor 
microenvironment and that they exert potent immunosuppressive ef-
fects on antitumor immunity via GARP-TGF.

Fig. 4. TGF and lactate contribute to platelet-mediated 
T cell suppression. (A) Human PR was fractionated by size 
exclusion chromatography, followed by quantifying individ-
ual fractions for their suppressive activity. T cell suppression 
indices of all fractions are shown. Suppression index of media 
(percent of undivided CD8 T cells) was set as 1 and is indicated. 
(B) Fraction A was further resolved by DEAE column, and sub-
fractions were assayed for T cell suppression. The most active 
fractions (boxed) were resolved by SDS-PAGE and Coomassie 
blue stain. The protein identities of the major bands were deter-
mined by mass spectrometry and immunoblot. (C) CFSE-labeled 
naïve CD8+ T cells were stimulated with anti-CD3/CD28 anti-
bodies and IL-2 for 3 days in media or fraction A (Fr. A) with or 
without TGF blockade. Cells were assayed for CFSE dilution, 
granzyme B, and IFN production by CD8+ cells (n = 3 per 
group). Representative histograms are shown. Corresponding 
quantifications are displayed below the flow cytometry data. 
(D) Suppressive activity of various subfractions B1 to B8. (E) Up-
field 600-MHz 1H excitation sculpting NMR spectra of fractions 
B2 to B5 (bottom to top). Solid and dashed boxes highlight 
varying concentrations of lactate methyl and methine proton 
resonances, respectively. Spectra are normalized to the defined 
concentration of TSP. (F) Purified CD8+ T cells were cultured for 
3 days in the presence of agonistic CD3 and CD28 antibodies 
and IL-2. Cell surface expression of CD25 and CD69 and blas-
togenesis (FSC) were assayed by flow cytometry. Correlation 
between LA concentration and cytokine production was es-
tablished using Spearman’s correlation coefficient. Difference 
between groups in (C) was tested by two-tailed independent 
Student’s t test.
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Antiplatelet pharmacological agents potentiate ACT  
of cancer
To establish the clinical relevance of the suppressive effect of platelets on 
antitumor immunity, we sought to inhibit platelets pharmacologically. 
The results so far suggest that antiplatelet (AP) pharmacological 
agents can be exploited for enhancing cancer immunotherapy. This 
possibility was addressed using Pmel adoptive therapy of B16 mela-
noma (40–42). B16-F1 melanomas were established in C57BL/6 mice 
after subcutaneous injection on day 0, followed by lymphodepletion 
with Cy on day 7, and infusion of ex vivo primed Pmel cells on day 8 
(29), along with AP agents: aspirin and clopidogrel (43). Aspirin and 

clopidogrel inhibit platelet activation by blocking cyclooxygenase 
and ADP receptors, respectively. Cy alone failed to control tumors, 
and the additional AP also had no antitumor effects in this model 
(Fig. 8A, left). Melanoma was controlled well with T cells plus Cy 
for about 1 month, but most mice eventually relapsed. In contrast, 
AP agents plus adoptive T cell transfer were highly effective against 
B16-F1, with relapse-free survival of most mice beyond 3 months 
(Fig. 8A, right). As a further proof, antigen-specific T cells were sus-
tained at higher numbers in the blood, inguinal lymph nodes 
(ILNs), and spleens of mice receiving concurrent AP therapy and 
ACT (Fig. 8B). AP agents conferred no benefit when the transferred 
T cells lacked IFN (Fig. 8C) or when anti-IFN neutralization an-
tibodies were administered (Fig. 8D).

DISCUSSION
The role of platelets in promoting cancer invasion has been previously 
observed (44, 45). Multiple mechanisms have been attributed to this 
phenomenon including the promotion of angiogenesis (46) and stim-
ulating epithelial-mesenchymal cell transition (9). However, the 
direct contribution of platelets to anticancer immunity has not been 
well described despite the emerging appreciation of the cross-talk 
between platelets and the host immunity. The current study uncovers 
that platelets directly dampen T cell function both in vitro and in vivo. 
Furthermore, we demonstrated that the PR suppresses both CD4+ 
and CD8+ T cells mostly via TGF and, to a lesser extent, through 
lactate. It is intriguing that both lactate and TGF are enriched in the 

Fig. 5. Platelet-intrinsic GARP plays critical roles in generating active TGF. 
(A) Baseline serum was collected from WT C57BL/6 mice, followed by a single dose 
of anti-mouse thrombocyte sera (n = 7). Serum was collected 24, 48, and 72 hours 
after injection. Ab, antibody. (B) Representative flow cytometry plots. Platelet-specific 
marker CD41+ population was gated on and analyzed for the expression of cell 
surface GARP and LTGF. Numbers represent percentages of the gated population 
over all CD41+ events. (C and D) Graphical representation of flow cytometry data from 
(B) (n = 4 to 9 per group). (E) Serum and plasma levels of active TGF from indicated 
mice (n = 5 per group). (F) Serum and plasma levels of total TGF from indicated 
mice (n = 5 per group). Comparison was performed using two-tailed independent 
Student’s t test. Data are means ± SEM.

Fig. 6. Platelet-derived GARP-TGF complex blunts ACT of melanoma. (A to 
C) B16-F1–bearing WT and Plt-GARPKO mice (n = 7 to 8 per group) expressing con-
genic marker Thy1.2 were given Cy on day 9, followed by adoptive transfer of activated 
Thy1.1+ Pmel cells on day 10. (A) Tumor growth curves. (B) The frequency of Pmel 
cells in mice was enumerated 3 weeks after adoptive transfer of T cells by flow cytom-
etry in the peripheral blood (CD8+Thy1.1+/total CD8+). (C) IFN-producing ability of 
antigen-specific donor T cells (Pmel) from indicated mice 3 weeks after T cell transfer. 
(D) B16-F1 melanoma tumors were established in WT and Plt-Tgf KO mice, followed 
by adoptive transfer of activated Thy1.1+ Pmel cells on day 11 plus IL-2–anti–IL-2 
antibody complexes on days 11, 13, 15, and 17. Average tumor growth curves (n = 4 
to 9 per group) are shown. Repeated-measures ANOVA was used in (A) and (D). Two-
tailed independent Student’s t test was used in (B) and (C). Data are means ± SEM.
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tumor microenvironment, whose source so far has been attributed 
mostly to cancer cells and other stromal cells (32, 47). This study 
revealed that platelet-related TGF activation contributes domi-
nantly to this immunosuppressive pool in cancer via cell surface 
TGF-docking receptor GARP. This conclusion is supported by en-
hanced tumor-specific T cell immunity in mice with platelet- 
specific deletion of GARP or its critical molecular chaperone gp96.

Platelets are known to respond to tissue injury and infection. 
Upon activation, platelets self-aggregate and release a variety of sol-
uble factors to promote tissue homeostasis (48). Multiple molecules 
in the PR have immunomodulatory properties (2, 23). We identified 
TGF and lactate to be the major mediators. Platelet contribution to 
extracellular TGF can be accomplished through the release of pre-
stored TGF in the cytoplasmic granules or via the ability of surface 
GARP on platelets to snatch and bind TGF from nonplatelet 
sources. Our study demonstrates that platelet-intrinsic GARP plays 
the most dominant role in activating TGF and thus likely contrib-
utes significantly to the immunosuppressive molecular hallmarks in 
the cancer microenvironment. Platelets are known to express GARP 
constitutively and to up-regulate its expression upon activation. The 
other cells that are known to express GARP are Treg cells. We found 
that conditional deletion of GARP from Treg cells is not as effective 
as platelet-specific KO of GARP in supporting ACT (fig. S10). Future 
studies are necessary to understand the roles and mechanisms of 
platelets broadly and the GARP-TGF axis specifically in regulating 
the biology of endogenous T cells in the tumor microenvironment 
such as differentiation and functionality.

There have been inconsistent reports on the systemic TGF level 
as a reliable biomarker for cancer, inflammation, and other condi-
tions (49–51). Consistent with the literature, we found that active 
TGF level is low in the plasma; however, after platelet activation 
and coagulation, serum active TGF level increased significantly. It 
has been unclear where active TGF in the serum comes from and 
what is the underlying mechanism of activation. The current study 
has resolved these long-standing puzzles. By genetically deleting GARP 
or TGF1 from platelets selectively, we have now reached several 
important conclusions: (i) Platelet-specific GARP is responsible for 
TGF activation because little active TGF can be detected in the sera 
of mice with platelet-specific deletion of either GARP or gp96; (ii) 
LTGF in the blood (both serum and plasma) is primarily supplied 
by platelets as revealed by platelet-specific TGF1 KO mice and platelet 
depletion studies; and (iii) the serum level of active TGF depends 
on the cell surface GARP-TGF complex, not the total level of soluble 
LTGF. Such evidence derived from the fact that, although platelet- 
specific TGF1 KO mice have drastically reduced soluble LTGF1 
in the serum, they remain capable of making a comparable level of 
active TGF.

Consistent with the genetic studies, pharmacological platelet in-
hibitors were found to be effective in potentiating ACT of melanoma. 
It is also possible that platelet inhibitors may have other antitumor 
mechanisms, such as blocking angiogenesis and immunosuppressive 
prostaglandins (52), which contribute to their antitumor activity. 
Notwithstanding, our work demonstrated that the AP agents alone do 
not have significant antitumor activity in our model. In addition, the 
improved antitumor effect was abolished when IFN was removed from 
the system, demonstrating that platelet inhibition promotes antitumor 
efficacy via an immunologically based mechanism. Given the clinical 
availability of multiple platelet inhibitors targeting distinct path-
ways of platelet activation, we hope that our study will catalyze a 

Fig. 7. Targeting platelet-derived GARP-TGF complex results in reduction of 
TGF activity in the tumor microenvironment and protection against colon 
cancer. (A) WT or Plt-GARPKO mice (n = 5 per group) were injected in the right flank 
with 1 × 106 MC38 colon cancer cells. Tumor size was measured every 3 days with 
digital vernier caliper. (B) Kaplan-Meier survival curve in MC38-bearing mice (n = 5 
per group). (C) In a separate experiment, 6 weeks after MC38 injection, mice were 
sacrificed and the primary tumors were resected and weighed. The inset shows the 
images of primary tumors resected from mice 6 weeks after injection. (D) Serum 
was obtained from mice 6 weeks after MC38 injection, and active TGF1 was mea-
sured by ELISA. (E) IHC for p-Smad2/3 in MC38 tumors from indicated mice; repre-
sentative images are shown. Scale bar, 12.5 m. (F) Independent histopathological 
quantification of p-Smad2/3 staining intensity from (E) (n = 4 per group). (G) Flow 
cytometric analysis of peripheral blood myeloid–derived suppressor cells. (H) Per-
centage of Treg cells (CD25+ Foxp3+) in the CD4+ tumor-infiltrating lymphocytes 
from the indicated mice. Repeated-measures two-way ANOVA was used in (A); 
Kaplan-Meier curves and log-rank tests were used in (B). Two-tailed independent 
Student’s t test was used in (C), (D), (F), (G), and (H). Data are means ± SEM.
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systematic effort to optimize cancer immunotherapy by simultaneously 
blocking platelets and immune checkpoint molecules in prospective 
clinical trials.

Platelets have also been shown to play positive roles in the homing 
of T cells to sites of inflammation, to mediate a positive feedback loop 
of T cell recruitment through T cell activation via platelet CD40 
(14), and to promote liver cancer induced by dysfunctional liver- 
directed T cell responses (53). The complexity of the roles of platelets 
in the tumor microenvironment is also illustrated by the finding that 
platelets can be extensively educated by tumor cells to uptake tumor- 
associated biomolecules such as RNAs (54). However, our work 
strongly indicates that the net effect of platelets in cancer patients is to 

promote immune evasion of cancer. Physiologically, cancer rep-
resents a chronic nonhealing wound, whose progression and metastasis 
are inevitably accompanied by vascular endothelial damage and local 
exposure to multiple platelet activators (1, 48). Our study thus sug-
gests that cancer hijacks the tissue-repairing and hemostatic functions 
of platelets to suppress antitumor T cell immunity. A combination 
therapy with AP agents and immunotherapeutical modalities may 
thus represent a new paradigm for rational treatment of cancer in 
the future.

Last, although this study uncovers major suppressive molecules 
in the PR in an unbiased approach, such molecules were identified 
using in vitro experiments and translated to in vivo models using a 
hypothesis-driven approach. For example, TGF was identified as a 
major suppressive molecule secreted by platelets and this was validated 
in tumor mouse models. Although TGF was shown to be of bio-
logical relevance, it remains possible that, in vivo, the PR has a different 
composition and molecules other than TGF could play stronger roles. 
Furthermore, standard-of-care immunological therapies for melanoma 
at this point in time are mostly based on checkpoint inhibition {PD 
ligand–1 [PD(L)-1] and cytotoxic T lymphocyte–associated antigen 
4 (CTLA-4)}. Various forms of adoptive T cell transfer have shown 
very promising results in clinical trials but are still under investigation 
and not yet standard of care. Our mouse models are based on adop-
tive T cell transfer and not checkpoint inhibition, so understanding 
these differences in immunological therapies is important when de-
signing future studies.

MATERIALS AND METHODS
Study design
In this study, an unbiased approach was used to identify the major 
T cell suppressors in the PR. This was achieved by fractionating the 
releasate as described below, screening for the active fractions, and 
subsequently identifying the active molecules. End points for in vitro 
experiments included T cell proliferation, blastogenesis, and cytokine 
production and activation markers. The clinical relevance of the in 
vitro findings was investigated in vivo. For in vivo experiments, each 
group contained between 4 and 10 mice; this provided enough power 
and validity to detect biologically relevant phenomena while ensuring 
the use of minimal numbers of mice necessary as per the guidelines 
of the Medical University of South Carolina (MUSC) Institutional 
Animal Care and Use Committee. Commercially obtained mice were 
randomly assigned to different groups in each experiment. For in 
house–bred, genetically engineered mice, littermates were assigned 
for comparison groups. Efficacy end points for in vivo experiments 
were tumor size, T cell engraftment, and cytokine secretion. Mice were 
sacrificed when they showed signs of severe moribund disease. Mea-
surement techniques for in vitro and in vivo experiments are indicated 
accordingly for each experiment. All experiments were performed 
at least two times. Numbers of key experiments were indicated in the 
figure legend. Blinding was not feasible for most of the in vitro ex-
periments and was not critical because data collection was mostly 
through objective measures such as flow cytometry. The surgical pa-
thologist scoring immunohistochemical (IHC) stains was blinded 
to the identity of the samples. For in vivo experiments, researchers 
were blinded because genetically modified mice are not readily iden-
tifiable, as their outer appearances are comparable and they share 
the same cages. In Fig. 3, blinding was maintained for the CD4 TH17 
adoptive transfer experiment, but not the CD8 transfer one.

Fig. 8. Pharmacological inhibition of platelets enhances ACT of cancer. 
(A) C57BL/6 mice were inoculated with B16-F1 subcutaneously on day 0, given Cy 
on day 7, followed by adoptive therapy with activated Pmel cells on day 8 (Cy + T; 
n = 7 to 8 per group) or not (Cy; n = 4 to 5 per group). Each of the above groups of 
mice received concurrent aspirin and clopidogrel or water. Left: Average tumor growth 
curves. Right: Recurrence-free survival. (B) Pmel cells in the peripheral blood (day +62 
after tumor inoculation), ILNs, and spleens (upon sacrifice) of mice in different treat-
ment groups were enumerated by flow cytometry. (C) C57BL/6 mice were inoculated 
with B16-F1 subcutaneously on day 0. Mice were lymphodepleted with Cy on 
day 9, followed by adoptive transfer of either activated Pmel WT cells or IFN−/− Pmel 
cells on day 10. AP were given as described in (A) (TWT, WT Pmel cells; TKO, IFN KO 
Pmel cells; n = 4 to 10 per group). (D) C57BL/6 mice were inoculated with B16-F1 
sub cutaneously on day 0. Mice were lymphodepleted with Cy on day 9, followed 
by adoptive transfer of activated Pmel cells on day 10. IFN-neutralizing antibody 
(clone XMG1.2, BioXCell) was delivered intraperitoneally at 100 g per mouse every 
other day starting on day 11 until sacrifice. AP were given as described in (A) (n = 4 
to 8 per group). Repeated-measures two-way ANOVA was used to compare the 
tumor growth curves in (A), (C), and (D). Kaplan-Meier curves and log-rank tests 
were used for relapse-free survival analysis. Two-tailed independent Student’s 
t test was used in (B). Data are means ± SEM.
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Mice
Platelet-specific Hsp90b1 KO mice were generated by crossing Pf4-cre 
mice (55) with Hsp90b1flox/flox mice (21, 56). Lrrc32flox/flox mice were 
obtained from Riken (Japan) (20). Tgfb1flox/flox, Foxp3eGFP-CreERT2, 
Pmel-1, and TRP1 mice were purchased from the Jackson Laboratory. 
Ifng−/− Pmel-1 mice were a gift from S. Mehrotra (MUSC). All animal 
experiments were conducted under approved protocols by the In-
stitutional Animal Care and Use Committee at MUSC.

Ex vivo stimulation of tumor-draining lymph nodes
ILNs from tumor-bearing mice were isolated, mashed in cold 
phosphate-buffered saline (PBS), and filtered. One million cells per 
well were cultured in 96-well plates for 4 hours in the presence of 
phorbol 12-myristate 13-acetate (PMA) (500 ng/ml) and ionomycin 
(1.5 g/ml), or hgp100 peptide (Lys-Val-Pro-Arg-Asn-Gln-Asp-
Trp-Leu, 25–33) (5 g/ml) for melanoma-draining lymph nodes. 
Brefeldin A (BD Biosciences) was added to the cells in all experiments.

Preparation of releasate from activated platelets
Mice were anesthetized, and blood was withdrawn to a 5-ml tube 
containing another 0.5 ml of acid citrate dextrose (ACD) buffer [39 mM 
citric acid, 75 mM sodium citrate, 135 mM dextrose, and prostaglandin 
E1 (1 g/ml) (pH 7.4)]. Samples were centrifuged for 10 min at 100g, 
and the upper layer of platelet-rich plasma was collected. Platelets 
were washed twice with citrate washing buffer [128 mM NaCl, 11 mM 
glucose, 7.5 mM Na2HPO4, 4.8 mM sodium citrate, 4.3 mM NaH2PO4, 
2.4 mM citric acid, 0.35% bovine serum albumin, and prostaglandin E1 
(50 ng/ml) (pH 6.5)], then resuspended in RPMI 1640, enumerated 
by a blood cell counter, and diluted to a final concentration of 1 × 
108/ml. Purified platelets were incubated with thrombin (1 IU/ml) 
for 45 min at 37°C (125 rpm). Stimulated platelets were sedimented 
by centrifugation at 3200g for 15 min, and supernatant was collected. 
Microvesicles (MVs) were collected by centrifugation at 25,000g and 
resuspension in PBS in the same volume as the original PR volume. 
For human platelet secretome, platelets from healthy donors were 
obtained from the blood bank at MUSC, resuspended in ACD buffer 
at room temperature, and then activated as above.

Size-based and anion exchange fractionation
PR fractionation was carried out using a Pharmacia Akta–fast per-
formance liquid chromatography system, and columns were pur-
chased from GE Healthcare. The first fractionation was based on 
size by loading PR onto a Superdex 200 column and eluting with 
PBS or RPMI 1640 (Gibco). The active fractions were pooled and 
dialyzed with phosphate buffer (20 mM; pH 7.2). The resulted material 
was then loaded onto a diethylaminoethyl (DEAE) column and 
eluted with a linear gradient of NaCl from 0 to 1 M.

NMR-based metabolite profiling
Human PR was prepared at concentrations of 2 × 109/ml and frac-
tionated by size exclusion chromatography, followed by anion 
exchange chromatography. Fractions were eluted with sodium phos-
phate buffer (pH 7.0; 20 mM final concentration) containing sodium 
3-trimethylsilyl-2,2,3,3-d4-propionate (TSP; 0.1 mM final concentra-
tion) and 10% D2O. NMR data were collected at 298 K on a Bruker 
Avance III 600 MHz NMR spectrometer (Bruker BioSpin Inc.) equipped 
with a 5-mm cryogenically cooled QCI-inverse probe. Solvent sup-
pression was achieved using the excitation sculpting scheme (57). 
Typically, one-dimensional (1D) 1H NMR spectra with a 7-s recycle 

delay were acquired with a total of 128 transients in addition to four 
dummy scans. Real data points (32,768) were collected across a 
spectral width of 12 parts per million (ppm) (acquisition time, 2.27 s). 
Data were zero-filled to twice the original data set size, manually 
phased, and automatically baseline-corrected using TopSpin 3.1 soft-
ware (Bruker BioSpin Inc., Billerica, MA), and a 1.0-Hz line-broadening 
apodization was applied before spectral analysis. The singlet pro-
duced by the known quantity of the TSP methyl groups was used as 
an internal standard for chemical shift referencing (set to 0 ppm) and 
quantification.

Metabolite assignments were established after comparison of chem-
ical shifts and spin-spin couplings with reference spectra as implemented 
in the Chenomx NMR Suite (Chenomx Inc., Edmonton, Alberta, Canada) 
profiling software (version 7.72). Specifically, quantification was achieved 
using the Chenomx 600 MHz metabolite library (version 8). Confirma-
tory 1D 31P and 2D 1H,13C-multiplicity–edited heteronuclear single 
quantum correlation spectra with adiabatic 13C inversion, refocusing, 
and decoupling were recorded for selected PR fractions to enhance 
metabolite identification by comparison of 13C chemical shifts with 
the biological magnetic resonance data bank. Concentration of LA 
was then quantified by an l-lactate assay kit (Eton Bioscience).

In vitro T cell culture suppression assay of PR
CD4+ and CD8+ T cells were purified using magnetic beads to a 
purity of ≥95%. Cells (1 × 105) were cultured in 96-well plates pre-
coated with anti-CD3 antibody (3 g/ml) in the presence of IL-2 
(100 U/ml) and soluble anti-CD28 (2 g/ml), together with either 
media or PR. On day 3 of culture, T cells were stimulated with PMA 
(500 ng/ml)/ionomycin (1.5 g/ml) or hgp100 peptide 25–33 (5 g/
ml) for 4 hours in the presence of GolgiPlug (BD Biosciences), fol-
lowed by staining for relevant markers. TGF receptor signaling 
was blocked using the combination of an ALK5 inhibitor (SB431542, 
Selleckchem) at 20 M and anti-TGF antibody (clone MAB1835, 
R&D Systems) at 2 g/ml. LA activity was inhibited by blocking the 
monocarboxylate transporter using -cyano-4-hydroxycinnamic acid 
(C2020, Sigma-Aldrich). For carboxyfluorescein diacetate succin-
imidyl ester (CFSE) dilution assays, cells were labeled with 5 M 
CFSE for 10 min at room temperature before culture on day 0. Flow 
cytometry was then performed, and the data were analyzed and dis-
played with FlowJo software. Suppression index by PR was calculated 
as percentage of undivided cells treated with a given fraction of PR/
percentage of undivided cells in the control media.

Adoptive T cell therapy
Treatment of B16-F1 melanoma by adoptive transfer of ex vivo acti-
vated Pmel T cells was done as described previously (29). To test the 
effect of AP agents on ACT, we administered clopidogrel by oral 
gavage 3 days after T cell transfer and then every 48 hours until day 
25. Aspirin was administered through drinking water (150 mg/liter) 
starting 2 days before T cell transfer and was replaced every 48 hours 
afterward. For TRP1 TH17 T cell therapy, single-cell suspensions of 
splenocytes from Rag1−/− TRP1 mice (27) were seeded with irradiated 
C57BL/6 splenocytes pulsed with TRP1 106–130 peptide (SGHNC-
GTCRPGWRGAACNQKILTVR; American Peptide). To obtain 
TH17-polarized cells, we added recombinant human IL-6 [100 ng/
ml; National Institutes of Health (NIH)], TGF1 (30 ng/ml; BioLeg-
end), IL-1 (10 ng/ml; Shenandoah), and anti–IL-4 and anti-IFN 
antibodies (10 g/ml; BioXCell) to the cultures. On the second day 
of culture, complete medium containing recombinant human IL-2 
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and IL-23 (40 ng/ml; PeproTech) was added. Where appropriate, 
human PR was added at 100% on days 0, 2, and 4. Cells were cultured 
for 5 days before experimentation. C57BL/6 mice were injected sub-
cutaneously with 4 × 105 B16-F10 melanoma cells and treated 10 days 
later with TRP1-specific CD4+ T cells. Recipient mice were lympho-
depleted using 5-gray total body irradiation on the day before cell 
transfer. Tumor growth was measured using calipers, and the products 
of the perpendicular diameters were recorded. In some experiments, 
IFN-neutralizing antibody (clone XMG1.2, BioXCell) or isotype 
control antibody was administered via intraperitoneal injection at 
100 g per mouse every other day starting on day 12 until sacrifice 
(58). The adoptive T cell transfer experiment with Ifng KO Pmel-1 
cells was done identically as above except that Pmel cells were isolated 
from Ifng KO Pmel-1 mice (59). For some experiments, adoptive 
transfer was supplemented with exogenous IL-2–anti–IL-2 complexes 
on days 0, 2, 4, and 6 after transfer in the absence of lymphodepletion 
(60). Briefly, 1.5 g of human IL-2 (National Cancer Institute Bio-
logical Resources Branch Preclinical Repository) was mixed with 
7.5 g of anti–IL-2 monoclonal antibody (clone 5355, R&D Systems) 
for 15 min at room temperature. Cytokine complexes were admin-
istered via intraperitoneal injections.

Platelet depletion and serum collection for TGF ELISA
WT mice were given one dose of rabbit anti-mouse thrombocyte 
polyclonal sera (1:40, Cedarlane) at 500 l per mouse intraperitoneally 
in sterile-filtered PBS. Blood was collected at 0, 24, 48, and 72 hours. 
Serum was harvested via coagulation and centrifugation (12,000g).

Measurement of TGF via ELISA
Mouse serum or plasma samples were collected by pricking the lateral 
tail vein. Capture ELISA for TGF1 was performed according to the 
manufacturer’s instructions (BioLegend). Total TGF1 was measured 
after acidic activation using 1 M HCl for 10 min at room temperature.

Activation of human T cells
Human samples were isolated from buffy coats (Pennsylvania Plasma). 
CD8+ T cells were positively enriched from human peripheral blood 
mononuclear cells, followed by negative isolation of CD4+ T cells 
using magnetic isolation kits (Invitrogen). Cells were then stimulated 
with anti-CD3/anti-ICOS beads (Dynal) at 10:1 T cell/bead ratio for 
4 days. IL-2 (100 IU/ml; NIH) was added to the T cell cultures. Human 
PR was added on day 0 and every other day thereafter. Cells were 
assayed on day 7 for cytokine production and phenotype.

MC38 model
MC38 tumor cells were obtained from Y.-X. Fu (University of Texas 
Southwestern Medical Center). WT or Plt-GARPKO mice were injected 
in the right flank with 1 × 106 MC38 colon cancer cells. Tumor size was 
measured with digital caliper kinetically. Tumor-infiltrating lympho-
cytes were isolated from fresh primary tumors by density gradient 
after single-cell suspensions were made with mechanical dissocia-
tion and enzymatic digestion (deoxyribonuclease and collagenase).

Immunohistochemistry
For p-Smad2/3 stain on fresh-frozen MC38 tumors, 5-m tumor 
sections were fixed with 4% paraformaldehyde followed by incuba-
tion with 3% H2O2. To minimize nonspecific staining, we incubated 
the sections with the appropriate animal serum for 20 min at room 
temperature, followed by incubation with primary anti–p-Smad2/3 

antibody (EP823Y, Abcam) overnight at 4°C. Staining with secondary 
antibodies (Vectastain ABC Kit) was then performed before devel-
opment using DAB substrate (SK-4100, Vector Labs). The staining 
intensity of p-Smad2/3 was graded as follows, with the sample iden-
tity blinded: 0, negative; 1, faint; 2, moderate; 3, strong but less intense 
than 4; 4, intense.

Statistical analysis
Two-sided, two-sample Student’s t tests were used for all comparisons 
involving continuous dependent variables and categorical independent 
variables using Excel software. The variances were compared between 
groups using an F test. The Student’s t test was then implemented 
assuming equal or unequal variances (i.e., if the F test P value was 
less than 0.05, then unequal variances were assumed). For tumor 
curves, two-way repeated-measures analysis of variance (ANOVA) 
was used. For dose-response correlations between continuous de-
pendent and independent variables in Figs. 2 and 4, Spearman’s rank- 
order correlation test was used to determine rho (). Kaplan- Meier 
curves were compared using log-rank tests. Error bars represent 
SEM. NS denotes statistically nonsignificant difference.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/2/11/eaai7911/DC1
Table S1. Source data for all the figure panels with small n (n < 20).
Fig. S1. Pf4-cre-Hsp90b1flox/flox (KO) mice show no noticeable immune dysfunction at baseline.
Fig. S2. PR, but not MVs, directly suppresses T cell proliferation and differentiation in vitro.
Fig. S3. Immune suppression by PR is independent of TCR signaling and specific to 
lymphocytes.
Fig. S4. T cell–suppressive function of the whole PR is significantly, but not completely, 
neutralized by blocking TGF pathway.
Fig. S5. A small–molecular weight, heat-stable, proteinase K–resistant T cell–suppressive 
fraction is shared between human and mouse PRs.
Fig. S6. TGF and LA in the PR are the major suppressors of CD8+ T cell activation.
Fig. S7. TGF contained in the PR drives Foxp3 expression and up-regulates p-Smad2/3.
Fig. S8. TGF1, but not LA, abrogates CD8-mediated tumor control.
Fig. S9. Platelet depletion has no effect on serum LA concentration.
Fig. S10. Inducible deletion of GARP from Foxp3+ Treg cells does not improve ACT of melanoma.
Fig. S11. Sample staining and isotype controls for flow cytometry.
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C A N C E R  I M M U N O T H E R A P Y

Blockade of TNFR2 signaling enhances the 
immunotherapeutic effect of CpG ODN in a mouse 
model of colon cancer
Yingjie Nie,1,2 Jiang He,3 Hidekazu Shirota,1 Anna L. Trivett,1 De Yang,1 Dennis M. Klinman,1  
Joost J. Oppenheim,1* Xin Chen3,1*

Through the tumor necrosis factor (TNF) receptor type II (TNFR2), TNF preferentially activates, expands, and promotes 
the phenotypic stability of CD4+Foxp3+ regulatory T (Treg) cells. Those Treg cells that have a high abundance of TNFR2 
have the maximal immunosuppressive capacity. We investigated whether targeting TNFR2 could effectively suppress 
the activity of Treg cells and consequently enhance the efficacy of cancer immunotherapy. We found that, relative to a sub
optimal dose of the immunostimulatory Tolllike receptor 9 ligand CpG oligodeoxynucleotide (ODN), the combination 
of the suboptimal dose of CpG ODN with the TNFR2blocking antibody M861 more markedly inhibited the growth of 
subcutaneously grafted mouse CT26 colon tumor cells. This resulted in markedly fewer TNFR2+ Treg cells and more 
interferon–positive (IFN+) CD8+ cytotoxic T lymphocytes infiltrating the tumor and improved longterm tumorfree 
survival in the mouse cohort. Tumorfree mice were resistant to rechallenge by the same but not unrelated (4T1 breast 
cancer) cells. Treatment with the combination of TNFR2blocking antibody and a CD25targeted antibody also resulted in 
enhanced inhibition of tumor growth in a syngeneic 4T1 mouse model of breast cancer. Thus, the combination of a TNFR2 
inhibitor and an immunotherapeutic stimulant may represent a more effective treatment strategy for various cancers.

INTRODUCTION
Overcoming the immunosuppressive tumor microenvironment is 
key to achieving effective cancer immunotherapy (1, 2). Tumor- 
infiltrating CD4+Foxp3+ regulatory T (Treg) cells are potent immuno-
suppressive cells that represent a major cellular mechanism of tumor 
immune evasion and play a major role in dampening naturally oc-
curring and therapeutically induced antitumor immune responses (3). 
Accumulation of Treg cells within tumor tissues, and the resultant 
high ratio of Treg cells to effector T (Teff) cells, is correlated with poor 
prognosis of cancer patients, including those with lung cancer (4), 
breast cancer (5), colorectal cancer (6), pancreatic cancer (7), and 
other malignancies. Elimination of Treg activity, by either reducing 
their number or down-regulating their immunosuppressive func-
tion using checkpoint inhibitors, has become an effective strategy to 
enhance the efficacy of cancer therapy (8, 9).

Tumor necrosis factor (TNF) receptor type II (TNFR2) is pre-
dominantly present on the maximally suppressive subset of mouse 
and human Treg cells (10, 11). There is now compelling evidence that 
the interaction of TNF with TNFR2 promotes the proliferative ex-
pansion, suppressive function, and phenotypical stability of Treg cells 
(12–18). In mouse Lewis lung carcinoma and 4T1 breast tumor 
model, most of the tumor-infiltrating Treg cells are highly suppressive 
TNFR2+ Treg cells (10, 19). In humans, the proportion of TNFR2+ 
Treg cells is also increased in the peripheral blood of lung cancer 
patients and in the tumor-associated ascites of ovarian cancer patients 
(20, 21). Recent analysis of single-cell RNA sequencing showed that 
the expression of TNFR2 is one of the most markedly increased 
genes on Treg cells, as compared with CD4+ Teff cells and CD8+ cyto-

toxic T lymphocytes (CTLs) in metastatic melanoma patients, and 
increased TNFR2 gene expression is associated with exhaustion of 
CD8+ CTLs (22). Furthermore, the amount of TNFR2 present on 
the surface of Treg cells is associated with greater lymphatic invasion, 
a higher incidence of tumor metastasis, a higher clinical stage, and 
poorer response to treatment in patients with lung cancer and acute 
myeloid leukemia (AML) (20, 23, 24). This clinical and experimental 
evidence suggests that the highly suppressive TNFR2+ Treg cells 
associated with tumors play a major role in tumor immune evasion. 
Meanwhile, TNFR2 is also found on several tumor cells, including 
colon cancer (25), Hodgkin lymphoma (26), myeloma (27), renal car-
cinoma (28), and ovarian cancer (29), leading many to consider TNFR2 
an oncogene. Antagonistic antibody targeting TNFR2 induces the 
death of both Treg cells and OVCAR3 ovarian cancer cells, which 
have abundant surface TNFR2 (29). On the basis of these observations, 
we proposed that TNFR2 behaves as an immune checkpoint activator 
and oncoprotein (30).

TNF can be induced by various immunotherapies, including den-
dritic cell (DC)–based interventions, tumor vaccines, and Toll-like 
receptor (TLR) agonists (31–33). Such immunotherapy-induced TNF 
may, in turn, increase TNFR2 on Treg cells (34), resulting in the ex-
pansion and activation of tumor-associated Treg cells through TNFR2. 
For example, by activating DCs, the TLR9 agonistic CpG oligodeoxy-
nucleotides (ODNs) have the capacity to induce antitumor immune 
responses in mouse models (35–37). CpG ODNs promote the mat-
uration and improve the function of professional antigen- presenting 
cells while supporting the generation of antigen-specific B cells and 
CTLs (38). Intratumoral injection of CpG ODN also induces the dif-
ferentiation and reduces the immunosuppressive activity of myeloid- 
derived suppressor cells (MDSCs) (39), therefore enhancing the host’s 
response to cancer (40). However, treatment with CpG ODN can also 
induce human or mouse Treg cells that have potent immunosuppres-
sive function, which, in turn, dampens host immune responses against 
the tumor (41, 42). CpG ODN treatment can increase the production 
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of TNF in cultured murine DCs (43) or human peripheral blood 
mononuclear cells (44), which is likely responsible for the activation 
of Treg cells. Therefore, by reducing Treg activity, blockade of TNFR2 
may enhance the antitumor effect of an immunotherapeutic such as 
CpG ODN.

Here, we tested this hypothesis and found that the combination 
of a blocking antibody (M861) recognizing TNFR2 and CpG ODN 
more potently inhibited mouse CT26 colon tumor development and 
induced greater tumor regression in syngeneic mice, resulting in 
greater long-term tumor-free survival of the mice. In addition, in a 
mouse 4T1 breast cancer model, a better antitumor effect was ob-
served by simultaneously blocking TNFR2 and CD25. Furthermore, 
tumor antigen-specific immunity developed in the mice that sur-
vived CT26 tumor graftment; they completely (over the time course 
of the experiment) and selectively resisted a rechallenge by CT26, 
but not 4T1, tumor cells. This effect was associated with a decrease 
in the proportion of Treg cells among tumor-infiltrating leukocytes, 
a reduced surface abundance of TNFR2 on Treg cells, and increased 
tumor infiltration of interferon- (IFN-)–producing CD8+ T cells. 
Thus, the combination of TNFR2 antagonism and immunotherapy 
may be a promising cancer treatment strategy.

RESULTS
M861 inhibits the stimulatory effect of TNF on Treg cells
Previously, we showed that treatment with TNF preferentially promoted 
the proliferative expansion of Treg cells, accompanied by increased 
abundance of TNFR2 on Treg cells in vitro and in lipopolysaccharide 
(LPS)–treated mice (18, 34). In CD4+ T cells cultured with interleukin-2 
(IL-2), treatment with the TNFR2 antibody M861 significantly in-
hibited TNF-induced proliferation (Fig. 1A) and expansion (Fig. 1B) 
of Treg cells. M861 also significantly blocked TNF-induced increases 
in the cell surface abundance of TNFR2 on Treg cells (Fig. 1C). In 
LPS-challenged mice, although administration of M861 failed to 
reduce the number of Treg cells in the spleens and lymph nodes 
within 24 hours, the proportion of TNFR2+ Treg cells was significantly 
reduced by 64% and the abundance of TNFR2 on splenic Treg cells 
was significantly reduced by >56% (Fig. 1D). The decrease in TNFR2+ 
Treg cells was not due to cell death (fig. S1). Therefore, unlike two 
other antibodies recognizing human TNFR2 described in a recent 
study (29), M861 was not a Treg-depleting antibody. Furthermore, its 
capacity to reduce TNFR2 abundance appears to be more potent than 
its inhibition of the proliferative expansion of Treg cells induced by 
LPS treatment (Fig. 1). Overall, our data favor the idea that M861 is 
a blocking antibody that inhibits ligand-induced TNFR2 signaling.

Combination therapy with TNFR2-blocking antibody and 
CpG ODN potently inhibits the growth of CT26 tumors and 
generated tumor-specific immunity
To examine the effect of TNFR2 blockade on the efficacy of tumor 
immunotherapy, we treated female CT26 tumor-bearing Balb/c mice 
with M861 and CpG ODN or various controls (Fig. 2A). Treatment 
was started when the tumor reached 5 to 6 mm in diameter (day 0). 
CpG ODNs were administered by intratumoral injection, which 
was previously reported to achieve an optimal antitumor effect (39). 
To reveal the beneficial effect of combination therapy, we administered 
M861 with a suboptimal dose of CpG ODN, neither of which markedly 
inhibited tumor growth alone (Fig. 2B). The combination of M861 
and CpG ODN potently inhibited the growth of primary CT26 tu-

mors (Fig.  2B). Eighty percent of mice were tumor-free and sur-
vived up to the end of the experiment at 60 days, whereas mice in 
other groups died from tumor burden within 50 days after tumor 
inoculation (Fig. 2C). The individual tumor growth curves varied; 
although a few mice had slow tumor growth with phosphate-buffered 
saline (PBS), CpG, or M861 alone, the antitumor effect of the M861 
and CpG ODN combination is clear (Fig. 2, D to G).

To investigate whether the tumor-free mice developed long-term 
CT26 tumor-specific immunity, the surviving mice were reinoculated 
subcutaneously with CT26 tumor cells into the right flanks, and 4T1 
tumor cells were inoculated into their left flanks. As controls, both 
4T1 tumor cells and CT26 tumor cells were inoculated into naïve mice 
at the same manner, and as expected, both tumors developed in all 
naïve mice (Fig. 2H). Whereas all of the CT26 (intratumoral)–surviving 
mice developed measurable 4T1 tumors by day 26 after inoculation, 
none of these mice developed CT26 colon tumors (Fig. 2I). These 
results indicate that the treatment with combination of M861 and CpG 
ODN induced the development of long-term tumor antigen-specific 
immunity.

M861 did not induce the death of TNFR2+ Treg cells (fig. S1), in-
dicating that its effect was caused by binding and blocking TNFR2 
signaling. The possibility that this antibody also binds and neutralizes 
soluble shed TNFR2 should be addressed in a future study. It was 
recently reported that antibodies recognizing human TNFR2, in ad-
dition to eliminating Treg cells, could also directly act on TNFR2- 
expressing tumor cells (29). A considerable proportion of CT26 
cancer cells are TNFR2+ cells (fig. S2A). However, treatment with M861 
(up to 20 g/ml) did not inhibit the growth of CT26 cells (fig. S2B), indi-
cating that the in vivo inhibitory effect of this antibody on CT26 tumor 
was not due to any direct effect on tumor cells.

Combination therapy with TNFR2-blocking antibody and 
CpG ODN reduces the proportion of tumor-infiltrating 
TNFR2+ Treg cells and increases IFN-+ CD8+ CTLs
Because combination therapy resulted in inhibited CT26 tumor growth 
and marked tumor regression in many of the mice, we were unable 
to examine the immune cell profile present in the tumor environment. 
To obtain a tumor mass for further study, we delayed the treatment 
until tumors reached ~10 mm in diameter, and the effect of treat-
ments on tumor-infiltrating Treg cells was examined by fluorescence- 
activated cell sorting (FACS) analysis (Fig. 3, A to C). The proportion 
of intratumoral Treg cells was increased to ~20% by treatment with 
CpG ODN alone (Fig. 3D). Furthermore, CpG ODN treatment also 
significantly increased the amount of TNFR2 on Treg cells by ~20% 
(Fig. 3E). These results suggest that, in addition to stimulating the 
expansion of Treg cells as previously reported (41, 42), CpG ODN can 
also increase the function of Treg cells, as indicated by the increased 
abundance of TNFR2 (10, 45). Both the proportion of TNFR2+ Treg 
cells and the abundance of TNFR2 in Treg cells (measured as per 
cell) were markedly reduced by treatment with the TNFR2-blocking 
anti body (Fig. 3, E and F). Notably, the CpG ODN– induced expan-
sion of Treg cells and increased abundance of TNFR2 on Treg cells 
were completely abrogated by M861 treatment (Fig.  3, D and E). 
The combination therapy markedly increased the production of 
IFN- by CD8+ CTLs, and the proportion of IFN-–producing CD8+ 
T cells was greater than threefold as com pared with CpG ODN 
treatment alone (Fig. 3, C and G). Thus, our data indicate that com-
bination therapy reduced Treg activity and promoted the induction of 
potent type 1 helper T cell antitumor immune responses.
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Fig. 1. The in vitro and in vivo effects of 
an antibody recognizing TNFR2 (M861) 
on Treg cells. (A to C) Magnetic-activated 
cell sorting–  purified CD4+ T cells were la-
beled with carbo xyfluorescein diacetate 
succinimidyl ester (CFSE). The cells were 
cultured with interleukin-2 (IL-2; 10 ng/ml) 
alone or with tumor necrosis factor (TNF; 
20 ng/ml) and M861 (10 g/ml), as indicated, 
for 72 hours. Proliferation of regulatory 
T (Treg) cells shown by CFSE dilution (A), the 
proportion of Treg cells in CD4+ cell cultures 
(B), and the surface abundance of TNF re-
ceptor type II (TNFR2) on Treg cells (C) were 
analyzed with fluorescence-activated cell 
sorting (FACS), gating for Foxp3+ staining 
(A and C) or not gated (total cells; B). (D) Wild- 
type Balb/c mice were injected intraperito-
neally with phosphate-buffered saline (PBS), 
lipopolysaccharide (LPS; 200 g), M861 
(100 g), mouse immunoglobulin G (muIgG), 
or a com bination thereof, as indicated, for 
24 hours. The abundance of TNFR2 on the 
surface of Treg cells in the spleen was ana-
lyzed by FACS, gating for CD4+Foxp3+ stain-
ing. FACS plots are representative of three 
independent ex periments. Data are means ± 
SEM of n = 5 mice. Number in each FACS 
plot indicates the percentage of gated 
cells. *P < 0.05, **P < 0.01, ***P < 0.001 by 
Student’s t test (A to D).
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Combination of TNFR2 antagonistic antibody and CD25 
antagonistic antibody inhibits the development of mouse 
4T1 breast tumors
CD25, the IL-2 receptor  chain, was the first identified surface marker of 
Treg cells (46), and targeting of CD25 has been a conventional approach 
for Treg elimination (47, 48). PC61 is a CD25-recognizing monoclonal 
antibody that blocks IL-2 binding to the receptor (49), and it was shown 
that pretreatment with PC61 led to tumor rejection in mouse tumor 
models (50, 51). We thus compared the effect of TNFR2 antagonistic 
antibody and CD25 antagonistic antibody on the tumor development. 
To this end, TR75-54.7, a well-characterized functional blocking TNFR2 
antibody (52), and PC61 were administered separately or in combina-
tion into mice. Three days later, the mice were inoculated with 4T1 tu-
mor cells (Fig. 4A). The results showed that TR75-54.7 more potently 
inhibited the development of 4T1 tumor than PC61 (Fig. 4, B and C). 
Although the difference in tumor size was not statistically different be-
tween mice treated with two antibodies (Fig. 4B), only TR75-54.7 
markedly enhanced the survival of tumor- bearing mice (Fig. 4C), 
whereas PC61 did not have such effect (Fig. 4C). Moreover, the combi-
nation of TR75-54.7 and PC61 was superior to the monotherapy in the 
inhibition of tumor growth (Fig. 4B). Consequently, the median survival 
of tumor-bearing mice was longer after combina tion therapy (38 days), as 
compared with monotherapy of TR75-54.7 (34 days) or PC61 (27 days) 
(Fig. 4, C and D; median survival of PBS control group was 24 days). 
Therefore, TR75-54.7 has more potent antitumor effect than PC61 in 
mouse 4T1 breast cancer model, whereas the combination of both resulted 
in the optimal antitumor effect.

DISCUSSION
Our data presented in this study showed that blockade of TNFR2 
potently enhanced the effect of immunotherapy with CpG ODN 
against CT26 tumors, which was attributable to the reduction in Treg 
activity and consequent mobilization of CD8+ CTLs. Because of the 
paucity of Treg cells recovered from tumor tissue, we could not determine 
the functionality of the tumor-infiltrating Treg cells in this study di-
rectly. Nevertheless, the marked reduction in TNFR2 abundance on 
Treg cells, which correlates with Treg function, suggests that M861 reduced 
the suppressive capacity of Treg cells in the tumor environment. This ef-
fect of M861 treatment appears to be specific for tumor-infiltrating 
Treg cells, given that the proportion of Treg  cells, the abundance of 
TNFR2 on Treg cells, and the suppressive function of Treg cells present 
in the peripheral lymphoid tissues were not decreased by treatment 
with the TNFR2-blocking antibody. Although this antibody did not 
attenuate TNFR2 signaling in unstimulated mice, it potently inhibited 
the increased abundance of TNFR2 induced by LPS (Fig. 1), sug-
gesting that increased TNFR2 abundance both in the tumor envi-
ronment and in LPS-challenged mice is similarly induced by the 
interaction of TNF and TNFR2.

CD25 has been used as an exclusive target for physical depletion 
of Treg cells to elicit antitumor immunity in both murine cancer 
models (47) and human cancer patients (48). Depletion of Treg cells 
by administration of CD25-blocking antibody (PC61) before tumor 
challenge provokes effective immune response to syngeneic tumors 
in otherwise unresponsive mice (50, 51). Our previous study showed 
that TNFR2 was more closely associated with the suppressive func-
tion of Treg cells and the phenotype of tumor-infiltrating Treg cells, as 
compared with CD25 (10, 20, 45). Thus, we directly compared the 
antitumor effect of a better characterized and commercially available 

Day

Intratumoral (it) injection of CpG ODN,control ODN, or PBS

Intraperitoneal (ip) injection of M861, muIgG,or PBS

601 2 3 4 5 6 7 8 9 0 

A

B C

PBS CpG + muIgG

M861 + ctrl ODN M861 + CpG

D E

F G

H I

Fig. 2. M861 in combination with CpG ODN potently inhibits the development 
of mouse CT26 colon tumors. (A) Schematic of the experimental protocol. Balb/c 
mice were inoculated in the right flank with CT26 tumor cells (2 × 105 cells in 0.2 ml 
of PBS). When tumor reached 5 to 6 mm in diameter (day 0), mice were then treated 
with PBS, CpG oligodeoxynucleotide (ODN) plus control (ctrl) IgG, M861 plus control 
ODN, or CpG ODN plus M861. (B) Mean growth curves of CT26 tumors in mice treated 
as described in (A). Data are means ± SEM of 15 mice. (C) Survival curves of the CT26 
tumor-bearing mice treated as described in (A). (D to G) CT26 tumor growth curves 
in each individual CT26 tumor-bearing mouse treated with PBS (D), CpG ODN plus 
control IgG (E), M861 plus control ODN (F), or M861 plus CpG ODN (G). Data are 
summary of results pooled from three independent experiments (n = 15 mice). The 
tumor-free mice were reinoculated with CT26 tumor cells into the right flank and 
4T1 tumor cells into the left flank 8 weeks after the mice became tumor-free. As a 
control, normal mice were also inoculated with CT26 tumor cells into the right 
flank and 4T1 tumor cells into the left flank in the same manner. Data (n = 8 mice) 
are the percentage of tumor incidence on (H) normal mice and (I) surviving mice 
on day 26 after (re-)challenge. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way analy-
sis of variance (ANOVA) test (B), log-rank test (C), or Student’s t test (H and I).
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TNFR2 antagonistic antibody (for example, TR75-54.7) (52) and 
PC61 on mouse 4T1 breast cancer model. The results show that pre-
treatment with TR75-54.7 is superior to PC61 in the inhibition of 
tumor growth (Fig. 4). The simultaneous blockade of TNFR2 and 
CD25 appears to have better effect as compared with monotherapy 
(Fig. 4). This intriguingly aligned well with our previous observa-
tion that, in mice, the sequence of suppressive capacity of Treg subsets 
was TNFR2+CD25+ cells > TNFR2+CD25− cells > TNFR2−CD25+ cells. 
Presumably, the maximal suppressive subset of Treg cells was inhibited 
by the combination treatment of TR75-54.7 and PC61. This possi-
bility will be experimentally examined in a future study.

CD11b+Gr1+ MDSCs also contribute to tumor immune evasion. 
Recent studies indicate that the generation, accumulation, and func tion 

of MDSCs also require TNF-TNFR2 signaling (53, 54). Furthermore, CpG 
ODNs reportedly reduce the number of MDSCs in tumor- bearing mice 
(55). Nevertheless, the proportion of MDSCs in the spleen and tu-
mor of CT26 tumor-bearing mice was not decreased by M861 treat-
ment in our study.

Activation and expansion of Treg cells through TNF-TNFR2 inter-
action represent a general negative feedback loop triggered by many 
immunological stimulators, including immunotherapeutic agents 
(56). For example, in addition to CpG ODN, in vivo treatment with 
the TLR4 ligand LPS (34) or the TLR2 ligand Pam3CSK4 (57) also 
promotes the activation and expansion of Treg cells, accompanied by 
the increased abundance of TNFR2 on Treg cells (34). Furthermore, cancer 
immunotherapy with IL-2, a cytokine that increases the abundance 
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Fig. 3. Effects of M861 in combination 
with CpG ODN on tumor-infiltrating 
TNFR2+ Treg cells and IFN-+ CD8 CTLs. 
(A) Representative FACS analysis of 
Treg cells in CD4+ cells from Balb/c mice 
inoculated with CT26 tumor cells (as 
described in Fig. 2), treated as indi-
cated when tumor diameter reached 
10 mm, and sacrificed for tumor tissue 
isolation 1 day after the final treatment. 
The number indicates the percent-
age of Treg cells in CD4+ cells. (B) Rep-
resentative FACS analysis of TNFR2+ 
cells in Treg cells from mice described 
in (A). The number indicates the per-
centage of TNFR2+ cells in CD4+Foxp3+ 
cells. (C) Representative FACS analy-
sis of IFN-+ cells in CD8+ cells from 
mice described in (A). The number 
indicates the percentage of interferon- 
 –positive (IFN-+) cells in CD8+ cells. 
(D to G) Summary of the proportion 
of Treg cells in intratumoral CD4+ cells 
(D), the mean fluorescence intensity 
(MFI) of TNFR2 on CD4+Foxp3+ cells 
(E), the proportion of TNFR2+ cells in 
CD4+Foxp3+ cells (F), and the propor-
tion of IFN-+ cells in CD8+ cells (G), each 
from mice described in (A). Flow anal-
ysis was gated on live CD45+CD3+ 
cells. Data were quantified from, or 
are representative of, at least three in-
dependent experiments; n = 5 mice 
(A, B, and D to F) or 3 mice (C and G). 
*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 by Student’s t test.
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of TNFR2 on Treg cells (18), results in substantial activation and expansion 
of Treg cells (58, 59). Even the stimulation of immune checkpoint in-
hibitors can also expand Treg cells. For example, proliferative expansion 
of Treg cells is induced by PD-1 blockade in melanoma patients (60) 
and by PD-L1 blockade in HIV patients (61). In this proof-of-principle 
study, we have shown that the antitumor effect of CpG ODN was 
markedly enhanced, whereas its stimulation of Treg cells was prevented, 
by TNFR2 blockade. Whether the effect of TNFR2 blockade can aug-
ment other types of immunotherapeutics needs to be determined.

Because of their clear therapeutic value in cancer treatment, 
strategies have been developed to deplete Treg cells or reduce their 
suppressive functions by targeting CD25 or other immune checkpoint 
proteins that are preferentially present on tumor-infiltrating Treg 
cells (such as CTLA-4, TIM-3, LAG-3, PD-1, and GITR) (62, 63). Be-
cause a large abundance of TNFR2 is associated with the maximally 
suppressive Treg cells in tumor-infiltrating lymphocytes (10, 19–21), 
targeting of TNFR2 may have an advantage in eliminating the more 
functional Treg cells. This idea is supported by studies of ovarian cancer 
and AML that show that patients treated with reagents that reduce TNFR2 
abundance on Treg cells have beneficial antitumor effects (21, 23, 24, 29). 
Further investigation is needed to directly compare the efficacy of tar-
geting of TNFR2 with that of other Treg checkpoint inhibitors.

Together, our findings reveal that an antibody blocking ligand- 
induced activation of TNFR2 markedly enhances the antitumor effi-
cacy of immunotherapy with CpG ODN in mouse models of colon 
and breast cancer by reducing the number of tumor-infiltrating 
TNFR2+ Treg cells while increasing the number of IFN-+ CD8+ CTLs. 
Thus, com bining a TNFR2 antagonist with an immunostimulant may 
represent a novel and more effective treatment strategy for patients with 
various cancers.

MATERIALS AND METHODS
Mice
Female wild-type 8- to 12-week-old Balb/c mice were obtained from 
the Animal Production Area of the National Cancer Institute at 
Frederick (NCI-Frederick). NCI-Frederick is accredited by the American 
Association for the Accreditation of Laboratory Animal Care Interna-
tional and follows the Public Health Service Policy for the Care and 
Use of Laboratory Animals. The animal study was approved by In-

stitutional Animal Care and Use Committee of NCI-Frederick. Animal 
care was provided in accordance with the procedures outlined in 
the Guide for the Care and Use of Laboratory Animals (National Re-
search Council, revised 1996).

Cells and reagents
The CT26 colon cancer and 4T1 breast cancer cell lines were purchased 
from the American Type Culture Collection and examined with Mo-
lecular Testing of Biological Materials by Animal Health Diagnostic 
Laboratory (NCI-Frederick) and Luminescence Mycoplasma Test by 
Animal Molecular Diagnostics Laboratory (NCI-Frederick). Cell lines 
were cultured in RPMI 1640 medium supplemented with 10% fetal 
calf serum and 2 mM glutamine at 37°C in a humidified incubator 
with 5% CO2. CpG ODN 1668 was purchased from InvivoGen. Anti- 
mouse antibodies, including anti-mouse CD45, CD4, CD8a, and TNFR2 
antibodies, were purchased from BD Biosciences. LIVE/DEAD Fix-
able Near-IR Dead Cell Stain Kit was purchased from Thermo Fisher 
Scientific. An antibody recognizing mouse TNFR2 (M861), as well as 
its control immunoglobulin G (IgG) (mouse IgG1), was a gift from 
Amgen Inc. Anti-mouse TNFR2 antibody TR75-54.7 and anti- mouse 
CD25 antibody PC61 were gifts from G. Trinchieri [NCI, National 
Institutes of Health (NIH)].

CT26 tumor cell inoculation and separation  
of tumor-infiltrating leukocytes
CT26 tumor cells were subcutaneously injected into the right flank 
of recipient mice in single-cell suspension with 2 × 105 cells in 0.2 ml 
of PBS per mouse. After indicated times, tumors were excised, minced, 
and digested in RPMI 1640 supplemented with collagenase IV (1 mg/ml) 
and deoxyribonuclease I (0.1 mg/ml). The fragments were pushed 
through a 70-um pore size cell strainer to create a single-cell sus-
pension. In some experiments, tumor-free mice 8 weeks after anti- 
TNFR2 and CpG ODN treatment were reinoculated with CT26 
cells (2 × 105) into the right flank, and the same number of 4T1 cells 
was injected subcutaneously into the left flank. Tumor size was cal-
culated by the following formula: (length × width2)/2. “Survival” 
represents the time to develop a 4-cm3 tumor or a moribund state, 
a humane end point that triggers euthanasia. Mice were monitored 
daily and were euthanized when signs of morbidity from metastatic 
disease burden became evident.

Day 

Subcutaneously (sc) injection of 1 105 4T1 breast tumor cells 

Intraperitoneal (ip)  injection of TR75-54.7 and/or PC61 

–3    0  

A

B C D

Fig. 4. Effect of TNFR2 antagonistic antibody 
and CD25 antagonistic antibody on mouse 
4T1 breast cancer model. (A) Schematic of the 
experimental protocol. TR75-54.7 and/or PC61 
were intraperitoneally injected into Balb/c mice 
3 days before inoculation of 4T1 tumor cells (1 × 
105 cells in 0.1 ml of PBS). (B) Growth kinetics of 
4T1 tumors in mice. Data are means ± SEM of 
five mice. (C) Survival curves of the 4T1 tumor- 
bearing mice. (D) Median survival of the 4T1 
tumor-bearing mice. *P < 0.05 by one-way ANOVA 
test (B) or log-rank test (C).
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Treatment of mouse model of CT26 colon cancer
When the diameter of tumor reached 5 to 6 mm, mice were treated 
with the following dose schedule: An antibody recognizing TNFR2 
(M861) or mouse IgG1 was administered at days 1, 5, and 9 intra-
peritoneally at 100 g in 0.2 ml of PBS. CpG ODN or control ODN 
was administered intratumorally at days 2 and 4 at 20 g in 0.1 ml of 
PBS. The same quantity of PBS was administered intraperitoneally 
or intratumorally as a control. In some experiments, the treatment 
was started when the diameter of tumor reached 10 mm. One day 
after the last treatment, mice were sacrificed and tumor and lymphoid 
tissues were harvested for study.

Treatment of mouse 4T1 breast cancer model
An antibody recognizing TNFR2 (TR75-54.7) and/or an antibody 
recognizing CD25 (PC61) were administered at 200 g in 0.2 ml of 
PBS 3 days before the inoculation of 1 × 105 4T1 breast tumor cells in 
0.1 ml of PBS per mouse subcutaneously injected into right mammary 
fat pads (thoracic No. 2 mammary glands) of recipient female 
Balb/c mice.

In vitro culture of CD4+ T cells
CD4+ cells were purified from lymphocytes with Mouse CD4 (L3T4) 
MicroBeads and LS Columns (Miltenyi Biotec). CD4+ cells were 
labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) 
and cultured at 4 × 105 cells per well in a 96-well plate with medium 
(12) alone or IL-2 (10 ng/ml), or with or without TNF (20 ng/ml), 
or in the presence of M861 (10 g/ml). After 72 hours, the prolifera-
tion of Treg cells (as indicated by CFSE dilution), the proportion of 
Treg cells, and TNFR2 abundance on Treg cells were analyzed by 
FACS, gating for Foxp3+ cells.

In vivo treatment with LPS and M861
Normal Balb/c mice were intraperitoneally injected with 200 g of 
LPS (Sigma-Aldrich, catalog no. L9764) in PBS. Some mice were in-
jected intraperitoneally with 200 g of M861 or control Mu IgG1 
1 hour before injection of LPS. Mouse spleens and mesenteric lymph 
nodes were harvested at 24 hours after injection for the FACS anal-
ysis of phenotype.

In vitro proliferation of CT26 and 4T1 tumor cells
CT26 and 4T1 tumor cells were seeded into 96-well plate at 5 × 104 
cells per well. The cells were cultured with media alone or with M861 
(10 or 20 g/ml). After 72 hours, cells were treated with pulsed 
1 mCi [3H]thymidine (PerkinElmer Life Sciences) per well for the 
last 6 hours of the culture period. The proliferation was evaluated 
by [3H]thymidine incorporation.

Flow cytometry
After blocking FcR, cells were incubated with appropriately di-
luted antibodies. The acquisition was performed using a Fortessa 
cytometer (BD Biosciences), and data analysis was conducted 
using FlowJo software (Tree Star Inc.). FACS analysis was gated 
on the live cells only by using a LIVE/DEAD Fixable Dead Cell 
Stain kit.

Statistical analysis
Two-tailed Student’s t test was used for the comparison of two in-
dicated groups. One-way analysis of variance (ANOVA) test was 
used for the comparison of tumor growth between groups at the 

same day shown in Figs. 2B and 4B. Log-rank test was used for the 
comparison of survival shown in Figs. 2C and 4C. All statistical 
analysis was performed with GraphPad Prism 7.0.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/511/eaan0790/DC1
Fig. S1. M861 does not induce the death of Treg cells in LPS-treated mice.
Fig. S2. M861 does not inhibit the proliferation of TNFR2-expressing CT26 tumor cells.

REFERENCES AND NOTES
 1. G. T. Motz, G. Coukos, Deciphering and reversing tumor immune suppression. Immunity 

39, 61–73 (2013).
 2. J. M. Pitt, A. Marabelle, A. Eggermont, J.-C. Soria, G. Kroemer, L. Zitvogel, Targeting the 

tumor microenvironment: Removing obstruction to anticancer immune responses and 
immunotherapy. Ann. Oncol. 27, 1482–1492 (2016).

 3. A. Tanaka, S. Sakaguchi, Regulatory T cells in cancer immunotherapy. Cell Res. 27, 
109–118 (2017).

 4. H. Tao, Y. Mimura, K. Aoe, S. Kobayashi, H. Yamamoto, E. Matsuda, K. Okabe, 
T. Matsumoto, K. Sugi, H. Ueoka, Prognostic potential of FOXP3 expression in non-small 
cell lung cancer cells combined with tumor-infiltrating regulatory T cells. Lung Cancer 75, 
95–101 (2012).

 5. J. Shou, Z. Zhang, Y. Lai, Z. Chen, J. Huang, Worse outcome in breast cancer with higher 
tumor-infiltrating FOXP3+ Tregs: A systematic review and meta-analysis. BMC Cancer 16, 
687 (2016).

 6. Y.-C. Lin, J. Mahalingam, J.-M. Chiang, P.-J. Su, Y.-Y. Chu, H.-Y. Lai, J.-H. Fang, C.-T. Huang, 
C.-T. Chiu, C.-Y. Lin, Activated but not resting regulatory T cells accumulated in tumor 
microenvironment and correlated with tumor progression in patients with colorectal 
cancer. Int. J. Cancer 132, 1341–1350 (2013).

 7. L. Liu, G. Zhao, W. Wu, Y. Rong, D. Jin, D. Wang, W. Lou, X. Qin, Low intratumoral 
regulatory T cells and high peritumoral CD8+ T cells relate to long-term survival in 
patients with pancreatic ductal adenocarcinoma after pancreatectomy.  
Cancer Immunol. Immunother. 65, 73–82 (2016).

 8. H. Nishikawa, S. Sakaguchi, Regulatory T cells in cancer immunotherapy.  
Curr. Opin. Immunol. 27, 1–7 (2014).

 9. C. Liu, C. J. Workman, D. A. A. Vignali, Targeting regulatory T cells in tumors. FEBS J. 283, 
2731–2748 (2016).

 10. X. Chen, J. J. Subleski, H. Kopf, O. M. Z. Howard, D. N. Männel, J. J. Oppenheim, Cutting 
edge: Expression of TNFR2 defines a maximally suppressive subset of mouse 
CD4+CD25+FoxP3+ T regulatory cells: Applicability to tumor-infiltrating T regulatory cells. 
J. Immunol. 180, 6467–6471 (2008).

 11. X. Chen, J. J. Subleski, R. Hamano, O. M. Z. Howard, R. H. Wiltrout, J. J. Oppenheim, 
Co-expression of TNFR2 and CD25 identifies more of the functional CD4+FOXP3+ 
regulatory T cells in human peripheral blood. Eur. J. Immunol. 40, 1099–1106 (2010).

 12. Y. Grinberg-Bleyer, D. Saadoun, A. Baeyens, F. Billiard, J. D. Goldstein, S. Gregoire, 
G. H. Martin, R. Elhage, N. Derian, W. Carpentier, G. Marodon, D. Klatzmann, 
E. Piaggio, B. L. Salomon, Pathogenic T cells have a paradoxical protective effect in 
murine autoimmune diabetes by boosting Tregs. J. Clin. Invest. 120, 4558–4568 
(2010).

 13. X. Chen, X. Wu, Q. Zhou, O. M. Z. Howard, M. G. Netea, J. J. Oppenheim, TNFR2 is critical 
for the stabilization of the CD4+Foxp3+ regulatory T. cell phenotype in the inflammatory 
environment. J. Immunol. 190, 1076–1084 (2013).

 14. B. Zaragoza, X. Chen, J. J. Oppenheim, A. Baeyens, S. Gregoire, D. Chader, G. Gorochov, 
M. Miyara, B. L. Salomon, Suppressive activity of human regulatory T cells is maintained 
in the presence of TNF. Nat. Med. 22, 16–17 (2016).

 15. M. Chopra, M. Biehl, T. Steinfatt, A. Brandl, J. Kums, J. Amich, M. Vaeth, J. Kuen, 
R. Holtappels, J. Podlech, A. Mottok, S. Kraus, A.-L. Jordán-Garrote, C. A. Bäuerlein, 
C. Brede, E. Ribechini, A. Fick, A. Seher, J. Polz, K. J. Ottmüller, J. Baker, H. Nishikii, M. Ritz, 
K. Mattenheimer, S. Schwinn, T. Winter, V. Schäfer, S. Krappmann, H. Einsele, T. D. Müller, 
M. J. Reddehase, M. B. Lutz, D. N. Männel, F. Berberich-Siebelt, H. Wajant, A. Beilhack, 
Exogenous TNFR2 activation protects from acute GvHD via host T reg cell expansion.  
J. Exp. Med. 213, 1881–1900 (2016).

 16. M. Leclerc, S. Naserian, C. Pilon, A. Thiolat, G. H. Martin, C. Pouchy, C. Dominique, 
Y. Belkacemi, F. Charlotte, S. Maury, B. L. Salomon, J. L. Cohen, Control of GVHD by 
regulatory T cells depends on TNF produced by T cells and TNFR2 expressed by 
regulatory T cells. Blood 128, 1651–1659 (2016).

 17. A. Pierini, W. Strober, C. Moffett, J. Baker, H. Nishikii, M. Alvarez, Y. Pan, D. Schneidawind, 
E. Meyer, R. S. Negrin, TNF- priming enhances CD4+FoxP3+ regulatory T-cell suppressive 
function in murine GVHD prevention and treatment. Blood 128, 866–871 (2016).

www.SCIENCESIGNALING.org     02 January 2018     Vol 11 Issue 511 aan0790

http://stke.sciencemag.org


76

R E S E A R C H  A R T I C L E

Nie et al., Sci. Signal. 11, eaan0790 (2018)     2 January 2018

S C I E N C E  S I G N A L I N G  |  R E S E A R C H  A R T I C L E

8 of 9

 18. X. Chen, M. Bäumel, D. N. Männel, O. M. Z. Howard, J. J. Oppenheim, Interaction of TNF 
with TNF receptor type 2 promotes expansion and function of mouse CD4+CD25+  
T regulatory cells. J. Immunol. 179, 154–161 (2007).

 19. X. Chen, Y. Yang, Q. Zhou, J. M. Weiss, O. M. Z. Howard, J. M. McPherson, L. M. Wakefield, 
J. J. Oppenheim, Effective chemoimmunotherapy with anti-TGF antibody and 
cyclophosphamide in a mouse model of breast cancer. PLOS ONE 9, e85398 (2014).

 20. F. Yan, R. Du, F. Wei, H. Zhao, J. Yu, C. Wang, Z. Zhan, T. Ding, X. Ren, X. Chen, H. Li, 
Expression of TNFR2 by regulatory T cells in peripheral blood is correlated with clinical 
pathology of lung cancer patients. Cancer Immunol. Immunother. 64, 1475–1485 (2015).

 21. C. Govindaraj, K. Scalzo-Inguanti, M. Madondo, J. Hallo, K. Flanagan, M. Quinn, 
M. Plebanski, Impaired Th1 immunity in ovarian cancer patients is mediated by TNFR2+ 
Tregs within the tumor microenvironment. Clin. Immunol. 149, 97–110 (2013).

 22. I. Tirosh, B. Izar, S. M. Prakadan, M. H. Wadsworth II, D. Treacy, J. J. Trombetta, A. Rotem, 
C. Rodman, C. Lian, G. Murphy, M. Fallahi-Sichani, K. Dutton-Regester, J.-R. Lin, O. Cohen, 
P. Shah, D. Lu, A. S. Genshaft, T. K. Hughes, C. G. K. Ziegler, S. W. Kazer, A. Gaillard, 
K. E. Kolb, A.-C. Villani, C. M. Johannessen, A. Y. Andreev, E. M. Van Allen, M. Bertagnolli, 
P. K. Sorger, R. J. Sullivan, K. T. Flaherty, D. T. Frederick, J. Jané-Valbuena, C. H. Yoon, 
O. Rozenblatt-Rosen, A. K. Shalek, A. Regev, L. A. Garraway, Dissecting the multicellular 
ecosystem of metastatic melanoma by single-cell RNA-seq. Science 352, 189–196 (2016).

 23. C. Govindaraj, P. Tan, P. Walker, A. Wei, A. Spencer, M. Plebanski, Reducing TNF receptor 
2+ regulatory T cells via the combined action of azacitidine and the HDAC inhibitor, 
panobinostat for clinical benefit in acute myeloid leukemia patients. Clin. Cancer Res. 20, 
724–735 (2014).

 24. C. Govindaraj, M. Madondo, Y. Y. Kong, P. Tan, A. Wei, M. Plebanski, Lenalidomide-based 
maintenance therapy reduces TNF receptor 2 on CD4 T cells and enhances immune 
effector function in acute myeloid leukemia patients. Am. J. Hematol. 89, 795–802 (2014).

 25. K. E. Hamilton, J. G. Simmons, S. Ding, L. Van Landeghem, P. K. Lund, Cytokine induction 
of tumor necrosis factor receptor 2 is mediated by STAT3 in colon cancer cells.  
Mol. Cancer Res. 9, 1718–1731 (2011).

 26. S. Nakayama, T. Yokote, M. Tsuji, T. Akioka, T. Miyoshi, Y. Hirata, N. Hiraoka, K. Iwaki, 
A. Takayama, U. Nishiwaki, Y. Masuda, T. Hanafusa, Expression of tumour necrosis 
factor- and its receptors in Hodgkin lymphoma. Br. J. Haematol. 167, 574–577 (2014).

 27. H. Rauert, T. Stühmer, R. Bargou, H. Wajant, D. Siegmund, TNFR1 and TNFR2 regulate the 
extrinsic apoptotic pathway in myeloma cells by multiple mechanisms. Cell Death Dis. 2, 
e194 (2011).

 28. J. Wang, R. S. Al-Lamki, Tumor necrosis factor receptor 2: Its contribution to acute cellular 
rejection and clear cell renal carcinoma. Biomed. Res. Int. 2013, 821310 (2013).

 29. H. Torrey, J. Butterworth, T. Mera, Y. Okubo, L. Wang, D. Baum, A. Defusco, S. Plager, 
S. Warden, D. Huang, E. Vanamee, R. Foster, D. L. Faustman, Targeting TNFR2 with 
antagonistic antibodies inhibits proliferation of ovarian cancer cells and tumor-
associated Tregs. Sci. Signal. 10, eaaf8608 (2017).

 30. X. Chen, J. J. Oppenheim, Targeting TNFR2, an immune checkpoint stimulator and 
oncoprotein, is a promising treatment for cancer. Sci. Signal. 10, eaal2328 (2017).

 31. I. D. Jung, S. J. Shin, M.-G. Lee, T. H. Kang, H. D. Han, S. J. Lee, W. S. Kim, H. M. Kim, 
W. S. Park, H. W. Kim, C.-H. Yun, E. K. Lee, T.-C. Wu, Y.-M. Park, Enhancement of 
tumor-specific T cell-mediated immunity in dendritic cell-based vaccines by 
Mycobacterium tuberculosis heat shock protein X. J. Immunol. 193, 1233–1245 (2014).

 32. C. Weir, A. L. Hudson, E. Moon, A. Ross, M. Alexander, L. Peters, V. Langova, S. J. Clarke, 
N. Pavlakis, R. Davey, V. M. Howell, Streptavidin: A novel immunostimulant for the 
selection and delivery of autologous and syngeneic tumor vaccines. Cancer Immunol. Res. 
2, 469–479 (2014).

 33. P. J. Tacken, I. S. Zeelenberg, L. J. Cruz, M. A. van Hout-Kuijer, G. van de Glind, 
R. G. Fokkink, A. J. A. Lambeck, C. G. Figdor, Targeted delivery of TLR ligands to human 
and mouse dendritic cells strongly enhances adjuvanticity. Blood 118, 6836–6844  
(2011).

 34. R. Hamano, J. Huang, T. Yoshimura, J. J. Oppenheim, X. Chen, TNF optimally activatives 
regulatory T cells by inducing TNF receptor superfamily members TNFR2, 4-1BB and 
OX40. Eur. J. Immunol. 41, 2010–2020 (2011).

 35. S. Nierkens, M. H. den Brok, R. P. M. Sutmuller, O. M. Grauer, E. Bennink, M. E. Morgan, 
C. G. Figdor, T. J. M. Ruers, G. J. Adema, In vivo colocalization of antigen and CpG within 
dendritic cells is associated with the efficacy of cancer immunotherapy. Cancer Res. 68, 
5390–5396 (2008).

 36. K. Furumoto, L. Soares, E. G. Engleman, M. Merad, Induction of potent antitumor 
immunity by in situ targeting of intratumoral DCs. J. Clin. Invest. 113, 774–783 (2004).

 37. L. Guéry, J. Dubrot, C. Lippens, D. Brighouse, P. Malinge, M. Irla, C. Pot, W. Reith, 
J.-M. Waldburger, S. Hugues, Ag-presenting CpG-activated pDCs prime Th17 cells that 
induce tumor regression. Cancer Res. 74, 6430–6440 (2014).

 38. D. M. Klinman, Immunotherapeutic uses of CpG oligodeoxynucleotides. Nat. Rev. 
Immunol. 4, 249–259 (2004).

 39. Y. Shirota, H. Shirota, D. M. Klinman, Intratumoral injection of CpG oligonucleotides 
induces the differentiation and reduces the immunosuppressive activity of  
myeloid-derived suppressor cells. J. Immunol. 188, 1592–1599 (2012).

 40. J. Vollmer, A. M. Krieg, Immunotherapeutic applications of CpG oligodeoxynucleotide 
TLR9 agonists. Adv. Drug Deliv. Rev. 61, 195–204 (2009).

 41. E. A. Moseman, X. Liang, A. J. Dawson, A. Panoskaltsis-Mortari, A. M. Krieg, Y.-J. Liu, 
B. R. Blazar, W. Chen, Human plasmacytoid dendritic cells activated by CpG 
oligodeoxynucleotides induce the generation of CD4+CD25+ regulatory T cells.  
J. Immunol. 173, 4433–4442 (2004).

 42. B. Baban, P. R. Chandler, M. D. Sharma, J. Pihkala, P. A. Koni, D. H. Munn, A. L. Mellor, IDO 
activates regulatory T cells and blocks their conversion into Th17-like T cells. J. Immunol. 
183, 2475–2483 (2009).

 43. T. Sparwasser, E.-S. Koch, R. M. Vabulas, K. Heeg, G. B. Lipford, J. W. Ellwart, H. Wagner, 
Bacterial DNA and immunostimulatory CpG oligonucleotides trigger maturation and 
activation of murine dendritic cells. Eur. J. Immunol. 28, 2045–2054 (1998).

 44. J. Ågren, C. Thiemermann, S. J. Foster, J. E. Wang, A. O. Aasen, Cytokine responses to CpG 
DNA in human leukocytes. Scand. J. Immunol. 64, 61–68 (2006).

 45. X. Chen, R. Hamano, J. J. Subleski, A. A. Hurwitz, O. M. Z. Howard, J. J. Oppenheim, 
Expression of costimulatory TNFR2 induces resistance of CD4+FoxP3- conventional T cells 
to suppression by CD4+FoxP3+ regulatory T cells. J. Immunol. 185, 174–182 (2010).

 46. S. Sakaguchi, N. Sakaguchi, M. Asano, M. Itoh, M. Toda, Immunologic self-tolerance 
maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25). Breakdown 
of a single mechanism of self-tolerance causes various autoimmune diseases. J. Immunol. 
155, 1151–1164 (1995).

 47. Y. Y. Setiady, J. A. Coccia, P. U. Park, In vivo depletion of CD4+FOXP3+ Treg cells  
by the PC61 anti-CD25 monoclonal antibody is mediated by FcRIII+ phagocytes.  
Eur. J. Immunol. 40, 780–786 (2010).

 48. A. J. Rech, R. Mick, S. Martin, A. Recio, N. A. Aqui, D. J. Powell Jr., T. A. Colligon, J. A. Trosko, 
L. I. Leinbach, C. H. Pletcher, C. K. Tweed, A. DeMichele, K. R. Fox, S. M. Domchek, 
J. L. Riley, R. H. Vonderheide, CD25 blockade depletes and selectively reprograms 
regulatory T cells in concert with immunotherapy in cancer patients. Sci. Transl. Med. 4, 
134ra62 (2012).

 49. J. W. Lowenthal, P. Corthésy, C. Tougne, R. Lees, H. R. MacDonald, M. Nabholz, High and 
low affinity IL 2 receptors: Analysis by IL 2 dissociation rate and reactivity with 
monoclonal anti-receptor antibody PC61. J. Immunol. 135, 3988–3994 (1985).

 50. S. Onizuka, I. Tawara, J. Shimizu, S. Sakaguchi, T. Fujita, E. Nakayama, Tumor rejection by 
in vivo administration of anti-CD25 (interleukin-2 receptor ) monoclonal antibody. 
Cancer Res. 59, 3128–3133 (1999).

 51. J. Shimizu, S. Yamazaki, S. Sakaguchi, Induction of tumor immunity by removing 
CD25+CD4+ T cells: A common basis between tumor immunity and autoimmunity.  
J. Immunol. 163, 5211–5218 (1999).

 52. K. C. Sheehan, J. K. Pinckard, C. D. Arthur, L. P. Dehner, D. V. Goeddel, R. D. Schreiber, 
Monoclonal antibodies specific for murine p55 and p75 tumor necrosis factor receptors: 
Identification of a novel in vivo role for p75. J. Exp. Med. 181, 607–617 (1995).

 53. X. Zhao, L. Rong, X. Zhao, X. Li, X. Liu, J. Deng, H. Wu, X. Xu, U. Erben, P. Wu, U. Syrbe, 
J. Sieper, Z. Qin, TNF signaling drives myeloid-derived suppressor cell accumulation.  
J. Clin. Invest. 122, 4094–4104 (2012).

 54. X. Hu, B. Li, X. Li, X. Zhao, L. Wan, G. Lin, M. Yu, J. Wang, X. Jiang, W. Feng, Z. Qin, B. Yin, 
Z. Li, Transmembrane TNF- promotes suppressive activities of myeloid-derived 
suppressor cells via TNFR2. J. Immunol. 192, 1320–1331 (2014).

 55. C. Zoglmeier, H. Bauer, D. Nörenberg, G. Wedekind, P. Bittner, N. Sandholzer, M. Rapp, 
D. Anz, S. Endres, C. Bourquin, CpG blocks immunosuppression by myeloid-derived 
suppressor cells in tumor-bearing mice. Clin. Cancer Res. 17, 1765–1775 (2011).

 56. X. Chen, J. J. Oppenheim, TNF-: An activator of CD4+FoxP3+TNFR2+ regulatory T cells. 
Curr. Dir. Autoimmun. 11, 119–134 (2010).

 57. Q. Chen, T. S. Davidson, E. N. Huter, E. M. Shevach, Engagement of TLR2 does not reverse 
the suppressor function of mouse regulatory T cells, but promotes their survival.  
J. Immunol. 183, 4458–4466 (2009).

 58. G. C. Sim, N. Martin-Orozco, L. Jin, Y. Yang, S. Wu, E. Washington, D. Sanders, C. Lacey, 
Y. Wang, L. Vence, P. Hwu, L. Radvanyi, IL-2 therapy promotes suppressive ICOS+ Treg 
expansion in melanoma patients. J. Clin. Invest. 124, 99–110 (2014).

 59. F. M. Lemoine, M. Cherai, C. Giverne, D. Dimitri, M. Rosenzwajg, H. Trebeden-Negre, 
N. Chaput, B. Barrou, N. Thioun, B. Gattegnio, F. Selles, A. Six, N. Azar, J. P. Lotz, A. Buzyn, 
M. Sibony, A. Delcourt, O. Boyer, S. Herson, D. Klatzmann, R. Lacave, Massive expansion  
of regulatory T-cells following interleukin 2 treatment during a phase I-II dendritic 
cell-based immunotherapy of metastatic renal cancer. Int. J. Oncol. 35, 569–581  
(2009).

 60. D. M. Woods, R. Rannakrishnan, A. L. Sodré, A. Berglund, J. Weber, PD-1 blockade induces 
phosphorylated STAT3 and results in an increase of Tregs with reduced suppressive 
function. J. Immunol. 198 (2017).

 61. C. Peligero, J. Argilaguet, R. Güerri-Fernandez, B. Torres, C. Ligero, P. Colomer,  
M. Plana, H. Knobel, F. García, A. Meyerhans, PD-L1 blockade differentially impacts 
regulatory T cells from HIV-infected individuals depending on plasma viremia.  
PLOS Pathog. 11, e1005270 (2015).

www.SCIENCESIGNALING.org     02 January 2018     Vol 11 Issue 511 aan0790

http://stke.sciencemag.org


77

R E S E A R C H  A R T I C L E

Nie et al., Sci. Signal. 11, eaan0790 (2018)     2 January 2018

S C I E N C E  S I G N A L I N G  |  R E S E A R C H  A R T I C L E

9 of 9

 62. T. L. Whiteside, The role of regulatory T cells in cancer immunology. Immunotargets Ther. 
4, 159–171 (2015).

 63. H. Pere, C. Tanchot, J. Bayry, M. Terme, J. Taieb, C. Badoual, O. Adotevi, N. Merillon, 
E. Marcheteau, V. Quillien, C. Banissi, A. Carpentier, F. Sandoval, M. Nizard,  
F. Quintin-Colonna, G. Kroemer, W. H. Fridman, L. Zitvogel, S. Oudard, E. Tartour, 
Comprehensive analysis of current approaches to inhibit regulatory T cells in cancer. 
Oncoimmunology 1, 326–333 (2012).

Acknowledgments: We thank O. M. Z. Howard, K. T. Czarra, T. He, and P. Li for their help in this 
study. We thank NCI-Frederick Cancer Inflammation Program Fluorescence Cytometry core  
(K. B. Noer and R. M. Matthai) for expert technical assistance with flow cytometry, and the 
excellent administrative support from S. D. Livingstone. Funding: This work was supported (in 
part) by the Intramural Research Program of the NIH, NCI, Center for Cancer Research; 
Department of Science and Technology, Guizhou Province, under grants G[2014]7020 and 

J[2015]2003; University of Macau under grants SRG2014-00024-ICMS-QRCM, MYRG2016-
00023-ICMS-QRCM, and MYRG2017-00120-ICMS; and the Science and Technology 
Development Fund of Macao SAR (FDCT) under grant 014/2015/A1. Author contributions: 
Y.N., J.H., H.S., A.L.T., D.Y., and X.C. performed experiments and analyzed data. J.J.O., D.M.K., 
and X.C. designed and guided the study and prepared the manuscript. Competing interests: 
The authors declare that they have no competing interests.

Submitted 1 March 2017
Accepted 16 November 2017
Published 2 January 2018
10.1126/scisignal.aan0790

Citation: Y. Nie, J. He, H. Shirota, A. L. Trivett, D. Yang, D. M. Klinman, J. J. Oppenheim, X. Chen, 
Blockade of TNFR2 signaling enhances the immunotherapeutic effect of CpG ODN in a mouse 
model of colon cancer. Sci. Signal. 11, eaan0790 (2018).

www.SCIENCESIGNALING.org     02 January 2018     Vol 11 Issue 511 aan0790

http://stke.sciencemag.org


78

R E S E A R C H  A R T I C L E

CANCER 2017 © The Authors,

some rights reserved;

exclusive licensee

American Association

for the Advancement

of Science.

Androgen receptor inhibitor–induced “BRCAness”
and PARP inhibition are synthetically lethal for
castration-resistant prostate cancer
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Cancers with loss-of-function mutations in BRCA1 or BRCA2 are deficient in the DNA damage repair pathway
called homologous recombination (HR), rendering these cancers exquisitely vulnerable to poly(ADP-ribose)
polymerase (PARP) inhibitors. This functional state and therapeutic sensitivity is referred to as “BRCAness”
and is most commonly associated with some breast cancer types. Pharmaceutical induction of BRCAness could
expand the use of PARP inhibitors to other tumor types. For example, BRCAmutations are present in only ~20%
of prostate cancer patients. We found that castration-resistant prostate cancer (CRPC) cells showed increased
expression of a set of HR-associated genes, including BRCA1, RAD54L, and RMI2. Although androgen-targeted
therapy is typically not effective in CRPC patients, the androgen receptor inhibitor enzalutamide suppressed the
expression of those HR genes in CRPC cells, thus creating HR deficiency and BRCAness. A “lead-in” treatment
strategy, in which enzalutamide was followed by the PARP inhibitor olaparib, promoted DNA damage–induced
cell death and inhibited clonal proliferation of prostate cancer cells in culture and suppressed the growth of
prostate cancer xenografts in mice. Thus, antiandrogen and PARP inhibitor combination therapy may be effec-
tive for CRPC patients and suggests that pharmaceutically inducing BRCAness may expand the clinical use of
PARP inhibitors.

INTRODUCTION
Metastatic prostate cancer (PCa) is incurable and the second leading
cause of cancer deaths among men in theWestern world (1). Although
patients initially respond to androgen deprivation therapy, most even-
tually develop castration-resistant prostate cancer (CRPC) andmetastasis
to bone, the predominant site of advanced lethal PCa (2, 3). Abiraterone
acetate and enzalutamide (ENZ), novel androgen receptor (AR) signaling
inhibitors (4, 5), each extends the life of metastatic CRPC patients for
4 to 5months, but neither of these agents is curative. Therefore, more
effective therapies are needed, including novel therapeutic combina-
tions and innovative therapy sequencing approaches.

The development of CRPC is accompanied by the accumulation
of genemutations, chromosomal translocations, and enhancedDNA

repair activities that enable CRPC cells to survive and proliferate (6–8).
Moreover, increased expression of certain DNA repair genes reflects
reducedDNA repair proficiency, and these activities are associated with
greater mutagenesis, adverse clinical features, and inferior patient sur-
vival rates (9). Poly(adenosine diphosphate–ribose) polymerase (PARP)
inhibitors, which can abrogate base excision repair or trap PARP on the
DNA, are promising therapeutic agents that show synthetic lethality
against many types of cancer with BRCA1 or BRCA2 deficiencies
(10–13). Although a favorable response of cancers to PARP inhibition
due to BRCA1 or BRCA2 mutations has been demonstrated, PARP
inhibitors have not beenwidely used in cancerswith deficiencies of other
homologous recombination (HR) genes. Promising clinical studies using
PARP inhibitors are under way (14–16), and it is now essential to fur-
ther our understanding of theHR pathway tomaximize the benefit of
PARP inhibitor therapy for CRPC. BRCA germline/somatic mutations/
deletions account for only 12 to 20% of CRPC patients (6, 14, 17, 18);
therefore, pharmaceutically induced HR deficiency becomes an at-
tractive and clinically viable strategy that potentially expands the
benefit of PARP inhibitor therapy to CRPC patients who do not have
BRCA mutations.

Accumulating evidence revealed the convergence of DNA damage
response (DDR) signaling pathways and AR signaling pathways in PCa
(8, 19–22). We previously found that an AR- and c-Myb–coregulated
DDR gene signature is correlated with PCa metastasis, castration
resistance, tumor recurrence, and reduced survival in PCa patients
(8). The presence of a relatively large number of HR genes in this
AR- and c-Myb–coregulated DDR gene signature, together with
the identification of a CRPC–up-regulated HR gene signature (Fig. 1),
led us to consider that pharmaceutically induced down-regulation of
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AR-regulated HR genes may induce HR deficiency and sensitize CRPC
to PARP inhibition. Therefore, targeting AR by ENZ and PARP by
olaparib (OLA) would generate synthetic lethality in CRPC. Here, we
report that ENZ down-regulated a specific set of HR genes, including
BRCA1, RAD51AP1, RAD51C, RAD54L, and RMI2, and this phar-
maceutically induced HR deficiency synergizes with the effects of OLA
to induceDNAdamage–related cell death, inhibit PCa cell clonal growth,
and suppress xenograft tumor growth.

RESULTS
Expression of HR-associated genes is up-regulated in CRPC
To extend our previous study showing the correlation of advanced
PCa and AR- and c-Myb–coregulated DDR gene signature, in which
HR-associated genes are highly represented (8), we identified specific
HR genes that were up-regulated in CRPCusing two public patient data
sets (6, 17) and aGeneOntology–defined set of 37HR-associated genes.
Analysis of theseHR genes showed significant differential expression
between hormone-naïve primary PCa and CRPC samples. Statistically
alteredHR genes were identified after Benjamini-Hochberg correction
formultiple hypothesis testing (P<0.05), and those common tobothdata
sets were identified (Fig. 1, A and B). There were 10 up-regulated HR
genes common to both data sets, including CHEK1, BRCA1, EXO1,
BLM, RMI1, RAD54L, RAD51, LIG1, XRCC3, and RMI2, and 1 down-
regulated HR gene (RPA1). Analysis of gene expression in CRPC tissue
samples revealed that a set of HR genes is overexpressed in CRPC and

positively correlated with CRPC development and adverse clinical
outcome (Fig. 1, C and D).

ENZ, OLA, and their combination inhibit HR-associated gene
expression in AR-positive PCa cells
To test our hypothesis that pharmaceutically induced down-regulation
of AR-regulated HR genes may induce BRCAness and sensitize CRPC
to PARP inhibition, we examined the effect of ENZ, OLA, and the
combination (ENZ +OLA) onHR gene expression inmultiple PCa cell
lines with variable androgen dependence. Microarray analysis revealed
that expressions of 15 of 37 HR genes were statistically altered in re-
sponse to drug treatment (after Benjamini-Hochberg correction for
multiple hypothesis testing, P < 0.05) (Fig. 2A). Among these 15 HR
genes, we selected 5 genes, namely, BRCA1, RAD51AP1, RAD51C,
RAD54L, and RMI2 for further investigation. Our selections were
made on the basis of the following: BRCA1, RAD54L, and RMI2 are
among the 10up-regulatedHRgenes inCRPC in bothof the independent
clinical data sets (Fig. 1); these 5 genes are among most significantly
altered ENZ-targeted, down-regulated HR genes; and these 5 genes are
involved in different critical steps inHR-mediated DNA repair (23–26).
Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
(Fig. 2, B to D) and Western blotting (Fig. 2E) analyses showed that
ENZ treatment inhibited the expression of all five genes in VCaP cells
(AR-positive, the most androgen-dependent of the three cell lines used,
and derived from a vertebral metastatic lesion of a patient with hor-
mone refractory PCa) and all five genes to a lesser extent in LNCaP cells

Fig. 1. HR gene expression in human normal prostate and primary PCa and CRPC tissue samples. (A and B) Box plots showing 10 CRPC–up-regulated (yellow) and
1 CRPC–down-regulated (RPA1; blue) HR genes common to two published CRPC data sets. (C and D) Heat maps showing expression of 10 commonly up-regulated HR
genes in two published CRPC data sets.
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(AR-positive but less androgen-dependent than VCaP and derived
from a patient with a supraclavicular lymph nodemetastatic lesion; this
cell line also contains a point mutation in the ligand-binding domain of
AR, leading to altered hormone specificity) but did not inhibit any of
these genes in CWR22Rv1 cells [AR-positive and androgen-
independent and derived from a primary prostate tumor that expresses
mutant (H874Y) ARs and secretes low amounts of prostate-specific
antigen]. Unexpectedly, OLA treatment suppressed the expression
of most of these HR genes in LNCaP cells and all of these HR genes
in CWR22Rv1 cells but had very little effect on these HR genes in
VCaP cells. Further down-regulation of these HR genes by the com-
bination of ENZ and OLA compared to single agent alone was evident
in the LNCaP model (Fig. 2, A to E).

HR genes cooperatively contribute to DNA repair and PCa
cell survival
To determine the role of these ENZ–down-regulated HR genes with
regard to OLA sensitivity of PCa cells, we performed cell cycle analysis
to quantitate sub-G1 (apoptotic) cells resulting from HR gene silencing
andOLA combination treatment.We screenedmultiple small interfering
RNAs (siRNAs) for each HR gene in VCaP cells, selected the two most
effective siRNAs for each HR gene to analyze the biological activities in
VCaP cells, and then chose themore effective one to use for the analysis
in LNCaP and CWR22Rv1 cells. Our results demonstrate that each HR
gene differentially contributes to resistance to OLA treatment and PCa
cell survival as indicated by the increase in the sub-G1 cell population in

response to knockdown of a specific HR gene (Fig. 3, A to F). Synergy
analyses using two-way analysis of variance (ANOVA) (27) and Bliss
independencemodel (28) indicated that knockdown of BRCA1, RAD51C,
or RMI2 synergized with OLA in all three cell lines; knockdown of
RAD51AP1 synergized with OLA in VCaP and CWR22Rv1 cells; and
knockdownofRAD54L synergizedwithOLA inLNCaPandCWR22Rv1
cells (Fig. 3, D to F, and table S1).

HR is a multistep biological process (23–26). We hypothesized that
ENZ– and/orOLA–down-regulatedHR genes that function at different
HR steps cooperatively contribute to DNA repair and PCa cell survival.
Therefore, simultaneous knockdown of multiple HR genes should
cooperatively enhance the HR deficiency phenotype and synergize
the HR defect with OLA. We selected BRCA1, RAD51C, and RMI2
to test cooperative functions because these three HR genes are
involved in the recruitment of early HR factors to double-strand
breaks, formation of the RAD51 nucleoprotein filaments, and reso-
lution of double Holliday junctions, respectively (23–26) and because
the siRNAs for each of these three HR genes showed synergy with
OLA treatment in all three cell lines tested (Fig. 3, D to F). Simultaneous
knockdown of two or three HR-associated genes markedly increased
the abundance of gH2AX protein (a marker of DNA damage) and
cleaved PARP (a marker of apoptosis) (Fig. 3G), significantly increased
proportion of sub-G1 cells (Fig. 3H), and significantly reduced capac-
ity for colony formation (Fig. 3I) compared with knockdown of each
HR gene singly. Synergistic effects were observed in most of the HR-
associated siRNA combinations and HR-associated siRNA and OLA

Fig. 2. Cell context–dependent ENZ andOLAdown-regulation of HRgenes in PCa cells with different androgen dependency. (A) Heat map showing the expression of
15 HR-associated genes that were significantly altered by ENZ in AR-positive and androgen-dependent VCaP and LNCaP cells and in AR-positive and androgen-independent
CWR22Rv1 cells. Significance (P < 0.05) was determined by Benjamini-Hochberg correction for multiple hypothesis testing. (B to D) qRT-PCR analysis of mRNA expression of five
select HR genes in VCaP (B), LNCaP (C), and CWR22Rv1 (D) cells. Data are means ± SD from three experiments. *P < 0.05, **P < 0.01 (Wilcoxon–Mann-Whitney test). (E) Western
blotting analysis of five selected HR proteins in the indicated cell lines. E, ENZ; O, OLA. Blots are representative of three or more experiments.
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combinations (Fig. 3, H and I, and table S1). Dual knockdown of
BRCA1 and RMI2 showed the greatest effects (Fig. 3, G to I) among
the tested dual siRNA combinations. Together, these results suggest
that ENZ-regulated HR genes cooperatively contribute to DNA re-
pair and PCa cell survival.

ENZ and/or OLA inhibits HR efficiency
gH2AX and RAD51 are two markers of DNA damage, DNA repair,
and treatment sensitivity in preclinical and clinical samples (29). To
determine whether ENZ and OLA treatment leads to reduced HR
efficiency, we conducted double immunofluorescence staining to assess
the formation of gH2AX and RAD51 foci and their colocalization in
OLA+ ENZ–treated LNCaP cells (Fig. 4A). Quantitative analyses dem-
onstrated that the percentages of cells that contain gH2AX foci were
significantly higher in ENZ + OLA–treated cells compared to those
in OLA-treated cells (Fig. 4B, left), and the percentage of cells with both
gH2AX and RAD51 foci was significantly lower in response to ENZ +
OLA treatment than to OLA treatment alone (Fig. 4B, right). Foci ratio
of RAD51 to gH2AX was significantly lower in ENZ + OLA–treated
cells than in those treated with OLA alone (Fig. 4C). Analysis of

drug-treated LNCaP cells using a quantitative PCR (qPCR)–based
HR assay showed that ENZ and OLA each reduced HR efficiency
and that their combination further reduced HR efficiency (Fig. 4D).
Western blotting analysis of drug-treated LNCaP cells indicated that
ENZ + OLA combination treatment markedly increased DNA dam-
age or its persistence (gH2AX) andDNAdamage–induced apoptosis
(cleavedPARP) (Fig. 4E). Together, these data suggest that the cytotoxic
effects of the ENZ + OLA combination are mediated by deficient
DNA repair.

Lead-in ENZ + OLA strategy synergistically increases
apoptosis and inhibits clonogenic growth in PCa cells
To optimize treatment conditions of ENZ and OLA combination, we
compared a lead-in ENZ + OLA treatment strategy with a traditional
concomitant ENZ+OLA strategy. In the lead-in ENZ+OLA treatment,
we pretreated PCa cells with ENZ for 24 hours (lead-in time) and then
with ENZ + OLA for 48 hours. This protocol achieved ENZ-mediated
down-regulation of HR genes before OLA was applied. In the con-
comitant ENZ+OLA treatment, cells were treatedwithDMSO (vehicle
control for ENZ) for 24 hours and then with ENZ + OLA for 48 hours.

Fig. 3. HR gene silencing synergizes with OLA to increase cytotoxicity to PCa cells. (A to C) Western blotting analysis for the expression of HR genes in VCaP (A),
LNCaP (B), and CWR22Rv1 (C) cells transfected with specific HR gene siRNAs (20 nM). Two siRNAs per HR gene were tested in VCaP cells, as indicated; one each was used
in LNCaP and CWR22Rv1. Blots are representative of three or more experiments. (D to F) Flow cytometry analysis of sub-G1 cells after siRNA and OLA treatment in VCaP
(D), LNCaP (E), and CWR22Rv1 (F) cells transfected as in (A) 24 hours before treatment with dimethyl sulfoxide (DMSO) or OLA (10 mM for 48 hours). (G) Western blotting
analysis for BRCA1, RAD51C, and RMI2 proteins, gH2AX abundance, and cleaved PARP abundance by RNA interference and OLA, as indicated, in LNCaP cells. Blots are
representative of three or more experiments. (H) Flow cytometry analysis of sub-G1 cells for synergistic effects of combinations of three selected HR gene siRNAs in the
absence and presence of OLA in LNCaP cells. Data are means ± SD from three experiments. (I) Colony assay for synergistic effects of combinations of three selected HR
gene siRNAs in the absence and presence of OLA in LNCaP cells. Data are means ± SD from three experiments. #Synergy by two-way ANOVA; ^synergy by Bliss
independence analysis (table S1).
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The resulting data showed that the lead-in ENZ + OLA treatment
increased sub-G1 cells and inhibited colony growth more effectively
than traditional concomitant ENZ + OLA treatment in VCaP and
LNCaPcells (AR-positive and androgen-dependent), but not inCWR22Rv1
cells (AR-positive and androgen-independent) (Fig. 5, A to D, and
table S1).

Because the lead-in ENZ + OLA treatment protocol further in-
creased the number of apoptotic cells compared to the concomitant
ENZ + OLA protocol, we considered differential ENZ versus OLA
apoptotic activities combined with increased exposure to ENZ during
the lead-in treatment phase as underlying cooperative mechanisms
for the lead-in effect. Using unambiguous pro- and antiapoptotic gene
subsets derived from the Gene Ontology–defined apoptosis gene set
(GO: 0006915), we pooled microarray expression data of these pro-
and antiapoptotic genes, adjusted P value using Benjamini-Hochberg
procedure for multiple hypothesis testing, and identified statistically
significant (P < 0.05) alterations in gene expression in ENZ, OLA, or
lead-in ENZ + OLA–treated samples compared to those treated with
vehicle (tables S2 and S3). In addition to overlapping subsets of ENZ-
and OLA-induced up-regulated proapoptotic genes and overlapping
subsets of ENZ- and OLA-induced down-regulated antiapoptotic
genes, which could contribute to synergistic effects from ENZ and

OLA, we found that two of the antiapoptotic genes, encoding serum/
glucocorticoid-regulated kinase 1 (SGK1) and tumor necrosis factor–a
(TNF-a)–induced protein 8 (TNFAIP8), were down-regulated by ENZ
but up-regulated by OLA, which led us to speculate that the lead-in
protocol would enable maximal ENZ-induced suppression and delay
OLA up-regulation of these specific antiapoptotic genes. Both SGK1
and TNFAIP8 reportedly participate in apoptosis evasion, cell survival,
chemoresistance, and tumor progression (Fig. 5E) (30–34). Western
blotting analysis validated select ENZ– and OLA–up-regulated pro-
apoptotic genes and ENZ–down-regulated and OLA–up-regulated
SGK1 and TNFAIP8 (Fig. 5F). To validate the pro–cell survival roles
of SGK1 and TNFAIP8, we knocked down each in LNCaP cells (Fig.
5G) and performed cell cycle analysis to assess sub-G1 cell distribution.
SGK1 knockdown alone caused only a slight increase in the proportion
of sub-G1 cells but significantly increased the proportion of sub-G1 cells
when combined with OLA, whereas TNFAIP8 knockdown alone sig-
nificantly increased the proportion of sub-G1 cells that was further
increased by combination with OLA (Fig. 5H). Our data suggest that,
in addition to down-regulation of specific HR genes, down-regulation
of SGK1 andTNFAIP8 expressionbyENZbeforeOLA treatment, in part,
contributes to the superior therapeutic effect of the lead-in ENZ +OLA
strategy.

Lead-in ENZ + OLA treatment strategy synergistically
suppresses PCa growth
To test our finding of synergism in the lead-in ENZ + OLA treatment
strategy in vivo, we analyzed ENZ or OLA alone and concomitant or
lead-in ENZ + OLA combination treatment using a subcutaneous
patient-derived xenograft (PDX) tumor model [MDA PCa 133-4,
AR-positive, and implanted in precastrated severe combined immu-
nodeficiency (SCID) mice] and two orthotopic PCa cell line xenograft
models (VCaP, AR-positive, and androgen-dependent; CWR22Rv1,
AR-positive, and androgen-independent) (Fig. 6A). In the MDA 133-
4 subcutaneousmodel, treatmentwithENZorOLAalonewas sufficient
to suppress tumor growth, indicated by reduced tumor volumes (Fig. 6B)
and tumor weights (Fig. 6C), with ENZ demonstrating superior efficacy
among the two single agents. The in vivo lead-in treatment with ENZ +
OLA, whichmimicked that used in cultured cells, achieved significantly
greater tumor suppression than treatment with either OLA or ENZ
alone or with concomitant ENZ + OLA treatment (Fig. 6, B and C).
Synergy analysis revealed a synergistic therapeutic effect in the lead-in
ENZ +OLA group (Fig. 6, B and C, and table S1). Analysis of xenograft
tumor samples demonstrated significantly reduced BRCA1 protein
abundance and Ki67 staining in tumors from mice treated with the
lead-in ENZ+OLAprotocol compared to those frommice treatedwith
vehicle, ENZ, or OLA alone, or concomitant ENZ +OLA (Fig. 6, D and
E). Similar results were observed using VCaP orthotopic xenograft
model (Fig. 7). ENZ had superior efficacy in theMDA 133-4 andVCaP
models; by contrast, in the CWR22Rv1 model, OLA showed superior
efficacy, and the lead-in ENZ + OLA and concomitant ENZ + OLA
showed efficacy similar to that of OLA alone (Fig. 8, A to C). Although
BRCA1 abundance was relatively unchanged (Fig. 8D), Ki67 labeling
was significantly reduced in CWR22Rv1 xenograft samples from
OLA- or lead-in ENZ + OLA–treated mice (Fig. 8E).

DISCUSSION
The utilization of PARP inhibitors such as OLA has rapidly evolved
from in vitro studies to clinical applications (16, 35, 36). However, only

Fig. 4. ENZ and OLA suppress DNA repair in PCa. (A) Double immuno-
fluorescence to detect gH2AX (red) and RAD51 (green) foci and their colocaliza-
tion in OLA + ENZ–treated LNCaP cells. (B and C) Quantitation (percentage) of
gH2AX or RAD51 foci-positive cells and gH2AX and RAD51 foci-double positive
cells (B) and the ratio of RAD51 to gH2AX foci in LNCaP cells. (D) Relative HR ac-
tivity was calculated by a two-step normalization: The number of PCR cycles in
assay primer group was normalized by that in universal primer group (internal
control); the number of PCR cycles in treatment groups was normalized by that
of control, with control = 1. Data are means ± SD from three experiments. P values
were derived from Wilcoxon–Mann-Whitney Test. (E) Western blotting analysis of
gH2AX and cleaved PARP in lead-in ENZ + OLA–treated cells compared to those in
OLA-treated cells. Blots are representative of three experiments.
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recently has limited informationbecomeavailable forPCa.Recent reports
include the results frompreclinicalmodels (8, 37), a phase 1 clinical trial
using OLA as single agent (15), a phase 1/2 clinical trial using veliparib
in combination with temozolomide (38, 39), and amore recent phase
2 trial using OLA (14). It is noteworthy thatMateo et al. extended the
BRCAness concept to mutations/deletions of genes involved in HR
regulation (ATM), HR factor nuclear localization (PALB2), and
chromatin remodeling during HR DNA repair (HDAC2), which
conceptually supports our finding that BRCA1/2 and other HR genes
involved in different stages ofHRDNArepair cooperatively contribute to
OLA sensitivity and our proposal that pharmaceutically induced HR
deficiency as a therapy concept for future clinical applications of OLA.
By demonstrating that 10 specific HR genes are up-regulated in CRPC
in two public data sets and that these up-regulatedHR genes represent
therapy targets for ENZ + OLA combination treatment, we introduce
a specific biomarker panel for the use of PARP inhibitors and expand
the concept of BRCAness to the concept of HR deficiency for CRPC
as regard to clinical applications of PARP inhibitors for synthetic le-
thal therapy.

HR occurs through a series of steps (23, 25, 26), and the five ENZ–
down-regulated HR genes that we identified are involved in almost all
the major steps. Our data suggest that each ENZ–down-regulated HR
gene has a role in HR and the maintenance of PCa cell survival but that
BRCA1, RAD51C, and RMI2, in particular, cooperatively contribute to
DNA repair and PCa cell survival, perhaps through their roles during
sequential steps in the HR pathway. The superior performance of dual
and triple knockdown underscores redundancy among HR mediators
that may oppose PARP inhibitor efficacy. Therefore, ENZ-induced
suppression of multiple HR genes is a viable strategy to improve the
efficacy of PARP inhibitors. The concept, if applied clinically, may
extend the benefit of PARP inhibition therapy to CRPC patients who
do not bear germline or somaticmutations in or deletion ofBRCA1/2
or other HR genes.

We also demonstrated that lead-in ENZ+OLAhas a clear advantage
compared to concomitant ENZ +OLA. In addition to down-regulation
of a specific set ofHR genes by ENZbefore OLA treatment, this strate-
gy also allows maximal ENZ suppression of and delay of OLA up-
regulation of specific antiapoptotic genes. SGK1 and TNFAIP8 are

Fig. 5. A superior lead-in effect and its underlying mechanisms. (A to C) Cell cycle analysis. Cells were pretreated with ENZ (0.5 or 1 mM) or DMSO (vehicle control)
for 24 hours, followed by the treatment with DMSO, ENZ (0.5 or 1 mM) or OLA (5 or10 mM), or ENZ + OLA for 48 hours. (D) Colony assay. Optimal concentrations of ENZ
and OLA were determined for each cell line by drug titration (fig. S2). Cells were pretreated with ENZ (VCaP, 100 nM; LNCaP, 150 nM; CWR22Rv, 1 mM) or DMSO (vehicle)
for 24 hours, followed by treatment with ENZ, OLA (VCaP, 2.5 mM; LNCaP, 1.5 mM; CWR22Rv1, 500 nM), ENZ + OLA, or DMSO for 10 to 20 days depending on the cell line.
#Synergy by two-way ANOVA; ^synergy by Bliss independence model. a.u., arbitrary units. (E) Functional illustration of two ENZ–down-regulated and OLA–up-regulated
antiapoptotic genes SGK1 and TNFAIP8. (F) Western blotting analysis of selected pro- and antiapoptotic proteins from LNCaP cells treated with DMSO, ENZ, OLA, E +
O_C (concomitant), or E + O_L (lead-in). (G) Western blotting analysis for SGK1 and TNFAIP8 in control and siRNA-transfected LNCaP cells. Blots are representative of
three experiments. (H) Sub-G1 cell analysis in control, SGK1 siRNA-, or TNFAIP8 siRNA-transfected in LNCaP cells. Data are means ± SD from three experiments. *P < 0.05
by Wilcoxon–Mann-Whitney test [(A to C) versus the corresponding concomitant condition and (H) versus the control siRNA under DMSO condition].
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two ENZ–down-regulated and OLA–up-regulated antiapoptotic
genes identified in this study, and knockdown of either gene was
proved to have significant synergistic effect with PARP inhibition
as regard to apoptotic cell death. These results suggest that down-
regulation of SGK1 and TNFAIP8 by ENZ before OLA treatment
is, at least, one of the mechanisms underlying the superior effect of
lead-in ENZ + OLA over concomitant ENZ + OLA; they are also
consistent with growing evidence that links SGK1 and TNFAIP8
to cancer cell survival, metastasis, and chemo- and radioresistance
(30–34).

The results of our xenograft studies provided particularly compelling
support for the clinical utility of the ENZ+OLAcombination treatment
approach for advanced PCa or CRPC. Synergistic growth suppression
was associated with ENZ-sensitivemodels (that is, MDAPCa133-4 and
VCaP). The lead-in approach demonstrated clear superiority of the
ENZ + OLA combination treatments for the ENZ-sensitive models
compared to the traditional concomitant application protocols. Sup-
pression of nuclear BRCA1 levels by the ENZ + OLA combination
was associated with treatment efficacy in these models. Overall, these

results have direct relevance for future ENZ +OLA clinical trials, which
should be considered in light of our results.

Our data also showed that OLA strongly suppressed HR genes in
androgen-independent CWR22Rv1 cells, indicating a cell context–
dependent role for OLA in HR gene regulation, and it is noteworthy
that our results suggest a transition from AR- to PARP-dependent reg-
ulation of HR genes. Future studies are warranted to address these
possibilities. Although ENZ failed to synergize withOLA in this cell line
model, OLA can down-regulate HR genes in this type of PCa cells and
compensate for the loss of ENZ effect.

Overall, our study provides new insights into the molecular functions
of ENZ, adds mechanistic rationale to the ENZ + OLA combination
therapy, and underscores the importance of an expanded BRCAness
concept in future clinical usage ofOLA.Our findings support a random-
ized clinical trial for OLA as single agent or in combination with other
agents in unselected patients with CRPC. Future investigations using
baseline and OLA-treated patient tissue samples are warranted to link
the genomic and transcriptomic landscape, including these ENZ–
down-regulated HR genes, with patient response to OLA therapy.

Fig. 6. Scheme of in vivo experiments and results of MDA PCa 133-4 subcutaneous model. (A) Scheme of in vivo experiments for VCaP and CWR22Rv1 orthotopic
models and MDA 133-4 subcutaneous model. (B and C) Suppression of MDA PCa 133-4 subcutaneous tumor growth by ENZ and OLA. Tumor growth (B) assessed 1 day
before treatment and through 27 days of therapy and tumor weight (C) assessed at day 27 of treatment in MDA 133-4 subcutaneous xenografts. Data are means ± SE
from 10 or more mice in each group. P values were derived from ANOVA t test. #Synergy determined by two-way ANOVA; ^synergy determined by Bliss independence
analysis. VH, vehicle. (D and E) Immunostaining for BRCA1 (D) and Ki67 (E) at day 14 of the indicated treatment. Data are means ± SE from seven or more mice; P values
were derived from Wilcoxon–Mann-Whitney test.
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Fig. 7. Suppression of VCaP orthotopic xe-
nograft tumor growth by ENZ and OLA
treatment. (A to C) Representative luminescent
images (A), tumor growth (B), and tumor weight
(C) of VCaP orthotopic xenografts treated as indi-
cated. Images are representative of experiments,
and data are means ± SE from 17 or more mice
in each group. P values were derived from ANOVA
t test. ^Synergy determinedby Bliss independence
analysis. (D and E) Immunohistochemcal staining
for BRCA1 (D) and Ki67 (E) at 7 (BRCA1) or 10 (Ki67)
days of the indicated treatment. Data aremeans ±
SD from four or more mice. P values were derived
from Wilcoxon–Mann-Whitney test.

Fig. 8. Suppression of CWR22Rv1 orthotopic
xenograft tumor growth by ENZ and OLA
treatment. (A) Representative bioluminescent
images from 10 or more mice in each group.
(B and C) Tumor growth (B) and weight (C) of
CWR22Rv1 orthotopic xenografts from mice
treated as indicated. Data are means ± SE.
^Synergy by Bliss independence analysis. (D and
E) Immunohistochemical staining for BRCA1 (D)
and Ki67 (E) in tumors removed from mice after
8 days of the indicated treatment. Data are
means ± SE from six or more mice. P values were
derived from Wilcoxon–Mann-Whitney test.
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MATERIALS AND METHODS
Sources of cell lines and PDXs
VCaP and LNCaP (American Type Culture Collection) and CWR22Rv1
(from F. M. Sirotnak of Memorial Sloan Kettering Cancer Center) cell
lines were validated by short tandem repeat DNA fingerprinting with
the AmpFlSTR Identifiler PCRAmplification Kit (Applied Biosystems)
in MD Anderson’s Characterized Cell Line Core Facility. Genetic
background (genomic alterations and copy number variations) of these
cell lines, VCaP-luc, CWR22Rv1-luc, andMDA 133-4 PDXmodel was
analyzed using MDA T200 platform and summarized in fig. S1.

Gene expression microarray
Complementary DNA (cDNA) microarray was performed using Il-
lumina TotalPrep RNA Amplification Kit (Thermo Scientific) and
Illumina Human HT-12 v4.0 Expression BeadChip Kit (Illumina).
Microarray data were deposited in the Gene Expression Omnibus
(GEO) database (accession number GSE69249).

Bioinformatics and biostatistics analyses
Samples of Grasso et al. [GSE35988; (6)] were profiled on two different
Agilent Whole Genome Microarrays. The two expression matrices
(GPL6480 and GPL6848) were combined for bioinformatics/biostatistics
analyses because no obvious batch effect was detected by principal
component analysis. Samples of Taylor et al. [GSE21034; (17)] were pro-
filed on Affymetrix Human Exon 1.0 ST arrays, and transcript-level ex-
pression matrix (GPL10264) was used for the analyses. The transcript
accession numbers were converted to gene symbols using University of
California, Santa Cruz reference gene annotation file, and median expres-
sion level was used for genes with multiple transcripts. To compare the
expression of 37 HR genes between normal prostate and hormone-naïve
PCa and CRPC samples, a linear model was fit to each of the genes,
followedbyTukey’s all-pair comparisons of the independent variable using
R package “multcomp.” The overall P values were adjusted by Benjamini-
Hochberg procedure. Genes with significant overall P value (<0.05) and
also with significant P value when comparing CRPC either to hormone-
naïve PCa or to normal prostate samples were selected from both Grasso
and Taylor data sets. The commonly significantly up-regulated and down-
regulated genes were used for box plots (Fig. 1, A and B). The expression
profile of the 10 commonly up-regulated genes in the samples of Grasso
et al. (Fig. 1C) and Taylor et al. (Fig. 1D) was shown in semisupervised
hierarchical clustering heat maps. A similar statistical analysis was per-
formed in cell line microarray data. The mean expression level was used
for genes with multiple probes. The expression profile of genes with sig-
nificant overall P value and also significant P value when comparing
ENZ+OLA toDMSO for any of the three cell lineswas shown in super-
vised hierarchical clustering heat maps (Fig. 2A). Genes associated with
apoptosiswereobtainedbytheGeneOntologyterm“apoptosis” (GO:0006915)
and manually curated to characterize the pro- and antiapoptosis gene sets
on the basis of PubMed gene descriptions. Difference of gene expression
across various treatments was assessed using ANOVA in these gene sets.
The P values were adjusted for multiple testing by Benjamini-Hochberg
(false discovery rate) method. Genes with adjusted P values less than 0.05
aredefinedas significant. Further,Tukey’s testwasused toperformmultiple
comparison assessment with all the contrasts of interest in the data set.

Quantitative reverse transcription polymerase
chain reaction
Total RNA from cancer cell lines was extracted with the RiboPure RNA
extraction kit (Thermo Fisher Scientific). Reverse transcription reac-

tions were carried out with the High-Capacity cDNA Archive Kit (Ap-
plied Biosystems) according to the manufacturer’s protocol. Real-time
PCR was performed using the ABI PRISM 7000 sequence detection
system (Applied Biosystems) according to the manufacturer’s instruc-
tions. The relative quantity of mRNA was determined by the DDCT

(comparative change in cycle threshold) method as described by the
manufacturer and normalized to glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) RNA in the same cDNA preparation. Primers
and probes used for qRT-PCR were purchased from Integrated DNA
Technologies and are listed in table S4.

Immunohistochemical analysis
Antibodies to BRCA1 (Abcam, M110) and Ki67 (Santa Cruz Bio-
technology, SC15401) were used for immunostaining on formalin-fixed
paraffin-embedded tissue slides from themouse PCa xenografts. Briefly,
rehydrated slides were microwave-heated for 20 min in citrate buffer
(10 mM, pH 6.0) for antigen retrieval. They were then incubated with
1% H2O2 for 10 min to inactivate endogenous horseradish peroxidase
(HRP). After blocking with serum-free protein block (Dako, X0909),
they were incubated with the primary antibodies (BRCA1, 1:100;
Ki67, 1:100) for 90 min at room temperature, followed by incubation
with HRP-conjugated secondary antibody (Dako, K4061) for 40 min at
room temperature. The immunoreaction products were visualized with
3,3′-diaminobenzidine/H2O2 solution. For quantitative analyses, 15 to
20 microscopic fields (at 200×) from each specimen were randomly
selected, and immunostaining results were evaluated by investigators
(G.Y. and D.K.) who were blinded to the treatment information of a
specimen, and the nuclear BRCA1 or Ki67 labeling rates were recorded.

Lead-in ENZ + OLA treatment in cultured cells
VCaP, LNCaP, and CWR22Rv1 cells were pretreated with 1 mM ENZ
orDMSO vehicle control for 24 hours, followed by treatment with ENZ
(1 mM),OLA (10 mM for VCaP and LNCaP and 5 mM for CWR22Rv1),
ENZ + OLA, or DMSO for 48 hours. The selection of OLA concentra-
tions was based on the sensitivity of PCa cell lines to OLA.

Western blotting
Proteins were separated by electrophoresis using 4 to 20% gradient
Mini-PROTEAN TGX Gels (Bio-Rad) and transferred onto a nitro-
cellulose blotting membrane (GE Healthcare Life Sciences). Blots with
interested proteins were blocked with tris-buffered saline buffer
containing 0.1%Tween 20 and 5%nonfatmilk for 1 hour and incubated
with specific primary antibody overnight in a cold room rocker. After
incubation with HRP-conjugated secondary antibody, blots were incu-
bated with SuperSignalWest Dura ExtendedDuration Substrate (Ther-
mo Scientific) for 2 min and imaged with ChemiDoc MP Imaging
System (Bio-Rad). Antibodies against BRCA1 (1:2000), RAD51AP1
(1:200), RAD51C (1:200), RAD54 (1:200), RMI2 (1:2000), andTNFAIP8
(1:500) were purchased fromAbcam.Antibodies against gH2AX (1:250),
cleaved PARP (1:500), SGK1 (1:250), andGAPDH (1:10,000) were pur-
chased from Cell Signaling Technology.

HR assay
HR assays were performed using LNCaP cells and an HR Assay Kit
(Norgen Biotek) according to themanufacturer’s suggested protocol.
Briefly, LNCaP cells were transfected with dl-1 and dl-2 vectors that
carried a mutated lacZ gene in each plasmid using FuGENE Transfec-
tion Reagent (Roche). After 6 hours of plasmid transfection, cells were
pretreated with ENZ or DMSO vehicle control for 18 hours and then
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treated with DMSO, ENZ, OLA, or ENZ + OLA for 24 hours. Total
DNA was isolated, and qPCR analysis was performed using universal
primers (for internal normalization) and assay-specific primers. The
PCR cycle numbers for each sample using assay-specific primers was
first normalized with respect to that in each sample using universal
primers and then normalized with respect to control (control = 1).

RNA interference
Cells were seeded 1 day before siRNA transfection [six-well format
(for RNA or protein preparation): VCaP, 1 × 106 per well; LNCaP,
5 × 105 per well; CWR22Rv1, 2 × 105 per well; 24-well format (for cell
cycle analysis): one-fifth of cell numbers of six-well format). siRNA
transfection was performed with 20 nM siRNA using RNAiMAX (Life
Technologies) according to the manufacturer’s protocol. The sources
and sequences of siRNAs are listed in table S5.

Flow cytometry analysis
Flow cytometry analysis was performed as described previously (8).
Briefly, cells were seeded onto 24-well plates 1 day before the drug
treatment or siRNA transfection. Flow cytometry analysis was per-
formed 48 hours after the drug treatment or siRNA transfection. In
the case of siRNA and drug combination, siRNA transfection was
performed 1 day before the drug treatment, and flow cytometry anal-
ysis was performed 48 hours after the drug treatment. Cells were har-
vested and prepared as a single-cell suspension, washed with
phosphate-buffered saline, incubated with a staining buffer
containing 0.1% sodium citrate, 0.1% Triton X-100, and propidium
iodine (50mg/ml) for 30min at 4°C, and proceeded to cell cycle analysis
with a FACSCanto II flow cytometer (BD Biosciences). Cell cycle pro-
files and quantitative data were obtained using FlowJo software (Tree
Star Inc.).

Clonogenic assay
PCa cells were seeded at a low density in six-well plates (VCaP, 1 × 105

per well; LNCaP, 2 × 104 per well; CWR22Rv1, 5 × 103 per well) and
grown in normal growth medium for 10 to 20 days, and colonies were
stained with 0.5% crystal violet and counted as described previously (8).
Experiments were performed in triplicate, and data were means ±SD
from three or more independent experiments.

Xenograft tumor assays
For the MDA 133-4 PDX model, equal-sized tumor pieces were im-
planted into subcutaneous pockets in the flanks of 6- to 8-week-old
male CB17 SCID mice (Charles River Laboratories International
Inc.). VCaP cells (3 × 106) and CWR22Rv1 cells (2 × 106) were
injected orthotopically into the prostates. When tumors reached
an approximate volume of 30 mm3, tumor-bearing mice were ran-
domly placed in experimental subgroups to receive ENZ, OLA, ENZ +
OLA (concomitant or lead-in: 4-day pretreatment of ENZ before
combined treatment with ENZ + OLA), or a vehicle control (ENZ,
10mg/kg every day orally; OLA, 40mg/kg per day, 5 days each week,
intraperitoneally). Subcutaneous tumor growth wasmonitored twice
per week by caliper measurement, and orthotopic tumor growth was
monitored weekly by bioluminescent images. Mice were sacrificed,
and tumor wet weights were determined. A subset of mice was eutha-
nized, tumor specimens were collected, and formalin-fixed paraffin-
embedded tissue slides were prepared for immunohistochemical
analysis of BRCA1 and Ki67 from tumors taken before or after 8 to
14 days of treatment.

Statistical analysis
ANOVA was used to assess the difference of gene expression, and
Benjamini-Hochberg correction for multiple hypothesis testing was
used to adjust the P values in the determination of statistically altered
HR genes in human PCa patient samples and in drug-treated PCa cell
line samples and statistically altered pro- or antiapoptotic genes in
drug-treated PCa cell line samples. Wilcoxon–Mann-Whitney test
was used for data with non-normal distributions or data with small
sample sizes, including qRT-PCR, cell cycle analysis, colony assay,
and immunohistochemical analyses. ANOVA t test was used for
analysis of tumor growth and tumor wet weights. Synergistic effects
were determined by two-way ANOVA tests (27) and by the Bliss inde-
pendence model (28).

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/10/480/eaam7479/DC1
Fig. S1. Sequence and copy number variation analysis using T200 platform.
Fig. S2. Titration of ENZ and OLA for colony assays.
Table S1. Determination of synergy.
Table S2. Expression of proapoptotic genes.
Table S3. Expression of antiapoptotic genes.
Table S4. Primers and probes for qRT-PCR.
Table S5. siRNA sources and sequences.
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C A N C E R

Identifying DNA methylation biomarkers for  
non-endoscopic detection of Barrett’s esophagus
Helen R. Moinova,1 Thomas LaFramboise,2,3 James D. Lutterbaugh,1 Apoorva Krishna Chandar,1 
John Dumot,1 Ashley Faulx,1 Wendy Brock,1 Omar De la Cruz Cabrera,4 Kishore Guda,2 
Jill S. Barnholtz-Sloan,2 Prasad G. Iyer,5 Marcia I. Canto,6 Jean S. Wang,7 Nicholas J. Shaheen,8 
Prashanti N. Thota,9 Joseph E. Willis,2,10,11*† Amitabh Chak,1,2,11*† Sanford D. Markowitz1,2,3,11*†

We report a biomarker-based non-endoscopic method for detecting Barrett’s esophagus (BE) based on detecting 
methylated DNAs retrieved via a swallowable balloon-based esophageal sampling device. BE is the precursor of, 
and a major recognized risk factor for, developing esophageal adenocarcinoma. Endoscopy, the current standard 
for BE detection, is not cost-effective for population screening. We performed genome-wide screening to ascertain 
regions targeted for recurrent aberrant cytosine methylation in BE, identifying high-frequency methylation within 
the CCNA1 locus. We tested CCNA1 DNA methylation as a BE biomarker in cytology brushings of the distal esophagus 
from 173 individuals with or without BE. CCNA1 DNA methylation demonstrated an area under the curve of 0.95 
for discriminating BE-related metaplasia and neoplasia cases versus normal individuals, performing identically to 
methylation of VIM DNA, an established BE biomarker. When combined, the resulting two biomarker panel was 
95% sensitive and 91% specific. These results were replicated in an independent validation cohort of 149 individuals 
who were assayed using the same cutoff values for test positivity established in the training population. To progress 
toward non-endoscopic esophageal screening, we engineered a well-tolerated, swallowable, encapsulated balloon 
device able to selectively sample the distal esophagus within 5 min. In balloon samples from 86 individuals, tests of 
CCNA1 plus VIM DNA methylation detected BE metaplasia with 90.3% sensitivity and 91.7% specificity. Combining 
the balloon sampling device with molecular assays of CCNA1 plus VIM DNA methylation enables an efficient, 
well-tolerated, sensitive, and specific method of screening at-risk populations for BE.

INTRODUCTION
The incidence of esophageal adenocarcinoma (EAC) has more than 
quadrupled in the past 30 years (1–4), and the prognosis for EAC 
patients remains poor, with a less than 20% survival at 5 years (4, 5). 
Barrett’s esophagus (BE), a premalignant intestinal-type columnar 
metaplasia that replaces the normal squamous mucosa of the distal 
esophagus, is the only known precursor for EAC, but its detection 
currently requires performing esophagogastroduodenoscopy (EGD). 
Because of the high cost of EGD and the lack of a randomized con-
trolled trial demonstrating cost- effective reduction in EAC, endos-
copy screening for BE has not been routinely recommended (6, 7). 

Thus, in about 95% of cases of EAC, the presence of the antecedent 
BE remains undetected and unknown (8). Hence, there is a need for 
additional methods for BE detection that are less expensive than EGD 
and can be widely and readily implemented in an at-risk population. 
Molecular biomarkers for detecting BE are potentially valuable in 
this regard.

Acquisition of aberrant cytosine methylation within CpG-rich ge-
nomic islands is a common accompaniment of many cancers and can 
serve as a neoplasia biomarker (9–13). We have previously reported 
that de novo DNA methylation of the CpG island overlapping the first 
exon of the vimentin gene (mVIM) is a highly sensitive BE biomarker 
that is present in biopsies of about 90% of BE patients, suggesting utility 
of mVIM as a potential biomarker for BE screening (14). In an initial 
pilot study, we further found that mVIM could be detected in esopha-
geal brushings, suggesting that mVIM can serve as a molecular cytology 
biomarker to enable non-endoscopic detection of BE (14). Reduced 
representation bisulfite sequencing (RRBS) is a whole-genome ap-
proach that allows for unbiased assessment of DNA methylation with-
in CpG-dense regions of the human genome, which encompass most 
promoters and other regulatory regions (15, 16). RRBS thus provides 
the potential to identify an extended biomarker panel with increased 
effectiveness for detecting BE.The aims of this study were hence to 
identify methylated DNA biomarkers of esophageal neoplasia, to define 
the sensitivity and specificity of such markers in comparison to and/or 
in combination with mVIM for detecting BE metaplasias and related 
neoplasias, and to further test the efficacy of these biomarkers for detect-
ing BE in samples obtained via a non-endoscopic swallowable balloon- 
based esophageal sampling device as compared to samples obtained 
via endoscopy-directed brushings.
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RESULTS
RRBS discovery of DNA methylation biomarkers of 
esophageal neoplasia
We performed RRBS analysis on a set of 26 esophageal cancer (EAC) 
biopsies and their respective matched normal squamous biopsies, 
15 biopsy or brushing samples of BE, and 5 esophageal cancer cell lines 
(fig. S1). Of 3,091,193 analyzable CpGs, 26,601 CpGs showed meth-
ylation below 10% in all the informative normal squamous samples 
(requiring at least four informative normal samples, each having a 
sequencing depth of at least 20×). When compared in BE, 1970 of these 
CpGs showed >30% methylation in at least four samples comprising 
45% or more of informative cases (all having a sequencing depth of 
>10×). Of these 1970 CpGs methylated in BE, 1011 CpGs addition-
ally demonstrated >30% methylation in at least eight informative EAC 
biopsies (all having a sequencing depth of >10×). These 1011 CpGs 
that were differentially methylated between normal squamous versus 
BE and EAC samples were clustered into 412 differentially methylated 
CpG patches, defined as clusters of differentially methylated CpGs each 
less than 200 base pairs (bp) apart. The best 26 of these patches were 
selected for further inspection (table S1). Of these, the best candidate 
for discriminating BE-related lesions from normal esophagus was a 
patch of seven CpGs located on chromosome 13, in the CpG island span-
ning the promoter and 5′ untranslated region of CCNA1 (Fig. 1A). 
Seventy percent of the BEs characterized by RRBS showed average 
methylation exceeding 30% across this patch (Fig. 1B). Moreover, all 
three informative esophageal cancer cell lines showed nearly 100% 
methylation across this patch, suggesting that both CCNA1 alleles were 
densely methylated and that the methylation signal in the biopsies was 
derived from the abnormal Barrett’s epithelial cells (Fig. 1B).

CCNA1 and VIM DNA methylation in esophageal biopsies
To further interrogate the CCNA1-associated DNA methylation patch, 
we designed a next-generation sequencing (NGS)–based assay for tar-
geted resequencing of this differentially methylated region (Fig. 1A). 
We targeted a cluster of 21 consecutive CpG residues that overlap with 
the methylated patch identified by RRBS (Fig. 1A). The NGS approach 
allows for determining the methylation status for each of these 21 CpGs 
across a single individual DNA read and thereby calculating the per-
cent of CpG methylation present across this region for each individual 

CCNA1 locus DNA molecule, thus enabling each DNA read to be clas-
sified as “methylated” versus “unmethylated.” This approach further 
provides a metric of tissue methylation, corresponding to the percent 
of all the individual CCNA1 DNA molecules identified as methylated 
(percent of CCNA1 “methylated reads”), that can further be referenced 
as exceeding or not exceeding the upper limit of the normal range. This 
patch-based algorithm suppresses background from random methyla-
tion of individual CpGs and provides enhanced discrimination of nor-
mal versus diseased tissue (fig. S2).

We used this method to characterize an expanded set of esophageal 
biopsies (fig. S1) and to compare the performance of DNA methyla-
tion at the CCNA1 versus VIM loci, reflecting our previous identifica-
tion of VIM region methylation as a high-performance biomarker of 
esophageal neoplasia (14). CCNA1 locus methylation (mCCNA1) was 
significantly increased in all BE-related lesions versus normal (P < 
0.001; Fig. 2A), with mCCNA1 detected in 81% percent of nondys-
plastic BE (NDBE), 68% percent of BE with high-grade dysplasia (HGD), 
and 90% percent of EAC but in only 1% of normal squamous samples 
(classifying a tissue as methylated if it had >10% of methylated CCNA1 
reads and classifying a CCNA1 read as methylated when methylation 
was detected at ≥16 of 21 target CpG positions). These results were 
similar to those obtained by bisulfite sequencing analysis of these samples 
for VIM locus methylation (mVIM; Fig. 2B), in which >10% meth-
ylation was demonstrated by 100% of NDBE, 63% percent of BE with 
HGD, and 76.5% percent of EAC but by only 1% of normal squamous 
samples (classifying VIM reads as methylated when methylated at ≥8 
of 10 target CpG positions).

CCNA1 and VIM DNA methylation for detecting BE and EAC 
in cytology brushings
To model a “molecular cytology” assay for detecting BE, we used the 
NGS bisulfite sequencing assay to measure CCNA1 DNA methyla-
tion (mCCNA1) in a training set of esophageal cytology brushings 
(fig. S1). Brushings of the gastroesophageal (GE) junction were ob-
tained from 62 control subjects with or without symptomatic GE reflux 
disease (GERD) but without BE. These controls included persons with 
normal endoscopic findings (n = 54) plus individuals with erosive 
esophagitis (n = 8). Brushings were also obtained from 111 patients in-
cluding 62 individuals with cancer, either EAC (n = 48) or GE junction 
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Fig. 1. CCNA1 region methylation in esophageal neoplasia. (A) Location of the differentially methylated region in the CCNA1 promoter on chromosome 13. The patch 
of CpGs found to be differentially methylated in reduced representation bisulfite sequencing (RRBS) and the amplicon assayed by next-generation sequencing (NGS) are 
indicated above the map of the CpG island (green), with structures of CCNA1 RefSeq transcripts indicated below. (B) Average methylation of CpGs in the CCNA1 RRBS-defined 
patch of seven CpGs in biopsies of normal squamous (N Sq) mucosa, Barrett’s esophagus (BE), and esophageal adenocarcinoma (EAC) and in esophageal cell lines (CL).
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adenocarcinoma (n = 14), and 49 individuals with BE. Of BE cases, 
12 had nondysplastic short-segment BE (SSBE; < 3 cm), 19 had non-
dysplastic long-segment BE (LSBE; ≥3 cm), 8 had low-grade dysplasia 
(LGD), and 10 had HGD. Eighty-three percent of study participants 
were white. The disease group was older than controls (P < 0.0001) and 
included more males, reflecting the epidemiology of BE. There was no 
significant difference in the prevalence of smoking between cases and 
controls (table S2).

Figure 3A shows the receiver operating characteristic (ROC) curve 
for mCCNA1 in these training set samples, in which the assay demon-
strated an area under the curve (AUC) of 0.95. An optimal cutpoint, in 
which a sample was detected as positive if it had >3.12% methylated 
CCNA1 templates, maximized the sum of sensitivity plus specificity. 
At this cutpoint, mCCNA1 demonstrated 90.7% sensitivity for detect-
ing BE or cancer with 98.4% specificity. As a comparator, Fig. 3B shows 
the ROC curve for the same samples assayed for mVIM by bisulfite 
sequencing analysis. Similar to mCCNA1, the mVIM assay showed an 
AUC of 0.95. The optimal cutpoint for this assay, of 1.05% mVIM content, 
provided a sensitivity of 90.7% and a specificity of 93.2% (Fig. 3B). These 
mVIM results are consistent with our previous observation in a pilot 
set of 34 esophageal brushings that were analyzed for mVIM by quanti-
tative methylation-specific (qMS)–polymerase chain reaction (PCR) (14).

To validate the performance of mCCNA1 and mVIM in molecu-
lar cytology applications, we examined a second independent set of 
esophageal cytology brushings from 149 new individuals recruited at 
five different cancer centers from across the United States (fig. S1). 
These individuals included 30 controls with normal esophageal mor-
phology and 119 cases with BE or cancer (table S2). Similarly to the 
training set, and reflecting the biology of BE, participants in the val-
idation set were 93% white. Training and validation populations did 
not significantly differ by gender or smoking history, but controls were 
older in the validation than in training set (table S2). As shown in 
Fig. 3 (C and D), the validation population again showed an AUC of 
0.95 for mCCNA1 and 0.96 for mVIM. Moreover, sensitivity and spec-
ificity of mCCNA1 and mVIM in the validation population replicated 
those of the training population, using the same cutoffs for test pos-

itivity as prespecified by the training data set (Fig. 3, C and D versus 
A and B, and table S3).

BE progresses from nondysplastic metaplasias to LGD and then 
HGD that ultimately give rise to EAC (17, 18). Given the equivalent 
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Fig. 2. NGS bisulfite sequencing assay of DNA methylation in esophageal biopsies. (A) CCNA1 locus methylation (mCCNA1) in esophageal neoplasia and control 
patients. N Sq, normal squamous biopsies; NDBE, nondysplastic BE; HGD, BE with high-grade dysplasia. Fraction of methylated reads in each sample is indicated on the y 
axis. P < 0.001 for one-way analysis of variance (ANOVA) comparison and P < 0.001 for post hoc Student-Newman-Keuls test of N Sq versus BE, HGD, and EAC. (B) VIM locus 
methylation (mVIM) in esophageal neoplasia and control patients. Fraction of methylated reads in each sample is indicated on the y axis. P < 0.001 for one-way ANOVA 
comparison and P < 0.001 for post hoc Student-Newman-Keuls test of N Sq versus BE, HGD, and EAC.
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AUC: 0.948
At >1.05%
Sensitivity: 90.7%
Specificity: 93.2%

AUC: 0.954
At >3.12%
Sensitivity: 90.7%
Specificity: 98.4%

AUC: 0.952
At >3.12%
Sensitivity: 89.6%
Specificity: 92.9%

AUC: 0.956
At >1.05%
Sensitivity: 91.5%
Specificity: 92.6%
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C D

Fig. 3. ROC curves of mCCNA1 and mVIM assayed in esophageal cytology brush-
ings from control normal-appearing GE junctions versus BE and EAC cases. 
(A and B) Training samples. (A) mCCNA1, n = 61 controls and 108 cases. (B) mVIM, 
n = 59 controls and 107 cases. (C and D) Validation samples. (C) mCCNA1, n = 28 con-
trols and 115 cases. (D) mVIM, n = 27 controls and 117 cases. Area under the curve 
(AUC) and the sensitivity and specificity of the assays at the indicated cutpoint are 
listed for each graph, with the cutpoint value of percent methylation that defines a 
positive test denoted by “At >.”
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performance of mVIM and mCCNA1 in the training and validation 
populations, we performed a pooled analysis to examine these markers’ 
performance at each of the stages of progression of BE-related neoplasias. 
As shown in Table 1, mCCNA1 and mVIM markers were both highly 
sensitive for detecting each of the stages of BE-related disease, includ-
ing early NDBE metaplasias, dysplasias (LGD and HGD), and cancers. 
mVIM performed better than mCCNA1 in detecting NDBE (91.5% 
versus 79.7%), whereas mCCNA1 showed a slightly higher sensitivity 
for dysplastic BE (94.5% versus 91.1%) and cancer (94.9% versus 90.7%). 
When considered in combination, mVIM and mCCNA1 jointly de-
tected 92% of NDBE, 96% of dysplastic BE, and 96% of cancers while 
maintaining specificity above 90% for negatively classifying brushings 
from the normal GE junction (Table 1). The combination of mVIM 
and mCCNA1 was more sensitive than either marker individually, 
even when the specificity of each individual marker was adjusted to 
match that of the combination (table S4).

Smoking-induced methylation in the upper esophagus
Esophageal brushings under endoscopic guidance provided for directed 
sampling of the distal esophagus. However, certain non-endoscopic 
approaches to esophageal sampling, for example, using sponge-based 
devices, require sampling the entire esophagus. To simulate this process, 
we obtained additional cytology brushings of the proximal normal 
squamous esophagus from all participants in our training population. 
To avoid contamination, these proximal brushings were obtained be-
fore any brushings of the GE junction. Unexpectedly, a subset of these 
proximal squamous mucosa brushings tested positive for mVIM or 
mCCNA1, demonstrating methylation values above the cutpoint for 
normal GE junction as determined by the training set of brushings. Pos-
itive tests were obtained in 21% of proximal squamous samples assayed 
by mVIM and 6% assayed by CCNA1 (Fig. 4, A and B). Insight into the 
basis for methylation in the proximal esophagus came from noting that 
the great majority of methylation-positive samples were obtained from 
current or former smokers, with smokers accounting for 75% of sam-
ples testing mVIM-positive (P = 0.0155) and 100% of samples testing 

mCCNA1-positive (P = 0.0094). Further review determined that most 
of the methylation-positive normal squamous biopsies from our initial 
experiments (Fig. 2) also came from smokers, although the numbers 
were too few to support statistical analyses. These findings suggest that 
using methylated DNA markers for non-endoscopic detection of BE 
will be enhanced by device designs that allow for selective sampling of 
the distal esophagus and for protection of samples from contamination 
by the proximal esophagus. Reassuringly, for such a selective sampling 
approach, reanalysis of brushings from the distal esophagus showed 
smoking to have no significant effect on the extent of VIM and of CCNA1 
methylation detectable in either the normal GE junction of control indi-
viduals or in cases with BE or Barrett’s related neoplasia (table S5).

Detecting BE and EAC via non-endoscopic balloon sampling
To enable non-endoscopic targeted sampling of the distal esophagus, 
we designed and built an encapsulated, inflatable, surface-textured 
balloon. The device is swallowed in a pill-sized 16 × 9–mm capsule 
attached to a thin 2.16-mm silicone catheter (Fig. 5, A and B). After 
delivery to the stomach, the balloon is inflated by injecting 5 cm3 of 
air through the catheter (Fig. 5C) and then gently withdrawn 3 to 6 cm 
back through the distal esophagus to sample the luminal epithelial 
surface. The balloon is then deflated and inverted back into the cap-
sule (Fig. 5D), thus protecting the acquired biosample from further 
dilution or contamination in the proximal esophagus and the oro-
pharynx. After retrieval of the capsule through the mouth, DNA is ex-
tracted from the balloon surface for molecular analysis.

One hundred fifty-six patients underwent unsedated distal esoph-
ageal sampling with the balloon device before scheduled EGD. Most 
of the participants were male (71%) and white (83%), with an average 
age of 64.1 years (SD = 12.5 years). Twenty-eight (18%) were unable 
to swallow the device. However, the 128 successful participants in trial 
reported little to no anxiety, pain, or choking and only low to inter-
mediate gagging (table S6). On average, the balloon reached the stomach 
in 3.3 min (range, 1.0 to 7.7 min) with excellent tolerance in 72% of 
cases (table S6). Ninety-three percent of individuals who participated 

Table 1. mVIM and mCCNA1 performance in the combined set of all distal esophagus brushings. VIM and CCNA1 gene methylation was assayed in DNA 
samples from cytology brushings of the distal esophagus from the following: unaffected controls brushed at the gastroesophageal junction (control GEJ); cases 
of NDBE, further subclassified as short-segment BE (SSBE) of 1 to 3 cm or long-segment BE (LSBE) of ≥3 cm; BE with low-grade dysplasia (LGD); BE with HGD; EAC 
(including junctional cancer of the esophagus). Samples were scored as VIM-methylated for mVIM >1.05% and as CCNA1-methylated for mCCNA1 >3.12% [using 
receiver operating characteristic (ROC) defined cutpoints from Fig. 3, A and B]. Cases were positive for the panel of mCCNA1 plus mVIM if either marker tested 
positive. Controls were negative for the panel when both mCCNA1 and mVIM were negative. Controls with one negative marker and one marker with assay 
failure were excluded. Entries indicate percent sensitivity or specificity (%) and total number of individuals tested (n).

mVIM mCCNA1 Either mVIM or mCCNA1

% n % n % n

Specificity control GEJ 93.0 86 96.6 89 90.5 84

Sensitivity all cases 91.1 224 90.1 223 94.8 229

Sensitivity all NDBE 91.5 71 79.7 69 91.7 72

Sensitivity SSBE 87.1 31 76.7 30 87.1 31

Sensitivity LSBE 95.0 40 82.1 39 95.1 41

Sensitivity all 
dysplastic BE

91.1 56 94.5 55 96.5 57

Sensitivity LGD 93.9 33 90.6 32 94.1 34

Sensitivity HGD 87.0 23 100.0 23 100.0 23

Sensitivity EAC 90.7 97 94.9 99 96.0 100
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in esophageal balloon testing would repeat the procedure if neces-
sary, whereas 95% would recommend it to others (table S6).

From the 128 balloons processed, an adequate DNA amount of at 
least 60 ng was obtained in 116 instances (91%). Thirty individuals 
were additionally excluded from further analysis because of either 
having a history of previous esophageal ablation for Barrett’s dyspla-
sia (n = 23), having gastric intestinal metaplasia (IM; n = 4), or having 
esophageal IM of <1 cm in length (ultrashort BE; n = 3). The 86 eval-
uable individuals (table S7) included 36 controls free of IM but with 
erosive esophagitis (n = 3) or other indications for upper endoscopy 
(n = 33). The evaluable individuals also included 50 cases, 42 with BE 
(31 nondysplastic, 6 LGD, 4 HGD, and 1 indefinite for dysplasia) and 
8 with EAC or junctional cancers (Table 2). In these balloon samples, 
mVIM and mCCNA1 discriminated cases and controls with performance 
nearly identical to that found in the cytology brushing samples, with 
ROC curves for balloon samples demonstrating an AUC of 0.92 for 
mCCNA1 and 0.91 for mVIM (Figs. 6A versus 3A and 6B versus 3B). 
Balloon samples of the normal GE junction showed less background 
methylation of CCNA1 than did cytology brushings, and at a cutpoint 
of 1% for mCCNA1, the assay detected 72% of cases while retaining 
100% specificity (Table 2). mVIM demonstrated essentially the same 
cutpoint in balloon samples (1%) as in cytology brushings, and the 
mVIM assay detected 80% of cases with a specificity of 91.7% (Table 2). 
When the two markers were jointly applied to the balloon samples, 
the panel detected 90.3% of NDBE cases with a specificity of 91.7% 
(Table 2). The combination had a slightly higher sensitivity of 94.4% 
for detecting LSBE (≥3 cm) but still detected SSBE of 1- to 3-cm length 
with 84.6% sensitivity. Although the study included only a few cases 
of dysplasia or cancer, the combination of mVIM and mCCNA1 did 

detect 9 of 11 dysplasias and seven of eight cancers, yielding a sensi-
tivity of 88% for detection of all BE, dysplasias, and cancers studied 
(Table 2). Overall, the encapsulated balloon device successfully sam-
pled the distal esophagus with excellent tolerability and acceptability 
and, when combined with bisulfite sequencing for mVIM plus mCCNA1, 
demonstrated high sensitivity and specificity for detecting BE.

Methylation in other upper gastrointestinal tract pathologies
To identify potential confounding sources of VIM and CCNA1 DNA 
methylation, we performed a retrospective analysis of archival formalin- 
fixed paraffin-embedded (FFPE) esophageal and gastric specimens that 
captured common pathologies of the upper gastrointestinal (GI) tract 
(Table 3). As expected, FFPE biopsies of BE were highly methylated, with 
90% testing positive for mVIM, 75% testing positive for mCCNA1, 
and 90% testing positive for the two-marker panel. Clinical criteria 
for BE require identifying 1 cm or more of esophageal IM. However, the 
two-marker panel additionally detected 80% of early esophageal IMs, 
identifying 80% of IM lesions <1 cm and still confined to the endoscopic 
GE junction (70% positive for mVIM and 67% positive for mCCNA1). 
Moreover, among individuals with BE, mVIM or mCCNA1 methylation 
could also be detected in 30% of biopsy samples of columnar mucosa 
that had no histologic IM (regions of gastric metaplasia; Table 3), sug-
gesting that the IM in these BE cases arose in an antecedent field of 
methylation-positive columnar cells. In contrast, among individuals 
without BE or IM, assays for mVIM and for mCCNA1 were negative in 
all GE junction samples (n = 55), which included 15 cases with chronic 
carditis typified by columnar mucosa without IM (Table 3), and meth-
ylation was additionally negative in all distal esophagus samples (n = 24). 
Together, these findings suggest that aberrant methylation occurs at the 
earliest stages of BE development, in those columnar mucosae that are 
actively evolving toward IM. Methylation is not simply a consequence 
of inflammation, because mVIM and mCCNA1 tests were all negative 
in each of 15 cases of eosinophilic esophagitis, as well as in the above-
mentioned chronic carditis samples. Methylation was, however, addi-
tionally detected in a subset of gastric IM lesions, 22% of which were 
positive for at least one of the two markers. Moreover, 2 of 13 individuals 
with Helicobacter pylori gastritis, who were at increased risk for but did 
not have gastric IM, were also positive for VIM or CCNA1 methylation. 
However, 24 normal gastric fundic mucosa without IM were negative for 
mVIM in all samples and negative for mCCNA1 in all but one sample. 
Positive tests for mVIM and mCCNA1 are thus highly associated with IM, 
predominantly IM of the esophagus but sometimes IM of the stomach.

Consistent with the predictions from this FFPE archive, positive 
methylation was detected on two of three balloon samples from cases 
of ultrashort BE (<1 cm), which were unevaluable in the primary anal-

ysis (two positive for mVIM and none for 
mCCNA1). Similarly, positive methyla-
tion was detected in balloon samples from 
four of four cases of gastric IM that were 
also unevaluable for the primary analy-
sis (four positive for mVIM and two for 
mCCNA1). This finding of DNA meth-
ylation markers that are shared between 
gastric metaplasias and very early esoph-
ageal metaplasias is consistent with other 
genomic and cell biology lines of evidence 
that also point to a common origin be-
tween EACs and intestinal-type gastric 
cancers (19, 20).
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Fig. 4. DNA methylation in the proximal squamous esophagus of smokers ver-
sus nonsmokers. (A) mCCNA1, *P = 0.0094; (B) mVIM, *P = 0.0155. Patients were 
classified as smokers if they had any history of ever smoking. P values for differences 
between smokers and nonsmokers were computed using the Mann-Whitney rank 
sum test.

A B C D

Fig. 5. Non-endoscopic balloon device. (A) Device capsule and catheter in comparison to a vitamin pill and a dime. 
(B) Capsule containing inverted balloon in configuration for swallowing. (C) Capsule with inflated balloon in config-
uration for esophageal sampling. (D) Capsule containing inverted balloon in configuration for device and biospeci-
men retrieval.
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VIM methylation was additionally identifiable in esophageal bal-
loon samples from certain individuals in whom dysplastic BE had been 
previously ablated. Specifically, analysis of balloon samples from 
23 endoscopically normal individuals who were unevaluable for the 
primary study, because of their having had ablation of previous dys-
plastic BE lesions, also demonstrated positive mVIM signals present 
in eight (35%) patients (P < 0.017 for increased mVIM positivity in 
post-ablation versus evaluable control individuals; table S8). This find-
ing suggests that the endoscopically normal post-ablation GE junction, 
and/or post-ablation neosquamous epithelium, may retain molecular 
abnormalities associated with previous IM and may hence harbor con-
tinued cellular precursors of BE. It will be intriguing to determine 
whether, on longitudinal follow-up, these individuals who retain VIM 
methylation after BE ablation will demonstrate a higher risk for BE re-
currence. Curiously, only 2 of these 23 post-ablation individuals were 
positive for CCNA1 methylation.

Biological implications
These studies in the esophagus help to inform the larger understand-
ing of the genesis of aberrant DNA methylation in human neoplasias. 
Our data strongly point to epithelial cells as the source of both VIM 
and CCNA1 methylation signals. First, VIM and CCNA1 methylation 
were both detected in epithelial fractions from microdissected FFPE 
samples of early and late BE lesions (Table 3). Second, EAC cell lines 
demonstrated nearly complete biallelic methylation (>97% of alleles 
methylated) in five of five cell lines for CCNA1 and in four of five cell 
lines for VIM (fig. S3). Third, testing in whole-organ gastroesophagus 
porcine explants showed that the balloon device samples a nearly ex-
clusively epithelial cell population (fig. S4). Consistent with this, no 
breaches of the surface epithelium (no abrasions) were detected in the 
human participants in this study, all of whom underwent upper en-
doscopic examination immediately after the balloon procedure. The 
basis for the aberrant methylation of VIM and CCNA1 genomic loci 

that we commonly found in BE-related lesions remains obscure. As 
noted above, smoking was associated with increased mVIM and 
mCCNA1 only in the proximal (upper) but not in the distal esopha-
gus (Fig. 4 and table S5). Moreover, there is no clear functional impli-
cation of CCNA1 methylation in BE, because expression of this cyclin 
family gene is normally restricted primarily to the testis, with lesser 
expression in the brain, and because CCNA1 expression is not present 
in either unmethylated normal squamous esophagus or methylated 
EAC cells (fig. S3). Similarly, VIM expression is also absent in the un-
methylated normal esophagus (fig. S3). However, VIM expression is 
associated with epithelial to mesenchymal transition (EMT) of cancer cells 
(21), and although VIM expression was absent in all four VIM-methylated 
EAC cell lines, VIM expression was detected in unmethylated FLO1 
EAC cells (fig. S3), suggesting that VIM methylation may provide a 
mechanism for cancer cells to suppress EMT.

Table 2. mVIM and mCCNA1 performance in esophageal balloon samples. VIM and CCNA1 gene methylation was assayed in DNA samples from non-
endoscopic balloon sampling of the distal esophagus from unaffected controls [individuals with gastroesophageal reflux disease (GERD), erosive esophagitis, or 
no pathology detected during endoscopy]; cases of NDBE, further subclassified as SSBE of 1 to 3 cm or LSBE of ≥3 cm; BE with LGD; BE with HGD; EAC (including 
junctional cancer of the esophagus). Samples were scored as VIM-methylated for mVIM >1.0% and as CCNA1-methylated for mCCNA1 >1.0% (using ROC-defined 
cutpoints from Fig. 6). Samples were positive for the panel of mCCNA1 plus mVIM if either marker tested positive. Entries indicate percent sensitivity or 
specificity (%) and total number of individuals tested (n). We note that only four HGDs were studied, and in this small sample size, differences in the rate of 
mVIM and mCCNA1 detection of HGD versus detection of NBDE or EAC are not statistically significant (P > 0.088 for any between group comparisons).

mVIM mCCNA1 Either mVIM or mCCNA1

% n % n % n

Specificity unaffected 
controls

91.7 36 100.0 36 91.7 36

Sensitivity all cases 80.0 50 72.0 50 88.0 50

Sensitivity all NDBE 80.6 31 71.0 31 90.3 31

Sensitivity SSBE 69.2 13 53.8 13 84.6 13

Sensitivity LSBE 88.9 18 83.3 18 94.4 18

Sensitivity all 
dysplastic BE

72.7 11 72.7 11 81.8 11

Sensitivity LGD 83.3 6 100.0 6 100.0 6

Sensitivity HGD 50.0 4 50.0 4 50.0 4

Sensitivity EAC 87.5 8 75.0 8 87.5 8
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Fig. 6. ROC curves of mCCNA1 and mVIM assayed on esophageal balloon samplings 
of the distal esophagus. (A) mCCNA1, n = 36 controls and 50 cases. (B) mVIM, 
n = 36 controls and 50 cases. AUC and the sensitivity and specificity of the assays 
at the indicated cutpoints are listed for each graph, with the cutpoint value of 
percent methylation that defines a positive test denoted by “At >.”
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DISCUSSION
This study demonstrates the feasibility of non-endoscopic office-based 
molecular cytology screening for BE and EAC. First, we have identi-
fied cytosine methylation of the CCNA1 locus as a methylation marker 
of BE. Second, we have shown that molecular cytology assays of distal 
esophageal brushings, by bisulfite sequencing detection of the two- 
marker panel of mVIM and mCCNA1 DNAs, detect BE and EAC with 
sensitivity and specificity both greater than 90%. Third, we have shown 
that a swallowable balloon device can obtain DNA samples from the 
distal esophagus in a rapid simple unsedated outpatient examination 
and, when combined with bisulfite sequencing for detecting DNA 
methylation, maintains both sensitivity and specificity for detecting BE 
and EAC at close to 90%. The combination of this sampling device and 
molecular diagnostic assay demonstrates the feasibility of non-endoscopic 
molecular cytology screening for BE as a method for ultimately prevent-
ing EAC development.

EAC has steadily increased in incidence over recent decades. With 
an 82% 5-year mortality rate, this cancer is the most rapidly increas-
ing cause of cancer mortality from solid tumors in the American pop-
ulation (5). BE is a precursor lesion from which EAC develops, and 
ablation of BE with HGD and/or LGD is recommended to prevent 
EAC (22, 23). However, the great majority of EACs are diagnosed in 
patients who have never had previous BE screening. This reflects that 
most patients with GERD symptoms do not undergo upper endoscopy 
and, moreover, that 40% of EACs develop in patients with no previous 
symptoms (24, 25). Thus, the success of ablation approaches in prevent-
ing EAC will remain limited without an acceptable and cost-effective 
method to effectively screen at-risk populations and detect those indi-
viduals who are harboring BE. Non-endoscopic balloon sampling paired 
with molecular assay for mVIM and mCCNA1 offers a technology to 
address this need for simple noninvasive BE screening.

Given the need, other investigators have also advanced alternative 
approaches for BE screening. One such approach uses sponge-based 

devices for esophageal sampling (26, 27). One advantage of the bal-
loon device is that it deploys rapidly by inflation, eliminating the waiting 
time for the coating on typical sponge devices to dissolve. In addition, 
as the balloon retracts into its capsule after sampling, it enables directed 
sampling of the distal esophagus and provides protection of the sample 
from dilution or contamination from the proximal esophagus or oral 
cavity. Moreover, the smaller dimensions of the retracted balloon pro-
vide for easier and more comfortable retrieval. Balloon sampling of 
the esophagus was first demonstrated by Falk and colleagues (28), with 
the current balloon-based device now incorporating additional design 
enhancements that include optimized surface texturing and the addi-
tion of a protective capsule for delivery and retrieval.

Immunohistochemical detection of trefoil factor 3 has also been 
proposed as a biomarker for detection of BE, with a reported sensi-
tivity of 79.9% when used with a cytosponge collection device (29). 
Attractions of DNA-based biomarkers include absence of subjectivity 
in interpretation and ease of automation for processing large sample 
numbers. Although direct comparison between the approaches will 
be of interest, the finding of 91% sensitivity for detecting BE metaplasia 
by mVIM plus mCCNA1 assays performed on balloon samples sug-
gests that this approach is likely at least as robust and may offer ease 
of examination and easier scalability to large populations. The lower 
background of CCNA1 methylation in control individuals sampled by 
esophageal balloons, as compared to cytology brushings, is intriguing 
and perhaps reflects a useful advantage arising from the somewhat 
more superficial cell layer sampled by the balloon versus by cytology 
brushings.

We note that this study does have some limitations. The balloon 
device investigation was conducted at a single tertiary care institution, 
and establishing generality will require replication at other centers 
and in community-based populations. Our study population is also 
predominantly male Caucasians, suggesting caution in extrapolat-
ing these results to females and other ethnic groups, in which BE is less 

Table 3. mVIM and mCCNA1 detection in FFPE biopsies of upper gastrointestinal tract pathologies. mVIM and mCCNA1 were assayed in microdissected 
formalin-fixed paraffin-embedded (FFPE) biopsies that captured each of the histologies shown. IM, intestinal metaplasia. Samples were scored as methylated for 
mVIM >1.05% and mCCNA1 >3.12% (the cutpoints established in ROC analysis of esophageal brushings assayed for each marker). Samples were positive for the 
panel of mCCNA1 plus mVIM if either marker tested positive. Entries indicate percent positive samples (%) and total number of individuals tested (n).

mCCNA1 mVIM Either mVIM or mCCNA1

% n % n % n

BE (IM) 75 20 90 21 90 21

GEJ/cardia with IM (<1-cm extent) 67 9 70 10 80 10

Non-IM columnar metaplasia 
concurrent with BE

11 9 30 10 30 10

GEJ/cardia without IM (including 
15 cases with chronic carditis)

0 53 0 54 0 55

Distal normal squamous 
esophagus from control 
patients without  
glandular metaplasia

0 24 0 24 0 24

Eosinophilic esophagitis 0 12 0 15 0 15

Gastric fundic mucosa without IM 4 24 0 24 4 24

Intestinal metaplasia of stomach 14 7 11 9 22 9

H. pylori gastritis without IM 15 13 8 13 15 13
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common. In addition, we suffered failures of some participants to 
swallow the balloon device or of the device to obtain adequate sample. 
Remedying this limitation will need to be a focus of future enhance-
ments to the device design. Last, we lack longitudinal follow-up to 
be able to interpret implications of finding positive tests for mVIM and 
mCCNA1 in endoscopically normal individuals without IM of stomach 
or esophagus or in higher-risk individuals who are post ablation 
of dysplastic BE.

In summary, this study suggests that the combination of a balloon- 
based sampling device with bisulfite sequencing of the VIM and CCNA1 
loci provides a highly sensitive and specific yet minimally invasive 
screening procedure that could be clinically useful for detection and 
screening of BE.

MATERIALS AND METHODS
Study design
The study protocol was approved by University Hospitals Cleveland 
Medical Center and Cleveland Clinic Institutional Review Boards for 
Human Subject Investigation. Clinical trial registration numbers at 
ClinicalTrials.gov are NCT02451124 for the non-endoscopic balloon trial 
and NCT00288119 for the endoscopic cytology brushings study. Subjects 
referred for outpatient EGD were approached for study participation. 
Consent for obtaining esophageal brushings and biopsies for research 
was obtained from subjects before their EGD. Cases were classified as 
subjects with newly diagnosed BE, those undergoing surveillance of BE, 
or those with a new diagnosis of esophageal or GE junctional adenocar-
cinoma undergoing an endoscopic procedure. BE was defined according 
to current American College of Gastroenterology guidelines as at least 
1 cm of endoscopically visible columnar mucosa in the distal esophagus 
with IM confirmed on histology (7). Lesions <1 cm were classified as 
ultrashort BE and analyzed separately. Control subjects had no endo-
scopic evidence of BE and no histological evidence of IM if a clinical 
biopsy was obtained from either the distal esophagus or GE junction.

The overall study was a nonrandomized observational study. Esoph-
ageal brushings were first used to validate findings from esophageal 
biopsies of methylated vimentin and CCNA1 as biomarkers for de-
tection of BE. Balloon-based esophageal samples were then obtained as 
a second validation sample. Study size was not prespecified, and results 
are reported for esophageal brushing samples accrued from June 2011 
to February 2017 and for all balloon samples accrued from July 2015 to 
August 2016. No subjects were excluded from reporting. The primary 
endpoint of detection of BE and related progressed lesions was pre-
specified before study initiation. All laboratory samples were assayed 
by investigators blinded to the clinical status of the subjects.

Reduced representation bisulfite sequencing
RRBS was performed as previously described (15). Genomic DNA iso-
lated from frozen esophageal biopsies or cell lines was digested with 
Msp I (New England Biolabs, no. R0106T). End repair, A-tailing, 
and adapter ligation were carried out using the NEXTFlex Bisulfite- 
Seq library prep kit (Bioo Scientific, cat. no. NOVA-5119-02) with 
additional use of methylated NEXTFlex bisulfite sequencing barcoded 
adapters (Bioo Scientific, cat. no. NOVA-511912) to allow for mul-
tiplexing multiple samples on a single sequencing lane. After adapter 
ligation, the library was size-fractionated on an agarose gel, and 
DNA fragments between 170 and 350 bp (corresponding to the ini-
tial unligated 40- to 220-bp Msp I digest fragments) were isolated 
and purified from the gel using Macherey-Nagel gel extraction and 

PCR purification kit (cat. no. 740609.250). After elution from the col-
umns, DNA was bisulfite-converted using the EpiTect Bisulfite Con-
version Kit (QIAGEN, cat. no. 59104). Adapter-ligated and converted 
libraries were then PCR-amplified and purified using Macherey-Nagel 
gel extraction and PCR purification kit.

Sequencing was performed on an Illumina HiSeq 2500 using paired- 
end 100-bp reads. Individual BAM files for each sample were generated 
for alignment. DNA sequencing reads from each RRBS experiment 
were aligned to bisulfite-converted and unconverted versions of the 
human reference genome (hg18) using Bowtie2, and percent methyl-
ation for each CpG was calculated by dividing the number of methylated 
Cs by the total coverage of that base. These analyses were facilitated 
by the Bismark software (30), which was specifically developed for pro-
cessing RRBS data. The overall pipeline converts raw RRBS FASTQ files 
to tables of read depth and percent methylation at each individual 
CpG site for each patient sample.

Endoscopic sampling
During the endoscopy, one cytology brushing (US Endoscopy) was 
obtained from the proximal squamous esophagus, 20 to 25 cm from 
the incisors, as soon as the esophagus was intubated. The second cy-
tology brushing was obtained from endoscopic BE or cancer lesions. 
In endoscopic normal controls, the GE junction was brushed to sample 
the glandular mucosa as well as distal squamous mucosa. Standard-
of-care clinical biopsies were obtained from suspected BE and cancer 
cases. Data were collected from subjects regarding demographics, in-
dications for EGD, GERD symptoms, exposures, and past medical 
history. All diagnoses (Table 1) were established by endoscopic report 
and histopathology review of clinical biopsy samples. Demographic 
data for all patients are provided in table S2. Brushes were immediately 
clipped with wire cutters into empty nuclease-free 0.5-ml cryo-safe 
tubes and immediately snap-frozen on dry ice for transport to storage 
at −80°C until use. Genomic DNA was extracted from endoscopic 
brushes using the DNeasy Blood and Tissue Kit (QIAGEN, cat. no. 
69504). The protocol for the purification of total DNA from animal 
tissues (Spin-Column Protocol) was used with the modification of 
increasing the digestion time to overnight. Final elution volume was 
100 l. DNA yields from clinical samples were quantitated using the 
Qubit fluorometer (Invitrogen).

FFPE tissues specimens
Archival normal and neoplastic tissue specimens were obtained from 
the Department of Pathology at University Hospitals Cleveland Med-
ical Center under a tissue procurement protocol approved by Univer-
sity Hospitals Cleveland Medical Center Institutional Review Board. 
Before use, diagnostic slides of all samples were reviewed by a gas-
trointestinal pathologist (J.E.W.) for confirmation of the recorded di-
agnoses. After confirmation of diagnoses, specimens for this study 
were prepared via punch biopsies of tissue blocks. The presence of IM 
in designated esophageal biopsies was required for a diagnosis of BE ac-
cording to published guidelines (7).

DNA was purified using QIAamp DNA Micro Kit (QIAGEN) 
according to the manufacturer’s protocol with the following modi-
fications: The starting extraction volume was increased to 200 l of 
ATL buffer and 50 l of proteinase K. The cores were digested for 
4 days at 60°. An additional 6 l of proteinase K was added on days 
2 and 3 of incubation. The DNA was eluted from columns in 100 l 
of low–tris-EDTA (TE) elution buffer and used immediately for bi-
sulfite conversion or frozen at −80°C until use.
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Non-endoscopic esophageal brushing via a balloon device
We designed an encapsulated, inflatable, surface-featured balloon 
for targeted sampling of the distal esophagus. The device was delivered 
in a 16 × 9–mm capsule that also protected the acquired biospecimen 
from potential contamination with proximal esophagus material during 
withdrawal. Subjects referred for outpatient EGD were approached for 
study participation. Patients underwent unsedated distal esophageal 
sampling with the balloon device before scheduled EGD. After a patient 
swallowed the capsule with the balloon and the capsule was allowed to 
reach the stomach, the balloon was inflated with 5 to 5.5 cm3 of air using 
the attached tubing and syringe. On average, the balloon reached the 
stomach in 3.3 min (range, 1 to 7 min). The inflated balloon was pulled 
slowly for 3 to 6 cm from the point where the constriction of the 
esophageal sphincter was felt by the endoscopist and then deflated 
using an attached syringe, thus retracting the balloon inside the cap-
sule and protecting the sample. After the capsule was removed, the bal-
loon was reinflated, cut off from the capsule, and immediately frozen. 
DNA was extracted from balloons using the same protocol as for en-
doscopic brushings but with the modification of increasing the volumes 
of kit buffers ATL and AL to 1 ml, to completely cover the balloons. 
After the procedure, each patient filled out a standardized tolerance 
and acceptance questionnaire (table S9) (31).

Bisulfite conversion of the genomic DNA
To create a template for PCR and then DNA methylation analysis, 
DNA samples were subjected to treatment with sodium bisulfite, which 
converts unmethylated cytosine bases into uracil, while leaving methyl-
ated cytosines intact, using an EpiTect kit (QIAGEN) according to the 
manufacturer’s protocol. The person performing the methylation anal-
ysis was blinded to the clinical history of the samples until after all pro-
cedures and calculations were completed.

Bisulfite sequencing–based methylation detection
Bisulfite-converted DNA samples from cytology brushings were ana-
lyzed by NGS. Bisulfite-specific, methylation-indifferent PCR primers 
were constructed as a mixture of primers against converted products 
of fully methylated or fully unmethylated templates and were used to 
amplify a differentially methylated region of the vimentin exon 1 CpG 
island [previously described, (32)] or CCNA1 (table S10). Platinum 
Taq reaction mix (Invitrogen) was supplemented with 1 mM MgCl2, 
0.2 mM deoxyribonucleotide triphosphates (New England Biolabs), 
0.5 M betaine (Sigma), and a mix of the four primers, each at 0.1 M 
final concentration. PCR was performed using a touchdown protocol, 
where after the activation of Taq polymerase at 95°C for 5 min, the 
initial cycling conditions were 95°C for 45 s, 67°C for 45 s, and 72°C 
for 45 s. The annealing temperature was decreased by 3°C every three 
cycles to a final of 55°C. An additional 33 cycles of PCR were performed 
at the annealing temperature of 55°C. Successful amplification was 
confirmed by agarose gel electrophoresis. PCR products were purified 
using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and 
quantitated by Qubit. The NEXTflex Rapid DNA-Seq Kit (Bioo Scientific) 
was used to prepare indexed libraries for NGS sequencing (Illumina- 
compatible), and NGS was performed using a MiSeq platform at the 
McGill University and Génome Québec Innovation Centre, Montréal, 
Canada. FFPE DNA samples were bisulfite-converted and sequenced 
by EpiQuest (Zymo Research), using the same protocol as above.

Analysis of non-endoscopic balloon DNA samples was done the 
same way as for brushing samples above, except that the PCR ampli-
fication primers (table S10) were indexed by adding 96 different 7-bp 

index tags to the 5′ end of both forward and reverse primers (table 
S11). The amplification with indexed primers was carried out under 
the same conditions as for nonindexed primers, and the PCR products 
were subsequently mixed together, before preparing a library for NGS 
using a nonindexed library adapter.

DNA sequencing reads from each sample were aligned to bisulfite- 
converted and unconverted versions of the human reference genome 
(hg18) using Bowtie2. VIM aligned reads were classified as methylated 
if they indicated that 8 or more CpG dinucleotides were methylated 
(out of total of 10 CpGs present between the primers in the VIM PCR 
fragment). CCNA1 aligned reads were classified as methylated if they 
indicated that 16 or more CpG dinucleotides were methylated (out of 
a total of 21 CpGs present between the primers in the CCNA1 PCR 
fragment). These analyses were facilitated by use of Bismark software 
(30), which was specifically developed for processing bisulfite sequenc-
ing data.

Statistical methods
Between-group comparisons of continuous variables were performed 
using unpaired Student’s t test (for two groups) or one-way analysis 
of variance (ANOVA) for groups of three or more, followed by the 
post hoc Student- Newman-Keuls test for all pairwise comparisons. 
The Mann-Whitney rank sum test was used to determine the P value 
for comparison of smokers and nonsmokers. Fisher’s exact test was 
used for comparison of demographic composition of cases/controls 
in brushing and balloon studies. ROC curves and all associated statis-
tics were generated using MedCalc software. The optimal cutpoints 
were calculated as maximizing the sum of sensitivity plus specificity.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/424/eaao5848/DC1
Fig. S1. Flowchart of study analyses.
Fig. S2. Comparison of methylation of individual CpGs versus CpG patches in discriminating 
esophageal lesions.
Fig. S3. Comparing VIM and CCNA1 expression versus methylation.
Fig. S4. Morphology of touch preps from balloon brushings of three intact porcine esophagus 
samples from esophagogastric organ explants.
Table S1. Location of 26 differentially methylated patches identified by RRBS comparison of 
normal esophageal squamous mucosa versus Barrett’s lesions.
Table S2. Demographic characteristics of training and validation esophageal brushing 
populations.
Table S3. mVIM and mCCNA1 performance in training and validation esophageal brushing 
samples.
Table S4. Comparison of sensitivities of mVIM plus mCCNA1 versus mVIM or mCCNA1, all at 
equal specificities.
Table S5. Influence of smoking on VIM and CCNA1 methylation in proximal versus distal 
esophagus.
Table S6. Participant evaluation of the non-endoscopic balloon sampling of the esophagus.
Table S7. Demographic characteristics of subjects in non-endoscopic balloon study.
Table S8. Methylation in post-ablation subjects.
Table S9. Post-examination questionnaire.
Table S10. Bisulfite-specific methylation-independent PCR primer sequences.
Table S11. Index tags for bisulfite-specific methylation-independent PCR primer sequences.
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A precision therapy against cancers driven by
KIT/PDGFRA mutations
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Targeting oncogenic kinase drivers with small-molecule inhibitors can have marked therapeutic benefit, espe-
cially when administered to an appropriate genomically defined patient population. Cancer genomics and
mechanistic studies have revealed that heterogeneous mutations within a single kinase can result in various
mechanisms of kinase activation. Therapeutic benefit to patients can best be optimized through an in-depth
understanding of the disease-driving mutations combined with the ability to match these insights to tailored
highly selective drugs. This rationale is presented for BLU-285, a clinical stage inhibitor of oncogenic KIT and
PDGFRA alterations, including activation loop mutants that are ineffectively treated by current therapies. BLU-285,
designed to preferentially interact with the active conformation of KIT and PDGFRA, potently inhibits activation loop
mutants KIT D816V and PDGFRA D842V with subnanomolar potency and also inhibits other well-characterized
disease-driving KIT mutants both in vitro and in vivo in preclinical models. Early clinical evaluation of BLU-285 in
a phase 1 study has demonstrated marked activity in patients with diseases associated with KIT (aggressive
systemic mastocytosis and gastrointestinal stromal tumor) and PDGFRA (gastrointestinal stromal tumor) activation
loop mutations.

INTRODUCTION
Targeted inhibition of oncogenic kinases has transformed the care of
a subset of cancer patients whose malignancy is driven by activating
mutations and thus vulnerable to therapeutic inhibition of the activated
oncoprotein. Successful examples of this approach include erlotinib and
crizotinib for mutant EGFR- and ALK-/ROS-driven lung cancers, re-
spectively (1–3), vemurafenib for mutant BRAF melanomas (4), and
imatinib for both BCR-ABL–driven chronic myeloid leukemia and
KIT mutant gastrointestinal stromal tumor (GIST) (5, 6). However,
effectively inhibiting a disease-driving kinase is complicated because
variousmechanisms of kinase activation, including alteration of confor-
mational states or changes in dimerization potential, influence kinase
inhibitor binding. Evaluation of individual oncogenic mutations is
therefore critical to effectively pair anunmetmedical needwith thedesign
of an appropriately targeted agent.

The KIT receptor belongs to the class III receptor tyrosine kinase
(RTK) family that also includes the structurally related proteins
PDGFRA (platelet-derived growth factor receptor A), PDGFRB,
FLT3 (FMS-like tyrosine kinase 3), and CSF1R (colony-stimulating
factor 1 receptor).Normally, stemcell factor (SCF) binds to and activates
KIT by inducing dimerization, autophosphorylation, and initiation of
downstream signaling (7). In several tumor types, however, somatic ac-
tivatingmutations inKIT drive ligand-independent constitutive activity;
these mutations have been most extensively studied in GIST (8, 9).

Nearly 80% of metastatic GISTs have a primary activating mutation
in either the extracellular region (exon 9) or the juxtamembrane (JM)
domain (exon 11) of KIT, and up to an additional 10% are mutated in
the highly related kinase PDGFRA (10). The recognition thatmanyKIT
mutant tumors respond to treatment with imatinib has transformed the
treatment ofGIST. First-line imatinib treatment provides amedian pro-
gression-free survival (PFS) of 18 to 24 months (11). However, most
GIST patients eventually relapse due to a secondary mutation in KIT
that markedly decreases the binding affinity of imatinib. These re-
sistancemutations invariably arisewithin the adenosine 5′-triphosphate
(ATP)–bindingpocket (exons 13 and 14) or the activation loop (exons 17
and 18) of the kinase (8). Activation loop mutations accumulate with
increasing frequency after second-line therapy (sunitinib), which also
has inadequate activity on activation loopmutant proteins (12, 13). In
5 to 6% of unresectable ormetastatic GIST patients, an activation loop
mutation in PDGFRA at amino acid 842 occurs as the primary muta-
tion (14, 15) and is insensitive to imatinib and all other approvedGIST
agents (16, 17). With no effective treatments available, the prognosis
for patients with metastatic PDGFRA D842V GIST is particularly
dire, with PFS of only 3 to 5 months and overall survival of 15months
(16, 18).

Beyond GIST, the D816V mutant in the activation loop of KIT,
which is structurally identical to the D842V mutant in PDGFRA
(15), is found in more than 90% of patients (19, 20) with systemic
mastocytosis (SM), a rare hematologic disease of clonal mast cells
(21). In advanced forms of SM, organ function is compromised by
the accumulation of excess mast cells, and overall survival is de-
creased. Although the indolent subtype of the disease does not affect
survival, many patients suffer from debilitating symptoms associated
with mast cell degranulation, histamine release, and a reduced qual-
ity of life. Midostaurin has recently been approved by the U.S. Food
and Drug Administration (FDA) for the treatment of advanced SM,

1Blueprint Medicines, Cambridge, MA 02139, USA. 2Laboratory of Experimental
Oncology, Department of Oncology, KU Leuven, Belgium 3000. 3VA Health Care
System and Knight Cancer Institute, Oregon Health and Science University,
Portland, OR 97239, USA. 4Department of Medical Oncology, Dana-Farber Cancer
Institute, Boston, MA 02215, USA.
*Present address: Relay Therapeutics, Cambridge, MA 02142, USA.
†Present address: Actinium Pharmaceuticals Inc., New York, NY 10016, USA.
‡Present address: Nancy Kohl Consulting, Wellesley, MA 02482, USA.
§Corresponding author. Email: clengauer@blueprintmedicines.com

SC I ENCE TRANS LAT IONAL MED I C I N E | R E S EARCH ART I C L E

Evans et al., Sci. Transl. Med. 9, eaao1690 (2017) 1 November 2017 1 of 11
www.SCIENCETRANSLATIONALMEDICINE.org     01 November 2017     Vol 9 Issue 414 aao1690

http://stm.sciencemag.org/


101

R E S E A R C H  A R T I C L E

but whether its mechanism of action relies upon KIT D816V inhibi-
tion is unclear (22).

We embarked on an in-depth mechanistic evaluation of KIT/
PDGFRA-directed small-molecule inhibitors across a comprehensive
collection of clinically relevant KIT primary and resistance mutants.
The results of these studies illustrate a continuum of activation states
for KIT mutants. This understanding has guided the discovery and de-
velopment of BLU-285, a highly potent and selective small-molecule
inhibitor of KIT and PDGFRA activated mutants. BLU-285 demon-
strated robust in vitro and in vivo activity in various KIT-driven pre-
clinical models and has provided promising initial clinical activity in
patients with GIST and SM.

RESULTS
KIT activation loop mutants display affinity for
type I inhibitors
Inhibitors that bind to the inactive conformation of kinases are cate-
gorized as type II inhibitors (23), and the three agents currently FDA-
approved for the treatment ofGIST (imatinib, sunitinib, and regorafenib)
share this binding mode. The ability of type II inhibitors to suppress
exon 9 and 11 KITmutants (24, 25) indicates that these alterations pro-
vide only a minor shift in equilibrium in favor of the active over the
inactive conformation of the kinase (26, 27). In contrast, mutations in
the activation loops of KIT and PDGFRA induce a more prominent
equilibrium shift toward the active conformation, which is incompatible
with type II inhibitor binding (26). We therefore pursued a strategy to
develop a selective type I inhibitor or an active conformation inhibitor
of KIT and PDGFRA to address activation loop mutants.

Analysis of screening data against a panel of wild-type (WT) and
mutant KIT proteins with a set of commercial and proprietary kinase-
directed small-molecule inhibitors revealed not only the binding of type
I scaffolds to the D816V activation loop mutant but also to the V559D
exon 11 JM domainmutant and to KITWTproteins (fig. S1). As antici-
pated, type II inhibitors displayed poor affinity for the D816V mutant.
To extend our understanding of type I versus type II inhibitor binding
preferences across a larger spectrum of clinically relevant KIT mutants,
an additional exon 11mutant (V560G), as well as several exon 17 and 18
activation loopmutants (D816E, D820E, andA829P), were added to the
evaluation (Fig. 1). Binding data analysis confirmed that KIT WT does
not demonstrate a strong preference for one inhibitor type over the other,
although it does show marked sensitivity to some type II inhibitors. The
KIT V560G mutant bound tightly to type II inhibitors, whereas KIT
activation loopmutants (D816E,D816V,D820E, andA829P) displayed
either a slight bias toward or a pronounced affinity for type I inhibitors.
Notably, the KIT D816Vmutant consistently displayed a marked pref-
erence for type I inhibitors over that of type II inhibitors. These data
validated a focus on type I inhibitors for suppressingKITD816V activity
and additional activation loopmutants and also provided an explanation
for the difficulty that previous drug discovery efforts have encountered
when focused on type II molecules for activation loop inhibition.

BLU-285 is a potent and selective inhibitor of KIT and
PDGFRA activation loop mutants
Extensive exploration of diverse chemical scaffolds against the mutant
KIT panel coupled with optimization of drugmetabolism and pharma-
cokinetic properties yielded BLU-285 (Fig. 2A). BLU-285 demonstrated
exquisite activity onKIT activation loopmutants, with biochemical IC50

measured in the subnanomolar range for all activation loop mutants

tested including KIT D816V (IC50 = 0.27 nM) and PDGFRA D842V
(IC50 = 0.24 nM) (Fig. 2B). Broad screening against a large panel of
human kinases at 3 mM revealed that BLU-285 had very limited
potential for activity outside of KIT and PDGFRA. BLU-285 was also
more than 150-foldmore potent on KITD816V than several important
kinase antitargets such as VEGFR2 (vascular endothelial growth factor
receptor 2), SRC, and FLT3 (Fig. 2C and tables S1 and S2). This large
difference in BLU-285 activity between KIT D816V and other kinases
suggested that off-target inhibition in vivo would be unlikely and that
BLU-285 was a highly selective inhibitor of KIT and PDGFRA activa-
tion loop mutants.

Comparatively, the type II inhibitors imatinib, sunitinib, and regor-
afenib only weakly inhibited KIT D816V or PDGFRA D842V enzyme
activity (Fig. 2B).Of these approved agents forGIST, the overall kinome
selectivity profile of BLU-285 was most similar to imatinib (Fig. 2C),
which has an impressive tolerability profile in the clinic relative to the
others (5, 6, 28). Type I inhibitors midostaurin and crenolanib, an
investigational compound in clinical trials for the treatment of GIST
patients with primary PDGFRAD842mutations (29), registered bio-
chemical activity against the activation loop mutants in the low-digit
nanomolar range. However, both showed extensive activity across the
human kinome, which may be associated with a more complex safety
profile in the clinic and a smaller therapeutic window (Fig. 2C).

BLU-285 is active across a spectrum of clinically observed
KIT mutants
To assess the breadth of activity of BLU-285 against KIT mutations
identified in patients, we tested BLU-285 biochemically against a
large panel of KIT primary and acquired resistance mutants repre-
senting various diseases and stages of progression. BLU-285 de-
monstrated potency across a spectrum of KIT mutants and
superior potency to imatinib on all mutants tested, revealing broad
potential for this type I inhibitor in GIST (Fig. 3). Activity was
greatest against the KIT exon 11/17 (V560G/D816V) double mutant
(Fig. 3). Mutations in the JM domain and activation loop each serve to
release autoinhibitory conformations of the kinase domain (26), and
together, they may virtually lock in the active kinase conformation to
which BLU-285 preferentially binds, thereby enhancing its potency.
Other KIT activation loop mutants showed sensitivity to BLU-285
with IC50 < 2 nM, reflecting a strong bias of these mutants for the
active kinase conformation. BLU-285 also demonstrated low nano-
molar potency against JM domain mutants, suggesting that exon 11
mutations in KIT-driven GIST are sensitive to both type I and type
II inhibitors.

ATP-binding sitemutations inKIT exons 13 (V654A) and 14 (T670I),
which cause resistance to imatinib, were less sensitive to BLU-285,
signifying preference for a WT ATP-binding site for optimal com-
pound binding. However, like the KIT activation loop mutants,
both ATP site mutants were more sensitive to BLU-285 inhibition
in the presence of JM domain mutants as compared to the ATP
site mutants alone (Fig. 3). These findings further reinforce the
positive effect of JM domain mutants on BLU-285 accessibility
to the active conformation of the enzyme. Finally, BLU-285 showed
greater potency against all disease-relevant KIT mutants than against
KIT WT.

BLU-285 is highly active in KIT mutant cell lines
To confirm the activities observed in biochemical assays, we used
KIT-driven cell lines to assess BLU-285 target engagement (Table 1).
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being explored for the treatment of GIST and SM. (C) Binding data for compounds screened at 3 mM against 392 kinases are depicted as red circles on the kinome
tree. The size of the circle indicates binding potency. Kinome illustration reproduced courtesy of Cell Signaling Technology (www.cellsignal.com).
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The most marked effect was seen in HMC1.2 cells, which carry the
dual exon 11/17 (V560G/D816V) KIT mutations (30). BLU-285
potently inhibited both KIT autophosphorylation (IC50 = 4 nM) and
downstream signaling in this cell line (Table 1 and fig. S2). BLU-285
was also highly active on the murine KIT D814Y mutant (equivalent
to human D816Y) mastocytoma line P815 (IC50 = 22 nM) and
on KIT exon 17 N822K in the human Kasumi-1 acute myeloid leu-
kemia line (IC50 = 40 nM; Table 1) (31, 32). BLU-285 inhibited
autophosphorylation in the HMC1.1 cell line expressing the KIT
JM domain V560G mutant (IC50 = 100 nM) but with less potency
than that observed in KIT exon 17 mutant cell lines. Finally, BLU-
285 showed the weakest activity against KIT WT, inhibiting autopho-
sphorylation with an IC50 of 192 nM in SCF-stimulated M-07e hu-
man megakaryoblastic leukemia cells, pointing to a potential safety
margin for inhibition of mutant KIT over endogenous KIT WT sig-
naling and other class III RTKs.

Antiproliferative effects of BLU-285 in KIT-dependent cell lines
correlated well with on-target potencies against individual KIT
mutants (Table 1). Together, these in vitro cellular data reflected
the biochemical activity of BLU-285 on KIT mutant and WT en-
zymes, where BLU-285 potency correlated with the activation status
of the enzyme. A similar pattern was observed with PDGFRA in
which cellular potency tracked with biochemical activity and the acti-
vated state of the protein; BLU-285 was most potent against the
PDGFRA D842V activation loop mutant, which distinguished this
compound from other established agents used for the treatment of
GIST (Table 1 and fig. S3).

BLU-285 demonstrates antitumor
activity in preclinical models of
KIT-driven diseases
In vivo activity of BLU-285 was assessed
across a panel of KIT-driven disease
models. The P815 mastocytoma cell line
was used to establish a KITmutant exon
17 subcutaneous allograft model. BLU-
285, administered orally, once daily from
0.3 to 30mg/kg, exhibited dose-dependent
antitumor activity in this model (Fig. 4A).
BLU-285 was well tolerated at all doses,
showing no adverse effects on body weight
(Fig. 4B). Dasatinib, used at the maximum
tolerated dose (MTD) in vivo as a compar-
ator based on its reported biochemical ac-
tivity against multiple KIT D816 mutants
(33), demonstrated inferior activity com-
pared to BLU-285, likely due to its poor
pharmacokinetics and issues with toler-
ability (Fig. 4B) (34). Pharmacokinetic
and pharmacodynamic (PK/PD) analy-
ses of plasma exposure and target en-
gagement in tumor samples showed that
phospho-KIT (pKIT) inhibition could be
sustained over 24 hours (Fig. 4C and fig.
S4). BLU-285 at a 10 mg/kg dose caused
75% pKIT inhibition with significant anti-
tumor activity [P < 0.001, analysis of var-
iance (ANOVA)], whereas BLU-285 at
30 mg/kg drove sustained pKIT inhibi-
tion to 90% and led to full tumor regres-

sion (table S3). These data demonstrated that complete target
coverage by BLU-285 was achievable at exposures that were well
tolerated.

Next, the activity of BLU-285 was assessed in a patient-derived
xenograft (PDX) from a refractory GIST lesion bearing KIT exon
11/17 (del557-558/Y823D) alterations. As anticipated, this model
was resistant to imatinib (Fig. 4D, top). These data are reflective of
the clinical experience because patients with this KIT exon 11/17
double mutation usually progress on imatinib and sunitinib thera-
pies, leaving regorafenib as their final approved therapeutic option.
Administrationof regorafenib (30mg/kg), equivalent to the recommended
humandose of 160mg (35), resulted in tumor stasis in thismodel, as did
BLU-285 (3 mg/kg). In contrast, BLU-285 at doses of 10 and 30 mg/kg
resulted in tumor regression (Fig. 4D, top) and were well tolerated (fig.
S5). Pharmacodynamic analysis of tumors harvested 24 hours after
BLU-285 administration revealed a dose-dependent inhibition of KIT
autophosphorylation correlating with tumor response (Fig. 4D).Micro-
scopic evaluation showed that in addition to decreases in tumor size, the
BLU-285 (10 and 30 mg/kg) cohorts exhibited 27 and 50% reductions
in nuclear density (fig. S6). This decrease resulted from myxoid degen-
eration, a phenomenon observed in GIST and select other mesenchy-
mal tumors, which is characterized by replacement of tumor cells by
connective tissue mucosubstances. Myxoid degeneration is known to
occur in GIST tumors responding to imatinib or undergoing spontane-
ous regression (10, 36).

The potent activity of BLU-285 toward KIT exon 11 JM domain
mutants in the biochemical and cellular settings warranted preclinical
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exploration in a model of primary GIST bearing the KIT exon 11
del557-559insF alteration. This PDX model was sensitive to imatinib,
as expected (Fig. 4E, top). Notably, doses of 30 and 100 mg/kg
BLU-285 led to tumor regression similar to that observed with im-
atinib, and at 10 mg/kg, BLU-285 produced tumor stasis. Again,
histological assessment of tumors showed a decrease in cellularity
and myxoid degeneration in the imatinib and BLU-285 treatment
groups, coincident with tumor regression (fig. S7). Therefore, al-
though BLU-285 was most potent in the KIT activation loop mu-
tant models, robust in vivo activity against the primary KIT exon
11 GIST mutants was achieved at slightly higher yet well-tolerated
exposures (fig. S8). Assuming similar dose-exposure tolerability
in patients, these results suggest that in addition to activity on ac-
tivation loop mutants alone and the exon 11/17 double mutants in
refractory GIST, BLU-285 may be able to prevent the emergence
of the primary KIT exon 11 mutant clone in the clinical setting of
acquired resistance.

Finally, a GIST PDX model bearing the KIT exon 11/13 (del557-
558/V654A) double mutation was studied. This model was resistant
to imatinib and sensitive to sunitinib as expected (Fig. 4F, top). A dose
of BLU-285 (10 mg/kg) was not efficacious, reflecting the reduced
activity of BLU-285 against this KIT exon 11/13 (V559D/V654A)
double mutant observed biochemically (Fig. 3). In contrast, BLU-
285 at the dose of 30 mg/kg resulted in marked tumor regression,
concomitant with roughly 60% inhibition of KIT autophosphorylation
(Fig. 4F, bottom). These results confirm a dose-dependent in vivo ac-
tivity of BLU-285 against KIT exon 11/13 lesions, suggesting broad
activity of BLU-285 across the clinically relevant KIT mutational
spectrum observed in GIST.

BLU-285 exhibits clinical activity in early studies
To investigate the impact of BLU-285 on KIT- and PDGFRA-driven
malignancies, we progressed BLU-285 into phase 1, first-in-human
(FIH) dose-escalation studies in patients with advanced, unresectable
GIST (NCT02508532) and advanced SM (NCT02561988). These two
patient populations lack effective therapies and are each character-
ized by a high incidence of KIT and/or PDGFRA activation loop
mutations.

A 65-year-old female with primary gastric PDGFRAD842Vmutant
GIST, who had progressed on previous imatinib, dasatinib, and creno-
lanib therapy, was enrolled at the first dose level (30 mg) (37). BLU-285
was administered orally, once daily in cycles of 28 days, and radio-
graphic response was assessed per Response Evaluation Criteria in Solid
Tumors (RECIST1.1) on day 1 of cycle 3. After 8 weeks of treatment
with BLU-285, a 31% reduction in tumor size was observed by com-
puted topography (CT) scan and confirmed by central radiographic
review (Fig. 5A). A second CT scan 2 months later confirmed a partial
response with 48% reduction in tumor size, and response was main-
tained for at least 15 cycles and continued at the time of manuscript
preparation. Interrogation of circulating tumor DNA (ctDNA)
collected before and at 2-week intervals after BLU-285 administration
demonstrated a rapid and sustained reduction of PDGFRA D842V
allele burden detected in the plasma (Fig. 5A).

Similar early antitumor activity was observed in a 48-year-old pa-
tient with a GIST tumor bearing a rare primary KIT D820Y activation
loopmutation with clinical progression on previous imatinib, sunitinib,
and regorafenib therapy (37). This patient was treated once daily with
60mgof BLU-285; RECIST1.1 evaluation revealed a 25% tumor shrink-
age at the first assessment that was confirmed on day 1 of cycle 5, with a

Table 1. Inhibition of KIT/PDGFRA autophosphorylation and proliferation in cell lines.

pKIT inhibition IC50 (nM)

Cell line Mutation Exon Tissue BLU-285 Imatinib Sunitinib Regorafenib

M-07e KIT WT — Human megakaryoblastic leukemia 192 336 3 63

HMC1.1 KIT V560G 11 Human mast cell leukemia 100 21 1 38

Kasumi KIT N822K 17 Human acute myeloid leukemia 40 129 6 111

P815 KIT D816Y 17 Murine mastocytoma 22 1236 611 128

HMC1.2 KIT V560G/D816V 11/17 Human mast cell leukemia 4 9144 14,488 314

CHO PDGFRA WT — Engineered 95 <100

CHO PDGFRA V561D 12 Engineered 40 <100

CHO PDGFRA D842V 18 Engineered 30 3145

Proliferation IC50 (nM)

Cell line KIT mutation Exon Tissue BLU-285 Imatinib Sunitinib Regorafenib

M-07e WT — Human megakaryoblastic leukemia 417 604 132 678

HMC1.1 V560G 11 Human mast cell leukemia 344 36 13 115

Kasumi N822K 17 Human acute myeloid leukemia 75 382 31 211

P815 D816Y 17 Murine mastocytoma 202 2,811 230 1,974

HMC1.2 V560G/D816V 11/17 Human mast cell leukemia 125 11,355 1506 >25,000
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28% reduction and maintained through cycle 15 (32% reduction), as
assessed by central radiographic review (Fig. 5B).

Finally, in advanced SM, robust clinical activity was observed in a
patient treated with 60 mg of BLU-285 (38). Bone marrow mast cell
infiltration, a hallmark of SM, was measured at baseline and again after
two cycles of BLU-285. A marked decrease in bone marrow mast cells

was observed, indicating an effect on aberrant mast cell survival within
the bone marrow environment and suggestive of rapid therapeutic
activity (Fig. 5C). This early activity of BLU-285 on both GIST and
SM with PDGFRA and KIT activation loop mutations suggests the
promise of this targeted therapy for several typically treatment refrac-
tory patient populations.
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daily; BID, twice daily.
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DISCUSSION
Until now, patients with diseases associated with KIT or PDGFRA ac-
tivation loopmutant kinases have had fewmeaningful treatment options.
Drug discovery efforts to address these genetic drivers have primarily fo-
cusedon repurposingmultikinase inhibitorswith ancillaryKIT/PDGFRA
activity, engineering activation loopmutant activity into imatinib-like
type II scaffolds, or developing target-directed antibodies, both naked
and conjugated to cytotoxics. Unfortunately, these approaches have all
failed to date because of an inability to sufficiently inhibit KIT and
PDGFRA activation loopmutations without concomitant dose-limiting
toxicities. With no viable therapeutic options in hand, doctors are left
filling this medical void by administering to patients either ineffective
drugs or agents whose use lacks sound scientific rationale. For example,
many patients with either PDGFRA D842V GIST or KIT D816V SM
receive imatinib despite a mountain of preclinical and clinical data that
demonstrate its ineffectiveness. The delivery of such therapies introduces
unnecessary risk to patients and increasingly unjustifiable health care
expense (39).

BLU-285 was designed as a potent and highly selective inhibitor of
KIT and PDGFRA activation loop mutant kinases. In contrast to the
approved type II agents with KIT inhibitory activity, BLU-285, a type
I inhibitor that binds the active conformation of the kinase, was able to
inhibit all activation loop aberrations tested, including the difficult-
to-target PDGFRAD842V and structurally homologous KITD816V
mutants. As anticipated from this precision targeted approach, BLU-285
rapidly demonstrated signs of clinical activity in patients harboring these
particularmutations, even at the lowest dose levels tested.On the basis of

these observations, BLU-285 has the potential to address the medical
need for these genomically defined patient populations.

Preclinical profiling against numerous KIT primary activating mu-
tants and several secondary resistancemutants identified in imatinib- or
imatinib/sunitinib-resistant GIST patients demonstrated that BLU-285
maintained activity against a broad spectrum of additional disease-
relevant KIT mutants, with only slightly shifted potencies both in vitro
and in vivo. This is unsurprising, given that the various activating mu-
tations all serve, albeit to differing degrees, to shift the conformational
equilibrium of KIT to the active form, thus enhancing its affinity for
BLU-285. By escalating doses of BLU-285 in ongoing clinical studies
in patients with GIST and SM, we will likely be able to determine the
extent and spectrum of additional KIT and PDGFRA activating muta-
tions that can be inhibited adequately to result in meaningful clinical
outcomes.

Although the full spectrum of clinical mutants covered by BLU-285
will be characterized with emerging data over time, it may not be fea-
sible for any single inhibitor to address all of the variousmutations iden-
tified in KIT and PDGFRA in a kinome-selective manner. In addition,
similar to most other targeted therapies against kinase drivers, new on-
target resistance mutations may manifest themselves upon prolonged
treatment. Although forthcoming clinical trial data will illuminate
any gaps that exist in BLU-285 coverage, combination strategies de-
signed to complement or enhance the activity of BLU-285 in oncogenic
KIT- and PDGFRA-driven disease should also be considered. Given the
high degree of kinome selectivity and a seemingly favorable clinical
safety profile in early trials, BLU-285 is a promising candidate for both
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Fig. 5. Clinical data with BLU-285 confirm early evidence of activity in pa-
tients with diseases driven by KIT and PDGFRA activation loopmutations.
(A) BLU-285 [30mgper os (PO), QD] induces rapid radiographic clinical response
per RECIST1.1 (31% tumor reduction at week 8) and decline in PDGFRA D842V
ctDNA in a patient with PDGFRAD842V–mutant GIST that progressed on previ-
ous imatinib, dasatinib, and crenolanib therapy. The images show CT scans with
tumor circled in yellow. The graph shows tumor burden asmeasured by the sum
of the longest dimension for the target lesions (per RECIST1.1) andmutant allele
frequency (MAF). (B) Radiographic clinical response per RECIST1.1 with BLU-285
(60 mg PO, QD) in a patient with primary KIT D820Y–mutant GIST that had pre-
viously progressed on imatinib, sunitinib, and regorafenib. The images show CT
scans with a pelvic tumor mass highlighted within yellow circles that demon-
strated a 28% tumor reduction at day 1 of cycle 5. A partial response of 32%
tumor reduction was confirmed by central radiographic review at cycle 15.
(C) BLU-285 (30mg PO, QD)markedly decreased bonemarrowmast cell bur-
den in a patient with KIT D816V–driven aggressive SM. At baseline, diffuse
bone marrow infiltration with malignant mast cells obliterated normal hem-
atopoiesis (left). After BLU-285 treatment, there was a marked reduction in
malignant mast cells and return of normal trilineage hematopoiesis (right).
Scale bars, 1000 mm (left) and 200 mm (right).
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targeted single agent and combination regimens in KIT/PDGFRA-
driven malignancies.

MATERIALS AND METHODS
Study design
The aim of this study was to design and characterize BLU-285, a potent,
selective small-molecule inhibitor of KIT/PDGFRA activating mutants
including activation loop mutants. BLU-285 activity was assessed in
enzymatic assays with recombinant KIT/PDGFRA WT or mutant
protein, cell lines driven by mutant KIT activation, and in vivo pre-
clinical KIT-driven models. All animal studies were performed under
Institutional Animal Care and Use Committee (IACUC) guidelines
established at each respective institution where study was conducted.
The sample size for animal experiments (n = 6 to 11) was based on
the results of preliminary experiments, with exact numbers described
in Materials and Methods. Mice were randomly assigned to the treat-
ment and control groups; investigators were not blinded during evalu-
ation of the preclinical in vivo experiments. The BLU-285 FIH phase
1 clinical trial was an open-label, nonrandomized study built to assess
safety, MTD, pharmacokinetics, pharmacodynamics, and preliminary
antitumor activity of BLU-285.

LanthaScreen binding assays
Seriallydilutedcompounds,KITprotein, andanti–glutathioneS-transferase–
Europium antibody were incubated with tracer as follows: KIT WT,
V560G, and D820E proteins with tracer 222 and KIT D816E, A829P,
and D816V with Tracer 178. Plates were incubated at 25°C for 60 min
and read on a PerkinElmer EnVision with two excitation flashes and two
emission reads:lex = 350nm,lem=665nm;lex = 350nm,lem=615nm.

IC50 generation
Raw data were normalized to 0 and 100% inhibition controls using
dimethyl sulfoxide (DMSO) and staurosporine, respectively. IC50

values were calculated using a three- or four-parameter logistic
nonlinear regression model.

BLU-285 synthesis
The synthesis of BLU-285 is described in issued patent WO2015/
057873; example 7, compound 44.

KINOMEscan binding assays
Compounds were screened at 3 mM concentration against a panel of
392WT kinase constructs using the KINOMEscan assay platform at
DiscoveRx, as previously described (40).

Hotspot kinase profiling assays
In vitro kinase profiling ofKIT andPDGFRAconstructs was performed
at Reaction Biology Corporation. Kinase/substrate pairs, serially diluted
compounds, and any additional cofactors required were prepared in
a reaction buffer at their respectiveMichaelis constant (Km) for ATP.
33P-ATP (10 mCi/ml) was added to initiate the reaction, followed by
the detection of kinase activity by a filter-binding method.

Cell culture
HMC1.1 andHMC1.2 cell lines were licensed from J. Butterfield (Mayo
Clinic) (41). Cells were grown in Iscove’s modified Dulbecco’s medium
containing 20or 10% fetal calf serumsupplementedwith iron (HyClone).
Kasumi-1, P815, andChinese hamster ovary (CHO)–K1 cells (American

TypeCulture Collection) were grown in vendor-recommendedmedium.
M-07e cells (DSMZ)were grown inDulbecco’smodified Eagle’smedium
containing granulocyte-macrophage colony-stimulating factor (5 ng/ml)
formaintenance or in SCF (5 ng/ml) for cell-based assays. PDGFRAWT
and mutant kinase constructs were transiently transfected into CHO
cells, as previously described (29). All cells underwent short tandem
repeat authentication; cells were discarded after 20 passages.

Immunoblot analysis
After treatment of cells with compounds, cells were lysed in Phospho-
Safe lysis buffer with protease/phosphatase inhibitors. Total protein
concentration was determined using a bicinchoninic acid (BCA) assay
(Pierce). Primary antibodies include total KIT (#3308, Cell Signaling
Technology), pTyr719-KIT (#3391, Cell Signaling Technology), total
PDGFRA (sc-338), pTyr754-PDGFRA (sc-12911), total AKT (#2920,
Cell Signaling Technology), pSer473-AKT (#4060, Cell Signaling Tech-
nology), total ERK (#9107, Cell Signaling Technology), pTyr/Thr 202/
204-ERK (#4370, Cell Signaling Technology), and b-actin (ab3280,
Abcam). Secondary antibodies were from Rockland Antibodies and
Assays [IRDye 800–conjugated rabbit immunoglobulin G (IgG) and
IRDye 700–conjugated mouse IgG]. Immunoblots were imaged using
an Odyssey LI-COR Fluorescent imaging system. PDGFRA autopho-
sphorylationwas assessedby immunoprecipitation, followedby immuno-
blotting for phospho-PDGFRA and total PDGFRA, as previously
described (14). To quantitate the percent of pKIT/PDGFR inhibition
in cells, the pKIT/total KIT ratio was calculated for each concentration
of compound and normalized to the average of DMSO-treated cells.

Autophosphorylation assays
AlphaLISA
Cells were seeded in a 384-well plate and incubated overnight at 37°C.
Compounds were serially diluted in 100% DMSO, added to cells at a
final DMSO concentration of 0.25%, and incubated at 37°C for 90 min.
Cellswere lysedwithAlphaLISALysisBuffer supplementedwithprotease/
phosphatase inhibitors with shaking for 30 min at 4°C. Total biotinylated
human KIT (#3308, Cell Signaling Technology), murine KIT (ab112167,
Abcam), and phosphoY719-KIT (#3391, Cell Signaling Technology) anti-
bodies and AlphaLISA donor and acceptor beads were added to lysates.
Plates were read on an EnVision using an AlphaScreen protocol.

Enzyme-linked immunosorbent assay
APathScan phospho c-kit (panTyr) sandwich enzyme-linked immuno-
sorbent assay (#7294, Cell Signaling Technology) was used to assess the
percent inhibition of autophosphorylation ofKITWT.M-07e cells were
seeded into a 96-well plate in serum/cytokine-freemedium, followed by
the addition of compounds for 60 min at 37°C. The cells were stimu-
lated with human SCF (50 ng/ml) and scanned on an EnVision plate
reader.

Cellular proliferation
Cells were plated in serum-containing medium and incubated
overnight at 37°C. Compounds were serially diluted and added to cells
at a final DMSO concentration of 0.25% and incubated at 37°C for
72 hours. Cell Titer-Glo reagent was added and read on the EnVision
using a 384-well luminescence protocol.

Animal studies
All animal studies were performed under IACUC guidelines established
at each respective institution where the study was conducted. BLU-285
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was formulated in 0.5% carboxymethyl cellulose + 1% Tween 80.
Dasatinib (Selleckchem) was formulated in 50% propylene glycol.
Imatinib (Carbosynth) was formulated in sterile water. Regorafenib
(Carbosynth) was formulated in a PEG400/125 mM methanesulfonic
acid (MSA) mixture at 80:20 ratio. MSA (125 mM) was prepared in
water. Sunitinib (Carbosynth) was formulated in 50 mM citrate buffer
(pH 3.5). The P815 xenograft study was performed atWuXi AppTec
in Shanghai, China. BALB/c nude mice were inoculated with 1 × 106

P815 cells subcutaneously at the right flank.When the average tumor
size reached about 75 mm3, treatment with test article began. Ten
animals were treated per group. Tumors were measured to assess an-
titumor activity. For PK/PD analysis, plasma and tumors were
collected from three mice per group. The GIST exon 11/17 (model
2007031011) and exon 11/13 (model GS11331) xenograft studies were
performed at Crown Biosciences. Nonobese diabetic–severe combined
immunodeficient mice were inoculated with 100,000 to 125,000 viable
cells subcutaneously into the rear flank. Animals were randomized
when average tumor volume reached 150 to 200 mm3, followed by oral
dosing of compounds. Eleven animals were treated per group. Plasma
and tumor samples were collected from three animals per group. The
GIST exon11 (modelUZLX-GIST3) xenograft (42) studywas performed
in the Laboratory of Experimental Oncology at KU Leuven, Belgium.
Tumors were bilaterally implanted onto the rear flanks of adult nude
nu/nu NMRI mice and randomized upon reaching an average tumor
volume of ~500 mm3. Six animals were treated per group for a total of
12 individual tumormeasurements. One animal per groupwas sacrificed
for PK/PD analysis, and the other five were used to evaluate antitumor
activity.

Xenograft tumor pharmacodynamic analysis
Frozen tumor slices were homogenized in 400 ml of PhosphoSafe lysis
buffer with protease/phosphatase inhibitors. Protein concentration was
determined using a BCAassay. Fiftymicrograms of lysatewas subject to
SDS–polyacrylamide gel electrophoresis, followed by immunoblotting.

BLU-285 phase 1 study
Open label, nonrandomized, global, FIH phase 1, dose-escalation stu-
dies with BLU-285 in advanced, unresectable GIST (NCT02508532)
and advanced SM (NCT02561988) were initiated to define the safety,
MTD, pharmacokinetics, pharmacodynamics, and preliminary anti-
tumor activity of BLU-285 in each indication. Initial sample size for
each study was about 60 patients (25 patients in dose escalation and
35 in dose expansion) as appropriate for FIH studies designed to iden-
tify an MTD and assess preliminary antitumor activity. All statistical
analyses of safety, pharmacokinetic, pharmacodynamic, and efficacy
data were descriptive in nature because the primary objective of the stu-
dies was to define the safety and MTD of BLU-285. The studies were
reviewed and approved by the institutional review board at each clinical
site. Written informed consent was obtained from all patients before
study entry. Key eligibility criteria for the GIST study included adult
patients (≥18 years of age) with unresectable GIST who had received
≥2 kinase inhibitors, including imatinib, or patients with tumors
bearing aPDGFRAD842mutation regardless of previous therapy; East-
ernCooperativeOncologyGroup (ECOG) performance status of 0 to 2;
and adequate bone marrow, hepatic, renal, and cardiac function. BLU-
285was administered orally, once daily, on a 4-week cycle using a 3+ 3
dose-escalation design. Adverse events per Common Terminology
Criteria for Adverse Events (CTCAE), pharmacokinetics, ctDNA levels
(Sysmex Inostics), and centrally reviewed radiographic response per

RECIST1.1 were assessed. Presented data are preliminary and represent
a cutoff of 28 April 2017. Key eligibility criteria for the advanced SM
study included adult patients (≥18 years of age) with aggressive SM,
SMwith associated hematologic neoplasm and one ormore C-findings,
or mast cell leukemia per World Health Organization diagnostic
criteria; ECOGperformance status of 0 to 3; and adequate bonemarrow,
hepatic, renal, and cardiac function. BLU-285 was administered orally,
once daily, on a 4-week cycle using a 3+3dose escalation design.Adverse
events per CTCAE, pharmacokinetics, ctDNA levels, and markers of
mast cell burden, including serum tryptase and bone marrow mast cell
content, were assessed. Presented data are preliminary with data cutoff of
1 December 2016.

Statistical analysis
Results for in vivo preclinical models were expressed as mean ±
SEM. Multiple group comparisons were made using Wilcoxon’s
matched pair test, Mann-Whitney U test, or one-way ANOVA,
followed by Tukey’s multiple comparisons test. P < 0.05 was
considered statistically significant. Analyses of preliminary efficacy
data in the phase 1 BLU-285 clinical trial are descriptive in nature.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/414/eaao1690/DC1
Fig. S1. Analysis of compound binding reveals broad type I activity across various forms of KIT.
Fig. S2. BLU-285 inhibits KIT signaling in a KIT exon 11/17 human cell line.
Fig. S3. BLU-285 exhibits differential activity on PDGFRA WT and V561D and D842V mutants.
Fig. S4. Pharmacodynamic analysis of KIT signaling in a P815 allograft model of SM
demonstrates in vivo target engagement.
Fig. S5. BLU-285 is well tolerated in a KIT mutant exon 11/17 PDX model of relapsed GIST.
Fig. S6. Histology of GIST PDX KIT mutant exon 11/17 tumors confirms tumor regression.
Fig. S7. Histology of GIST PDX KIT mutant exon 11 tumors was correlated with tumor size
regression.
Fig. S8. BLU-285 is well tolerated in a KIT mutant exon 11 PDX model of primary GIST.
Table S1. Human kinases with more than 90% binding by BLU-285, imatinib, sunitinib,
regorafenib, crenolanib, and midostaurin are listed.
Table S2. BLU-285 has selectivity for KIT D816V over several kinase antitargets.
Table S3. Antitumor activity of BLU-285 and type II inhibitors across various KIT mutant–driven
models of disease highlights robust activity of BLU-285.
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