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of Coinhibitory Receptor PD-1 

 

Abstract 

Coinhibitory immunoreceptor programmed cell death-1 (PD-1, CD279) plays a critical role in 

mediating T cell exhaustion and blockade of this pathway can promote antitumor immunity. While PD-1 

pathway inhibitors are revolutionizing cancer therapy, only a subset of patients respond and show durable 

remission, highlighting the need to better understand the basic mechanisms by which the PD-1 pathway 

inhibits T cell functions. Studies assessing PD-1 signaling mechanisms have the potential to identify novel 

targets for therapeutic intervention in cancer to improve patient responses.  

 

To identify novel mechanisms of PD-1 function, we utilized proximity labeling as an unbiased 

approach to survey proteins proximal to PD-1 following ligation and identified the mechanosensitive cation 

channel PIEZO1 as a primary target of PD-1-mediated inhibition. Stimulation of CD8+ T cells through the T 

cell receptor (TCR) and costimulatory receptor CD28 triggered the activation of PIEZO1 at the immune 

synapse, while simultaneous ligation of PD-1 countered this activation. We found that mice lacking PIEZO1 

selectively on CD8+ T cells exhibited significantly increased tumor growth marked by impaired CD8+ T cell 

function and this could not be rescued by PD-1 blockade. Conversely, CD8+ tumor infiltrating lymphocytes 

(TILs) from wild-type (WT) mice treated with PIEZO1 agonist showed greater functionality compared to 

controls. Coadministration of PIEZO1 agonist and PD-1 blockade significantly reduced tumor burden and 

improved survival in a PD-1 blockade-unresponsive tumor model. These findings identify PIEZO1 inhibition 

as an important mechanism by which PD-1 signaling regulates CD8+ T cell functions and suggest that 

modulating PIEZO1 activity on CD8+ T cells may be a novel approach to augment cancer immunotherapy.   

 

To determine how PD-1 tyrosine-phosphorylation motifs differentially impact downstream signaling, 

we relied on PD-1 mutant mouse models and proteomic methodology to uncouple the functions of PD-1 
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immune tyrosine-based inhibition motif (ITIM) and immune tyrosine-based switch motif (ITSM), as well as 

other potential signaling motifs. We found that ITSM-mutant mice controlled tumor growth similar to PD-1 

knockout (KO) mice, but did not full recapitulate PD-1 KO phenotypes. Furthermore, ITIM-mutant mice 

showed no significant improvement in tumor control, similar to WT mice. To further characterize these 

differences, we performed proximity phospho-proteomic analysis and PD-1 phospho-peptide pulldowns to 

assess PD-1 binding interactions and phosphorylation alterations. We confirmed that the ITSM recruits 

inhibitory phosphatases and kinases to dampen TCR-mediated activation and discovered that the ITIM 

associates with proteins involved in ubiquitin-mediated degradation, suggesting that the ITIM regulates the 

degradation of TCR effector proteins. Novel phospho-serine sites identified on the cytoplasmic tail of PD-1 

also exhibited unique protein binding behavior, implying that PD-1 retains residual signaling function beyond 

the ITIM and ITSM. While additional experimentation is necessary to confirm these findings, our results 

significantly advance our mechanistic understanding of PD-1-mediated signaling.   

 

Together, our studies have discovered a novel regulatory mechanism of PD-1-mediated inhibition 

and have substantially built upon our understanding of the function of PD-1 signaling motifs. Specifically, 

our findings demonstrate that PD-1 inhibition of PIEZO1 is therapeutically relevant in cancer and that novel 

PD-1 phosphorylation sites and binding partners may participate in uncharacterized functions of PD-1.  
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1.1 Introduction 

The adaptive immune system has evolved countless mechanisms to defend against a wide variety of 

invading pathogens. Importantly, the immune system must regulate these responses to maintain peripheral 

tolerance and protect healthy tissues from inflammatory tissue damage1,2. The balance between immunity 

and immune tolerance is regulated by costimulatory and coinhibitory molecules1–3. T cells express 

costimulatory and coinhibitory molecules for optimal activation and subsequent attenuation of positive 

signaling, respectively2,4,5. Naïve T cell activation in the lymph node requires two signals6. First, 

engagement of the T cell receptor (TCR) by major histocompatibility complex (MHC) I- or II-presented 

peptides (signal one), initiates a downstream signaling cascade that promotes T cell proliferation, 

differentiation and effector functions3,7,8. Simultaneous engagement of the costimulatory receptor CD28 by 

its ligands B7-1 or -2 (CD80 or CD86) is required for full T cell activation initiated by the TCR (Fig. 1)3,6,9–11. 

TCR ligation lacking a second costimulatory signal can lead to T cell anergy, a hyporesponsive state with 

low interleukin-2 (IL-2) production believed to be a tolerogenic mechanism6,12. In addition to the two-signals,  

signal 3 provided by inflammatory cytokines including interleukin-12 (IL-12) and Type I interferon (IFN) 

promotes T cell differentiation and acquisition of effector functions3,9. These signals culminate in T cell 

activation, differentiation, acquisition of effector functions and proliferation.  

 

Early during activation, negative regulators are induced to counter the activation program1–3. Programmed 

cell death-1 (PD-1, encoded CD279) is a coinhibitory receptor expressed on the surface of T cells, 

functioning as an attenuator of TCR and costimulatory receptor signaling1,2,13. Interaction with either of its 

ligands, programmed cell death ligand-1 (PD-L1; B7-H1; CD274) or -2 (PD-L2; B7-H2; CD273), results in 

PD-1-mediated dephosphorylation of TCR-related components and inhibition of proliferative and effector 

functions including cytokine production, cytolysis, Ca2+ flux, cytoskeletal rearrangements, migration and 

metabolic machinery14–20. While PD-1 inhibitory signaling plays a significant role of maintaining tolerance, 

it has received considerable attention for its role in contributing to T cell exhaustion, a discrete state of T 

cell differentiation caused by chronic antigen exposure. Exhausted T cells are dysfunctional T cells that 

progressively lose effector functions, and develop in the settings of cancer and chronic viral infection1,2,21. 

Tumors exploit the PD-1 pathway to avoid immune-mediated destruction.  Tumor cells can express PD-
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L1/2 ligands that engage PD-1 on T cells, and PD-L1 expression on tumor cells can contribute to inhibition 

of antitumor immunity 1,22,23. Guided by these principles, researchers developed PD-1 checkpoint blockade 

therapies to combat immune evasion by tumors, and these have emerged as revolutionary treatments for 

cancer patients in over 20 different cancer types4,21,24–27. Unfortunately, however, a significant subset of 

patients do not respond to PD-1 checkpoint blockade therapy or do not experience long lasting 

remission1,23.  

 

Despite widespread success of PD-1 pathway inhibitors in the clinic, the molecular signaling mechanisms 

governing PD-1-mediated inhibition in T cells are not well understood1,17. For this reason, a better 

understanding of PD-1 signaling could identify novel targets for single agent or rationale combination 

therapy to improve antitumor immunity and extend the benefit of cancer immunotherapy. In this chapter I 

first will discuss PD-1 function and how this function has been utilized in the clinic to stimulate robust T cell 

responses to fight cancer (1.2). Next, I will review our current understanding of the specific molecular 

mechanisms that mediate PD-1 inhibitory signaling, which result in attenuation of T cell function (1.3).  I will 

also examine the role of mechanosensation in immune cells, as our studies have discovered a novel role 

of PD-1 in inhibiting mechanosensation that is required for optimal T cell function (1.4). Finally, I will provide 

an overview of this thesis, which substantially builds upon our understanding of how the PD-1 receptor 

functions (1.5).   

 

1.2 PD-1 function and clinical relevance 

PD-1 was discovered in 1992 by the Honjo lab, who sought to identify molecular mechanisms involved in 

self-nonself discrimination by the immune system13. While studying apoptosis as a feature of self-reactive 

immature T cells, the Honjo lab identified PD-1 as a novel gene potentially involved in activating the classical 

programmed cell death pathway, as its name suggests13,28. Subsequent studies assessing activation-

induced PD-1 expression on lymphocytes, PD-1-mediated inhibition on B cells and lupus-like autoimmunity 

in PD-1 deficient mice demonstrated, however, that PD-1 functions as negative regulator of immune cell 

responses, rather than an inducer of programmed cell death29–32. Surveillance of B7 homology-based 
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molecules lead to the identification of PD-1 ligands PD-L1/2, providing a mechanism for the induction of 

PD-1 inhibitory signals33–35.  

 

PD-1 is expressed on T cell, B cells, natural killer (NK) cells and natural killer T (NKT) cells, while its 

expression and function on activated monocytes and dendritic cells (DCs) is still debated2. PD-1 expression 

is induced following TCR or B cell receptor (BCR) ligation and its surface expression can be detected 24 h 

following T and B cell activation2,29. Seminal work from the Sharpe lab elucidated that inhibitory signals 

propagated by PD-1 are important for regulating central and peripheral tolerance2,36–38. Upregulation of PD-

1 following TCR engagement on CD8+ CD4+ thymocytes inhibited ERK activation and expression of anti-

apoptotic protein Bcl-2 to inhibit TCR-mediated positive selection of thymocytes37. Interestingly, elimination 

of PD-L1, but not PD-L2, was sufficient to resolve defects resulting from PD-1 overexpression in murine 

thymocytes37. Moreover, self-reactive T cells that escaped negative selection in the thymus were controlled 

by PD-1 ligation in the periphery2. Initial studies of T cell-mediated diabetes explored the necessity of PD-

L1 and PD-L2 in regulating peripheral tolerance36. Transfer of prediabetic T cells into PD-L1/2 wild-type 

(WT) or knockout (KO) non-obese diabetic (NOD) severe combined immunodeficient (SCID) mice and into 

bone marrow chimeras expressing PD-L1/2 only on nonlymphoid tissues showed that both PD-L1 and PD-

L2 played a role in dampening CD4+ T cell effector function, but PD-L1 uniquely protected the pancreas 

from self-reactive T cell-mediated tissue damage36. In addition, PD-1 KO CD8+ OT-1 adoptive transfer 

studies in RIP-OVA mice demonstrated that PD-1/PD-L1 interactions in cross-presenting DCs were critical 

for regulating the induction of tolerance, while PD-L1 expression on parenchymal cells controlled self-

reactive effector T cell responses to maintain this tolerance38.  

 

Given the emerging role of the PD-1 pathway in regulating self-tolerance, concurrent studies explored the 

role of PD-1 in mediating tumor immunity. Work pioneered by the Allison lab discovered that antibody 

blockade of coinhibitory receptor CTLA-4, which sequesters CD28 ligands B7-1/2 to prevent CD28 ligation 

and optimal T cell activation, resulted in tumor rejection, proving that tumors actively inhibited the immune 

system to evade immune-mediated destruction39. The similar role of PD-1 as a T cell inhibitor led 

researchers to assess the role of the PD-1 pathway in cancer progression. Multiple studies found that 
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expression of PD-L1 on various tumor types resulted in worse prognosis marked by a decrease in CD8+ T 

cell infiltration40–42. Moreover, antibody blockade of  PD-1 or PD-L1 resulted in potent antitumor responses 

in mice driven by improved immune T cell activation, pro-inflammatory cytokine production, cytolysis, and 

CD8+ T cell infiltration in the tumor41,43,44. Together, these studies proved that the PD-1 pathway is a primary 

source of immune evasion in numerous cancer types and could be targeted to elicit antitumor immunity. In 

response to these findings, PD-1 and CTLA-4 blocking antibodies were designed and optimized for use in 

clinical trials. Early clinical trials for CTLA-4 and PD-1 blockade in melanoma and refractory tumors, 

respectively, resulted in improved median survival and showed evidence of antitumor activity, with many 

more successful trials to follow27,45,46. Currently, FDA approval of PD-1 and PD-L1 blocking antibodies 

allows for the treatment of non-small cell lung cancer, melanoma, renal cell carcinoma, bladder cancer and 

colorectal cancer among others23,47. Unfortunately, while many single and combination immunotherapies 

decrease tumor burden and increase overall survival for many patients, a significant subset of patients do 

not respond to PD-1 therapy or do not experience long-lasting remission despite expression of these 

molecules1,23–26.  

 

1.3 PD-1 signaling mechanisms 

To properly address the variability of responses experienced by patients treated with PD-1 blockade 

therapy, it is crucial to develop a better understanding of the intracellular signaling mechanisms driving PD-

1-mediated inhibition. Despite agreement in the literature regarding the role of PD-1 as a negative T cell 

regulator, the mechanisms by which PD-1 inhibits T cell function are widely disputed. PD-1 is type I 

transmembrane receptor containing an extracellular stalk with an immunoglobulin (Ig) superfamily domain, 

a transmembrane domain and a flexible cytoplasmic tail2. As a non-enzymatic membrane receptor, PD-1 

exercises its inhibitory function via the recruitment of tyrosine phosphatases following PD-L1/2 ligation and 

subsequent phosphorylation (Figure 1.1a). The kinase that phosphorylates PD-1 has not been determined, 

though tyrosine protein kinase LCK and c-terminal Src kinase (CSK) are involved in the TCR signaling 

cascade and have been implicated in PD-1 phosphorylation15,16. SH2-containing protein tyrosine 

phosphatases SHP1 (PTPN6) and SHP2 (PTPN11) bind two tyrosine-containing immunoreceptor motifs 

on the PD-1 cytoplasmic tail: an immunoreceptor tyrosine-based inhibition motif (ITIM) and an 
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immunoreceptor tyrosine-based switch motif (ITSM)2,14,15,30,48. Recruitment of SHP1 and SHP2 to the 

cytoplasmic tail of PD-1 results in dephosphorylation of TCR , CD28 and downstream effector proteins, 

leading to attenuation of T cell function (Figure 1.1b-c)14–16,30,49. While SHP2 associates with both the ITSM 

and ITIM, SHP1 associates primarily with the ITSM, although some groups have not been able to identify 

SHP1 association with PD-114,15,19,50. Moreover, affinity purification mass spectrometry studies found that 

signaling lymphocytic activation molecule-associated protein SAP (SH2D1A) opposed PD-1 signaling by 

shielding tyrosine phosphorylation sites from SHP2, suggesting that negative regulators of inhibitory 

signaling also exist in T cells50.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Current model of PD-1 signaling. a) The structure of PD-1 containing tyrosine 
phosphorylation motifs and K48-linked ubiquitination site on the cytoplasmic tail48,52. b) Phosphatase 
and kinase recruitment to the cytoplasmic tail of PD-1 following ligation by PD-L1/248. c) Effects of PD-
1-mediated inhibition observed in human and murine CD8+ and CD4+ T cells17. Solid lines and arrows 
originating from proteins depict strong associations with PD-1 while dotted lines and arrows depict less 
robust associations with PD-1. Question mark denotes unknown function. Schematic created using 
BioRender.  
 

a b c 
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Single tyrosine to phenylalanine mutation in the ITIM or ITSM sequence of PD-1 enabled the investigation 

of each motif’s distinct function48. Experiments conducted using Jurkat cells, human T cell blasts, B cells 

and CD4+ and CD8+ T cells, as well as synthetic cell systems have demonstrated that PD-1 ITSM mutant 

cells exhibit increased cytokine production, proliferation and TCR-mediated signaling pathway activation 

marked by a lack of SHP2 recruitment compared to ITIM mutant cells14–16,19,30,49,50. However, the distinct 

role of each motif in driving effective PD-1 signaling is not clearly understood14,19,48,50. Because mutation in 

the ITSM significantly attenuates PD-1 effector functions compared to mutation in the ITIM, ITSM 

recruitment of SHP2 is thought to be the primary mediator of PD-1 signaling14,30,48,50. Interestingly, T cell-

specific SHP2 KO mice respond to PD-1 blockade and T cells from these mice acquire a dysfunctional state 

when exposed to chronic antigen, suggesting that SHP-2 modulates select exhaustion features in T cells 

and that additional factors are involved in mediating PD-1 signaling51. Furthermore, these studies do not 

comment on a potential function for the ITIM. These data suggest that SHP2 association with PD-1 is more 

complex than previously characterized and that unidentified proteins are necessary for potentiating PD-1-

mediated inhibition.  

 

In addition to tyrosine phosphorylation sites, a ubiquitin site was recently identified on the cytoplasmic tail 

of PD-1 (Figure 1.1a)52. In studies examining downregulation of PD-1 surface expression, PD-1 was found 

to be ubiquitinated on a conserved lysine residue (Lys223) in between the ITIM and ITSM52. K48-linked 

poly-ubiquitination of PD-1 was carried out by E3 ligase FBXO38, leading to the subsequent downregulation 

and degradation of PD-152. Moreover, mice lacking FBXO38 in T cells experienced increased tumor burden 

due to high surface expression of PD-1, which was reversed with PD-1 blockade52. These studies introduce 

an alternative method to blocking PD-1 by promoting its degradation through intracellular mechanisms and 

emphasize that aspects of PD-1 signaling and regulation remain to be characterized.  

 

Direct targets of PD-1 inhibitory phosphatases have also not been well-established. Western blotting in 

human T cell blasts and PD-1 phospho-peptide pulldowns in Jurkat cells have shown that PD-1 association 

with SHP2 resulted in the dephosphorylation of the CD3z chain as well as TCR-effector kinase ZAP70, 

which triggered the down-regulation of TCR-induced signaling pathways and effector functions15.  
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Conversely, in vitro studies using a synthetic cell system reported a direct and preferential 

dephosphorylation of the cytoplasmic tail of CD28 by the PD-1/SHP2 complex16. Interestingly, the studies 

demonstrating CD28 dephosphorylation in Jurkat cells observed no dephosphorylation of CD3 subunits or 

ZAP70, conflicting with previous data15,16. In vivo studies also demonstrate a necessity for CD28 ligation in 

processing PD-1-mediated inhibition in exhausted CD8+ T cells in the context of lymphocytic 

choriomeningitis virus (LCMV) and cancer53.  Direct dephosphorylation of CD3 subunits or CD28 by SHP2 

would significantly influence downstream molecular events that have been observed upon PD-1 ligation, 

yet the preferred targets of PD-1-mediated inhibition have not been determined.  

 

Downstream of TCR and CD28 inhibition, PD-1 ligation results in the attenuation of various effector 

functions in primary human and murine CD4+ and CD8+ T cells (Figure 1.1c). Downregulation of PI3K/AKT, 

Ras/ERK, PKCq/NFkB and PLCg/NFAT pathways and stimulation of basic leucine transcription factor ATF-

like (BATF) together decrease the production IL-2, IFNg and TNFa cytokines, reduce the expression anti-

apoptotic proteins Bim and Bcl-XL and impair CD4+ and CD8+ T cell proliferation14,17,30,49,54–56. In addition to 

disrupting signal transduction, studies investigating primary human CD4+ T cell metabolism have also 

highlighted a role for PD-1 in promoting beta-oxidation while suppressing oxygen consumption and 

impairing CD4+ T cell glycolysis and glutaminolysis, emphasizing a role for PD-1 in regulating metabolic 

function of CD4+ T cells20. Furthermore, PD-1 ligation controls murine CD8+ T cell motility and suppresses 

cell couplings between T cells and tumor cells in the tumor microenvironment, suggesting a significant role 

for PD-1 in regulating actin cytoskeletal dynamics18,57. Given the dramatic changes observed in CD4+ and 

CD8+ T cells upon PD-1 ligation and the complexity of membrane bound signaling, it is likely that additional 

mechanisms are necessary to attenuate the function of unidentified PD-1 target proteins, thereby 

influencing cancer pathogenesis. Since PD-1 biologics target only surface interactions, studying 

intracellular signaling poses an attractive avenue for determining whether these molecular events govern 

responsiveness to immunotherapy. In this way, mechanistic studies may uncover novel targets for cancer 

therapeutics that overcome the challenges faced by extracellular blockade, including penetration of 

antibody therapeutics in solid tumors58. 
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1.4 Mechanosensation in immune cells  

The studies conducted in this thesis have identified mechanosensation as a significant regulator of CD8+ T 

cell biology. For this reason, it is important to evaluate the various forces imparted on immune cells 

throughout the body and understand how these forces are translated into meaningful biological signals. 

Immune cell intravasation and migration to tissues exposes cells to a variety of forces, including shear 

stress, cyclical pressure, membrane deformation and cytoskeletal contractility59–61. Forces applied from the 

outside of the cell are termed “outside-in” forces, in that the external environment imparts force on the 

outside of the cell to induce signaling inside of the cell62,63. In addition, the generation of internal forces 

enables “inside-out” sensing which surveys stiffness, surface topography and ligand density in the 

extracellular environment, all of which are common functions of migrating or interacting immune cells59,62–

64. Many studies have determined that immune cells, as well as various parenchymal cells, not only endure 

these forces, but translate force into biological signals59,62.  

 

The discovery of mechanosensitive cation channels PIEZO1 (Fam38a) and PIEZO2 (Fam38b) has shed 

light on this important paradigm of cellular biology65. Until PIEZO1 and 2 were found to conduct 

mechanically active currents in a mouse neuroblastoma cell line, little progress had been made to 

characterize mechanosensors in mammals, as mammals do not have an ortholog for mechanically active 

ion channels studied in invertebrates66,67. The evolutionarily conserved PIEZO1 and 2 proteins play critical 

roles in various mechanotransduction processes, including pain sensation, proprioception, vascular 

development, bone remodeling, airway stretching, response to vascular and lymphatic flow, red blood cell 

volume, innate immunity and aging in the central nervous system, among others65,68–76. Structurally, 

PIEZO1 and 2 are homo-trimeric proteins containing three curved, nonplanar propellor blades, an 

extracellular cap and a central ion conducting  pore77–80.  External force deforms the cell membrane, known 

as the force-from-lipid model, and this lateral membrane tension opens the channel to induce an influx of 

cations (Figure 1.2a-b)77,79,81–83 . Multiple monovalent and divalent ions are able to pass through the central 

pore of PIEZO channels, however, studies have largely focused on Ca2+ influx and its influence on 

downstream signaling81. In addition, anchorage to dynamic cytoskeletal or extracellular matrix (ECM) 

proteins can pull PIEZO channels open, a process termed the tethered-spring or force-from-filament model 
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(Figure 1.2a,c)62,64,77,83–85. Both force-from-filament and force-from-lipid models contribute to ion channel 

gating, a process by which an ion channel transitions between its open and closed conformation to regulate 

the passage of electrical current through the ion-conducting pore, leading to downstream signaling (Figure 

1.2a-c)86. The fate of Ca2+ entering the cell depends largely on the cell type. PIEZO1 is expressed on a 

variety of cells types and tissues, including the lungs, bladder, pancreas, skin, bone, endometrium, heart 

and immune cell subsets, where it regulates a myriad of physiological functions mentioned above64–

66,69,70,73,74,87–89. More recent studies have begun to explore PIEZO1 function in adaptive immunity, namely 

in T cells90,91. Conversely, PIEZO2 is highly expressed in sensory dorsal root ganglia where is senses touch, 

pain, movement and airway stretching, while PIEZO1 is not expressed in sensory neurons66,71,72,87. 

Together, these studies suggest that force is an appreciable cellular stimulus and that mechanosensation 

is critical for cellular function, particularly in immunity.  

 

a 

b c 
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While the function of PIEZO1 in immune cells has recently emerged, it is well-established that lymphocyte 

migration and activation are mechanosensitive processes73,74,90,91.  To achieve movement throughout the 

body, lymphocytes rely on retrograde F-actin flow and catch-bond mechanics mediated by integrin 

adhesions to induce cell polarity for migration while shear force from fluid flow and catch-bond mechanics 

mediated by selectins regulate rolling and adherence to blood vessel walls59,92–94. Catch bonds refer to 

bonds, often between ligand-receptor pairs, that have increasing lifetime up to an optimal applied force, but 

decrease with increasing force beyond the threshold59,85. Since immune cells require direct cell-cell 

communication for function, many ligand receptor interactions depend on mechanosensitive catch bonds 

to mediate signaling, Specifically in T cells, catch bonds are formed between MHCI/II and the TCR during 

lymphocyte activation59,94–96. Studies assessing mechanosensation at the APC/T cell interface have found 

that the TCR mechanically samples antigen, uses force to assess substrate stiffness and experiences 

increased and prolonged signaling under higher levels of tension, which is marked by persistent Ca2+ 

influx59,94–97. In addition, the actinomyosin cytoskeleton regulates T cell responses to environmental 

mechanical rigidity and applies forces within the immune synapse to activate mechanosensitive receptors 

and induce receptor clustering59,95. Moreover, forces exerted by cytotoxic T cells at the immune synapse 

mediated by actin protrusions potentiate the release of cytotoxic granules for target cell killing59,98,99. 

Preliminary reports using mechanically strained DNA probes linked to a fluorescent reporter have also 

observed force transmission through the PD-1/PD-L2 complex97. Activated OT1 CD8+ T cells imaged on 

DNA probes containing PD-L2 resulted in a measurable piconewton force through PD-1, suggesting the 

storage of mechanical information by various immune cell receptors97. These studies underscore the 

necessity of mechanosensation for optimal T cell activation and function and introduce the notion that 

regulatory mechanisms likely exist to counter mechano-mediated signaling.    

 

 

Figure 1.2: PIEZO1 gating mechanisms. a) PIEZO1 in a closed confirmation in the plasma membrane 
in the absence of force. b) Force-from-lipid model where external forces applied to the cell deform the 
plasma membrane and gate PIEZO1 in an open confirmation83. c) Force-from-filament model where 
forces from contractile cytoskeleton filaments tethered to PIEZO1 pull on the channel to gate it in an 
open confirmation83. Schematic created using BioRender.  
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1.5 Thesis overview  

Despite clinical success of PD-1 blockade in treating numerous cancer types, the majority of patients do 

not show long lasting remission1,23–26. Unfortunately, the mechanisms underlying PD-1 function remain 

unclear, highlighting the need to better understand PD-1 signaling to improve the efficacy and durability of 

PD-1 immunotherapy in cancer patients, and develop rationale combination therapies1,17,23,25.  

 

In this thesis, we investigate intracellular signaling mechanisms driving PD-1-mediated inhibition. In 

Chapter 2, we describe an unbiased proximity labelling platform used to identify novel mediators and targets 

of PD-1 signaling. We show that PD-1 associates with mechanosensitive ion channel PIEZO1 over time, 

and this association results in PIEZO1 inactivation at the immune synapse, where it is required for optimal 

T cell activation. Mice deficient in PIEZO1 in CD8+ T cells have increased tumor burden that cannot be 

reversed by PD-1 blockade, confirming the necessity of PIEZO1 in regulating antitumor T cell responses. 

Mice treated with PIEZO1 agonist in combination with PD-1 blockade in a PD-1 blockade-resistant tumor 

model significantly attenuate tumor growth, highlighting PIEZO1 as a potential therapeutic target in cancer. 

In Chapter 3, we examine the distinct functions of the PD-1 ITIM and ITSM in vivo and find that ITSM mutant 

mice control tumor growth similar to PD-1 KO mice, while tumor growth kinetics in ITIM mutant mice 

resemble those observed in WT mice. Using various proteomic methods, we confirm the role of the ITSM 

in recruiting effector phosphatases and kinases to inhibit T cell function and identify a potential role for the 

ITIM in recruiting ubiquitin ligase machinery to potentially regulate the degradation of TCR effector proteins. 

Additionally, we identify novel phospho-serine sites on the cytoplasmic tail of PD-1 and demonstrate unique 

protein binding activity that may contribute to PD-1 function. These studies identify a novel mechanism of 

PD-1 inhibition through regulation of mechanosensation and further elucidate the distinct mechanisms by 

which PD-1 signaling motifs execute their inhibitory functions. Moreover, methods described in this thesis 

can be applied to immunoreceptors for which signaling remains unclear.  
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Chapter 2: 
 
 

PD-1 inhibits PIEZO1 on CD8+ T cells to impair antitumor immunity 
 

 

 

Parts of this chapter are in preparation for publication as:  

Emily F. Gaudiano, Maria Clark, Robyn Eisert, Gary Bradshaw, Paula Montero Lopis, Praju Vikas 

Anekal, Martin W. LaFleur, Konstantinos Kalyviotis, Samuel Markson, Jess Buck, Perlikis Pantazis, 

Marian Kalocsay and Arlene H. Sharpe. PD-1 inhibits PIEZO1 on CD8+ T cells to impair antitumor 

immunity. 

 

 

 

 

 

 

 

The experiments in this chapter were performed by Emily Gaudiano with technical assistance from Maria 

Clark (primarily in vivo tumor experiments and molecular cloning—Figures 2.3 and 2.4) and Jessica Buck 

(primarily in vivo tumor experiments and molecular cloning—Figures 2.1 and 2.3). Proteomic analysis was 

performed by the Laboratory of Systems Pharmacology under the guidance of Marian Kalocsay and with 

technical assistance from Robyn Eisert and Gary Bradshaw (Figures 2.1). Samuel Markson quantified 

summary statistics for PD-1-APEX2 proximity labelling experiments (Figure 2.1). Paula Montero Lopis 

performed imaging and Praju Vikas Anekal developed the analysis for these images (Figure 2.2). Perilikis 

Pantazis and Konstantinos Kalyviotis developed the PIEZO1 XLGenEPi reporter and offered technical input 

(Figure 2.2). Marin LaFleur offered intellectual input. Arlene Sharpe supervised the work. 
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2.1 Introduction 

The coinhibitory receptor PD-1 has received considerable attention for its role in contributing to T cell 

exhaustion during chronic infection and cancer1,2. PD-1 pathway inhibitors are FDA approved for treating 

over 20 types of cancer and have shown tremendous success in a subset of patients47. However, most 

cancer patients do not show durable responses and patients with specific cancer types experience little to 

no benefit from PD-1 pathway inhibitors24–26 Consequently, intense efforts are focused on identifying 

potential combination treatments that can synergize with PD-1 blockade to benefit more patients.  

 

Despite its widespread use in the clinic, there is a limited mechanistic understanding of PD-1 signaling. 

Ligation of PD-1 on CD8+ T cells by its ligands PD-L1 and PD-L2 results in the attenuation of various cellular 

processes driven by engagement of the TCR and costimulatory molecule CD2817,100. PD-1 plays a pivotal 

role in regulating the dephosphorylation of TCR-related components and inhibiting activation of T cell 

proliferative and effector functions including cytokine production, cytolosis, Ca2+ flux, cytoskeletal 

rearrangements, migration and metabolic machinery14–20. PD-1 exerts its inhibitory functions, at least in 

part, through the recruitment of SH2-containing tyrosine phosphatases SHP2 and SHP1, which bind 

tyrosine phosphorylation motifs, ITIM and ITSM, in the PD-1 cytoplasmic tail14,15,19,30,48. However, the 

precise mechanisms by which PD-1 and SHP2/SHP1 counter this activation program remain unclear. 

Recent studies have shown that T cell-specific SHP2 KO mice respond to PD-1 blockade and T cells from 

these mice acquire a dysfunctional state when exposed to chronic antigen51. These data suggest that 

phosphatase association with PD-1 is more complex than previously characterized and that unidentified 

proteins and signaling pathways may play a role in mediating PD-1 inhibition. Thus, we predicted that 

additional unidentified proteins contribute to PD-1-mediated CD8+ T cell inhibition and hypothesized that 

these proteins may provide novel therapeutic targets to augment PD-1-based immunotherapy.  

 

To test this hypothesis, we developed an unbiased proximity-labeling platform to identify proteins recruited 

to the cytoplasmic tail of PD-1 following ligation and identified the mechanosensitive ion channel PIEZO1 

as a primary target of PD-1-mediated inhibition. PIEZO1 is expressed on a variety of cancer, epithelial and 

immune cell subsets where its activity can be regulated by both force-from-lipid (shear stress, cyclical 
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pressure, membrane deformation) and force-from-filament (actinomyosin contractility, ECM tethering) 

mechanics that gate the ion channel in an open confirmation allowing Ca2+ to influx 65,68,73,74,76,86–88,90,101. 

We found that stimulation of CD8+ T cells through TCR and CD28 engagement triggered the activation of 

PIEZO1, consistent with previous reports90. Notably, simultaneous ligation of PD-1 countered PIEZO1 

activation and subsequent Ca2+ influx. Moreover, mice deficient in PIEZO1 in CD8+ T cells exhibited 

significantly increased tumor growth. CD8+ tumor infiltrating lymphocytes (TILs) isolated from these mice 

were less abundant, less activated and less cytotoxic. Importantly, tumor-bearing CD8+-specific PIEZO1 

KO had diminished response to PD-1 blockade. In complementary studies, WT tumor-bearing mice treated 

systemically with PIEZO1 agonist Yoda1 showed increased activation of effector CD8+ T cells in the TME 

as well as decreased tumor burden and improved survival when combined with PD-1 blockade. Our results 

identify inhibition of PIEZO1 activity as a novel mechanism by which PD-1 mediates its inhibitory functions 

and suggest that pharmacological engagement of PIEZO1 may be an effective combination therapy to 

augment PD-1 inhibitors in cancer patients.  

 

2.2 Results 

Proximity labelling identifies PD-1 and PIEZO1 association  

Despite the clinical success of PD-1 pathway inhibitors, the proximal signaling events following ligation of 

PD-1 by PD-L1/2 remain unclear1,2,17. Previous proteomic immunoprecipitation methods used to identify 

direct binding partners of PD-1 did not characterize membrane dynamics and protein localization changes 

proximal to PD-1 in real time15,50. To circumvent these issues, we designed a multiplexed proximity-labelling 

proteomics platform to spatially and temporally determine the molecular events that occur following PD-1 

ligation (Figure 2.1a)102,103. First, we generated Jurkat cell lines stably expressing human or murine PD-1 

fused to an ascorbate peroxidase 2 (APEX2) labelling probe on the C-terminus of the PD-1 cytoplasmic tail 

(Figure 2.S1a)102. PD-1-APEX2-expressing Jurkat cells were sorted and assessed for labelling efficiency 

using anti-streptavidin Western blotting (Figure 2.S1b-c). Tosyl-activated Dynabeads were covalently 

coupled to CD3 and CD28 crosslinking antibodies and PD-L1 (TCR-PD-L1) or control ligand (murine IgG1k, 

mIgG1k, TCR-control) to provide primary and costimulatory signals for T cell activation while driving strong 

inhibitory signals through PD-1 (Figure 2.S2). Following incubation in labelling media containing biotinyl 
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tyramide, PD-1-APEX2-expressing Jurkat cells were co-cultured with TCR-PD-L1 or TCR-control beads for 

0, 2, 5, 10 and 20 min (Figure 2.1b). Addition of H2O2 to the cell:bead co-cultures during the last minute of 

each timepoint induced biotinylation of proteins within a 10nm radius of the PD-1 cytoplasmic tail (Figure 

2.1a, Figure 2.S1c). Sample fractions were lysed and biotinylated proteins were pulled down using 

streptavidin beads. Samples were trypsin-digested, treated with tandem mass tag (TMT) labels, pooled and 

quantified by triple-stage mass spectrometry 3 (MS3) to identify proteins in close proximity to the PD-1 

cytoplasmic tail104. 

 

To quantify the co-localization of PD-1 with top hit proteins over time following PD-L1 ligation compared to 

TCR stimulation alone, we calculated scaled TMT ratios of identified proteins in each condition. Consistent 

with previous reports14,19,30,50, we observed a strong enrichment of phosphatase SHP2 peptides over time 

following TCR-PD-L1 ligation compared to TCR-control stimulation using both human and murine PD-1 

constructs, confirming that SHP2 is recruited to PD-1 following ligation to mediate inhibitory signaling 

(Figure 2.1c, Figure 2.S3a). Strikingly, we also identified a robust enrichment of peptides from 

mechanosensitive ion channel PIEZO1 over time following PD-L1 ligation compared to control stimulation, 

suggesting that PIEZO1 closely associates with PD-1 following ligation (Figure 2.1d, Figure 2.S3b).  

 

We next analyzed the recruitment kinetics of previously reported mediators and targets of PD-1 signaling, 

including phosphatase SHP1, CD3 subunits, CD28 and ZAP7014–16. While we detected significant 

enrichment of SHP1 over time following PD-1 ligation compared to TCR stimulation, the magnitude of 

enrichment was dramatically lower than SHP2 or PIEZO1 (Figure 2.1e, Figure 2.S3c). We also did not 

observe robust recruitment of CD3 subunits, CD28 or ZAP70 (Figure 2.1f-g, Figure 2.S3d-i and Figure 

2.S4a-d). Similarly, one-way hierarchical clustering did not reveal a significant correlation among PD-1 and 

SHP1, CD3 subunits, CD28 or ZAP70 (Figure 2.1h, Figure 2.S4e). It is likely that these proteins 

constitutively localize with PD-1 during both activation and inhibition at the immune synapse, and therefore, 

recruitment over a distance is not captured19. However, one-way hierarchical clustering revealed a 

significant correlation among PD-1, SHP2 and PIEZO1, suggesting similar recruitment kinetics of SHP2 
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and PIEZO1 in response to PD-1 ligation (Figure 2.1h, Figure 2.S4e). These results imply a functional role 

for PIEZO1 in PD-1-mediated inhibition of T cells that has not yet been explored. 

 

To assess the landscape of protein localization changes following TCR stimulation alone or with PD-1 

ligation, we used gene ontology (GO) Term analysis to compare pathways that were enriched in PD-L1 or 

TCR stimulated conditions. We found that clathrin-mediated endocytosis and membrane trafficking were 

among the top pathways enriched in TCR-PD-L1 conditions compared to TCR-control conditions, 

suggesting rearrangement of the plasma membrane and cytoskeleton to alter receptor turnover and prevent 

stable contact at the immune synapse (Figure 2.1i)18,95,105. As anticipated, signaling pathways involved in 

TCR and immune response activation, as well as actin cytoskeleton organization, were enriched in TCR-

control stimulated conditions compared to those treated with TCR-PD-L1 (Figure 2.1i) 9,16,95. We also 

calculated the mean slope for each gene across all time points in both TCR-PD-L1-ligated and TCR-control-

stimulated conditions to rank the most highly enriched proteins over time. SHP2 and PIEZO1 ranked highest 

as proteins experiencing change in slope following PD-L1 ligation compared to TCR stimulation alone, 

along with sorting nexins involved in intracellular trafficking (SNX12), actin polymerizing subunits (ARPC2, 

TFG) and membrane transporters (SLC34A1, SLC44A1) (Figure 2.1j).  As expected, we identified various 

TCR- and CD28-related genes enriched in the TCR-control-treated samples, including CD28, CD3z, 

ZAP70, VAV3 and PI3K-related proteins (Figure 2.1j)17. Collectively, these data highlight the diverse 

membrane dynamics that occur following TCR stimulation and PD-L1 ligation in T cells, which not only 

confirm previous findings, but also identify the novel association of PD-1 and PIEZO1 to unveil a previously 

uncharacterized regulatory mechanism of PD-1-mediated inhibition involving mechanosensation.  
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Figure 2.1: APEX2 proximity labelling identifies PIEZO1 as PD-1 target. a) Diagram of PD-1-APEX2 
proximity labelling dynamics in Jurkat cells treated with TCR-PD-L1- and TCR-control-containing beads. 
b) Experimental schematic of PD-1-APEX2 proximity labelling time course with bead treatment. TMT 
ratios over time (min) of c) SHP2, d) PIEZO1, e) SHP1, f) CD3z and g) CD28 following stimulation of 
PD-1-APEX2 with TCR-PD-L1 or TCR-control beads. Data are presented as means from three 
independent experiments ± SD. Statistical significance was assessed using two-way ANOVA analysis 
comparing TCR-PD-L1 and TCR-control bead-treated groups. Only significant differences are indicated. 
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. h) Hierarchical one-way clustering of the averaged TMT 
ratios from the top 25 proteins calculated from three independent experiments. i) Log-adjusted p-values 
of significantly enriched GO Terms in TCR-PD-L1 or TCR-control conditions identified from three 
independent experiments and calculated from fold changes comparing TCR-PD-L1 and TCR-control 
mean slope over time. The top 50 genes were selected for analysis using gProfiler. j) Rank list of the 
top ten genes identified in TCR-PD-L1 or TCR-control conditions calculated from the mean slope of 
three independent experiments. Schematics created using BioRender.  
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PIEZO1 co-immunoprecipitation and trigger peptide analysis 

Since proximity labelling identifies protein associations within a 10nm radius of the APEX2 probe, we sought 

to determine if PD-1 and PIEZO1 directly interacted following PD-1 ligation. We performed a co-

immunoprecipitation (co-IP) of PIEZO1 in PD-1-expressing Jurkat cells to assess direct binders of PIEZO1 

following 20 min stimulation with TCR-PD-L1 or TCR-control beads. Two-way hierarchical clustering 

highlighted distinct differences among TCR-control, TCR-PD-L1, no bead-treated and negative control 

groups (Figure 2.S5a). We used trigger peptide analysis to identify specific PD-1 and PIEZO1 interaction106. 

The synthetic isotope-labelled peptide LAAFPDER, which maps uniquely to PD-1, was used for triggered 

quantification of PD-1 in PIEZO1 pulldowns (Figure 2.S5b)106. We found that PD-1 was significantly 

enriched in TCR-PD-L1-treated conditions compared to TCR-control conditions, reaffirming PD-1 and 

PIEZO1 colocalization following PD-1 ligation (Figure 2.S5b). However, the limited number of observed 

events suggests that this interaction is likely transient or indirect. For this reason, it is possible that PD-1 

mediators regulate cytoskeletal machinery that alter PIEZO1 activation18,84.  

 

We also assessed significantly enriched proteins associating with PIEZO1 upon PD-1 ligation to determine 

if specific binding events were induced by PD-1-mediated inhibition. Interestingly, we identified an 

enrichment of Nedd4-like HECT E3-ligases WWP1 and WWP2 following PD-L1 ligation, suggesting that 

PD-1-mediated inhibition may induce the proteasomal degradation of PIEZO1 (Figure 2.S5c-e)107,108. 

Additionally, IP of PIEZO1 identified a significant enrichment of RICTOR, a subunit the mTORC2 complex, 

which phosphorylates AKT and modifies the actin cytoskeleton, in TCR-PD-L1-ligated conditions compared 

to TCR-control conditions (Figure 2.S5f)109,110. These findings may link PD-1-mediated PI3K/AKT inhibition 

to PIEZO1 function through the non-canonical AKT-mTORC2 pathway. Moreover, we also found an 

enrichment of CD28 peptides in PD-L1-treated conditions compared to TCR-treated controls. CD28 is a 

reported PD-1 target that activates the PI3K/AKT pathway as well as cytoskeleton organization upon TCR 

stimulation and may promote PIEZO1 activity (Figure 2.S5g) 5,16,111. These data suggest that PD-1 regulates 

PIEZO1 inhibition and proteasomal degradation, while T cell signaling cascades and cytoskeletal 

rearrangements driven, in part, by CD28 activate PIEZO1 to promote optimal T cell function.  
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PIEZO1 activation drives Ca2+-mediated T cell signaling  

Recent studies demonstrate that PIEZO1-driven Ca2+ influx in T cells leads to calpain activation and 

reorganization of cortical F-actin scaffolding, linking PIEZO1 to optimal TCR signaling90. PD-1 ligation has 

been shown to impair F-actin clearing from the cellular interface, reduce Ca2+ signaling and abrogate tumor 

cell killing18. Given these opposing functions of PD-1 and PIEZO1, we hypothesized that PD-1 may 

associate with PIEZO1 to impair optimal TCR signaling and T cell function. To determine the functional 

relevance of PD-1 and PIEZO1 association, we analyzed PIEZO1 function in CD8+ T cells. We first 

examined Ca2+ flux by staining primary WT murine CD8+ T cells with Fluo-4. As anticipated, treatment of 

these CD8+ T cells with PIEZO1 agonist Yoda1 resulted in an increase in Ca2+ influx over time, while 

administration of PIEZO1 antagonist GsMTx4 attenuated Ca2+ influx, illustrating that indeed PIEZO1 

regulates Ca2+ influx in CD8+ T cells (Figure 2.S6a-b)88,112,113. Co-culture of TCR-PD-L1 beads with CD8+ T 

cells also showed a decrease in Ca2+ signaling, similar to the decrease observed in cells treated with 

GsMTx4 alone (Figure 2.S6a-b). Treating CD8+ T cells with TCR-PD-L1 beads in the presence of Yoda1 

resulted in increased Ca2+ influx, suggesting that Yoda1 agonism can override inhibition of Ca2+ influx 

governed by PD-1 ligation (Figure 2.S6a-b). These data suggest that PIEZO1 gating contributes 

significantly to the influx of Ca2+ that regulates subsequent downstream signaling in CD8+ T cells.  

 

We also assessed levels of phosphorylated proteins in common T cell signaling pathways following PIEZO1 

modulation using phospho-flow cytometry3. We found increased phosphorylated ERK (pERK) levels upon 

PIEZO1-agonism and decreased pERK levels upon PIEZO1-antagonism, which correlate with reports 

characterizing ERK activation through Ca2+ signaling in T cells (Figure 2.S6c)114. These findings were 

reproducible using Western blotting analysis (Figure 2.S6d). We did not observe significant alterations in 

the canonical AKT/mTORC1/S6 pathway at early timepoints driven by PIEZO1 agonism or antagonism, 

further supporting that Ca2+-sensitive T cell signaling pathways are affected by PIEZO1 modulation (Figure 

2.S6e-f). Phosphorylation of AKT by TCR- and CD28-mediated signal transduction may induce cytoskeletal 

rearrangements that activate PIEZO1, as described above, rather than PIEZO1-mediated Ca2+ influx 

stimulating AKT signaling.  
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While our studies focus on PIEZO1 gating through internal cytoskeletal forces, various reports have verified 

PIEZO1 regulation through outside-in forces, including shear stress, cyclical pressure and membrane 

deformation65,68,73,74,76,87,88,101,115. Specifically, recent studies have demonstrated that alveolar macrophages 

are capable of cyclical pressure sensing73. Since CD8+ T cell intravasation from blood cells and migration 

to various tissues exposes them to similar external forces, we next asked if cyclical hydrostatic pressure 

could activate PIEZO1 and regulate downstream signaling pathways similar to PIEZO1 agonism and TCR 

stimulation59. CD8+ T cells activated with plate-coated CD3/CD28 crosslinking antibodies for 48 h and 

rested in culture media were exposed to pulses of 40-60mmHg of cyclical hydrostatic pressure for 20 min 

using previously described methods73. Cells were immediately fixed and stained for phospho-flow 

cytometric analysis. Interestingly, our preliminary studies showed external pressure indeed increased the 

signaling capabilities of CD8+ T cells in ERK, PLCg and S6 pathways based on mean fluorescence intensity 

(MFI) (Figure 2.S6g-i). While it is possible that additional mechanosensors may play a role in CD8+ T cell 

function, it is likely that PIEZO1 activity contributes to increases in CD8+ T cell signaling induced by cyclical 

pressure sensing, given the activation of similar pathways using PIEZO1 agonist Yoda1 observed in 

phospho-flow cytometry analysis (Figure 2.S6c-d). Further studies with appropriate controls are necessary 

for exploring outside-in mechanics on T cells to determine how external forces may regulate T cell biology, 

as addressed in Chapter 2.3 and Chapter 4.3.  

 

PD-1 ligation inhibits PIEZO1-mediated Ca2+ influx 

Upon TCR stimulation, there is a tightly regulated response to Ca2+ influx, with Ca2+ release-activate Ca2+ 

(CRAC) channels and voltage gated Ca2+ channels being necessary for the TCR signaling cascade6,114,116–

118. The involvement of multiple Ca2+ channels makes it difficult to uncouple their contributions during T cell 

activation. For this reason, we generated a Jurkat cell line stably expressing an inducible, fluorescent 

PIEZO1 activity reporter (XLGenEPi) to investigate the role of PIEZO1 in T cell signaling as well as the 

potential regulation of PIEZO1 by PD-1119. The XLGenEPi reporter is expressed using a Tet-On doxycycline 

system and is comprised of GCaMP, a genetically encoded Ca2+ indicator fused to the cytoplasmic tail of 

PIEZO1 to specifically sense Ca2+ influx regulated by PIEZO1119 (Figure 2.2a and Figure 2.S7a). XLGenEPi 
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Jurkat cells demonstrated increasing levels of PIEZO1 activity with a dose titration of doxycycline in the 

presence of Yoda1, ensuring the inducibility of the XLGenEpi construct (Figure 2.S7b).  

 

To assess changes in PIEZO1 activity following PD-1 ligation, we treated PD-1-expressing XLGenEpi 

Jurkat cells with TCR-control or TCR-PD-L1 beads. We observed a sustained increase in PIEZO1 activity 

indicated by frequency and mean fluorescence intensity (MFI) of GFP-positive cells following 20 min 

treatment with TCR-control beads compared to TCR-PD-L1 bead-treated conditions (Figure 2.2b-d). Yoda1 

treatment also induced PIEZO1 activity similar to TCR stimulation (Figure 2.2b) but resolved over 30 s, 

while TCR stimulation maintained PIEZO1 activity at 30 s (Figure 2.2c). These data confirm PD-1-mediated 

inhibition of PIEZO1 activity using flow cytometry and suggest more prolonged PIEZO1-mediated Ca2+ 

influx following TCR stimulation that may be regulated by persistent actinomyosin contractile forces at the 

immune synapse65,90,94,120,121. 

 

To visualize and compare changes in PIEZO1 activity and PD-1 co-localization with PIEZO1 in the presence  

or absence of PD-1 ligation, PD-1-expressing XLGenEPi Jurkat cells were passed through a flow-cell 

chamber coated with crosslinking CD3 and CD28 antibodies and either PD-L1 or control mIgG1k ligand. 

Using total internal reflection fluorescence (TIRF) time lapse imaging, we found that XLGenEPi Jurkat cells 

exhibited strong PIEZO1 activity at the ligand-cell interface following 100 s of TCR stimulation that persisted 

over time for 10 min (600 s), further confirming that TCR stimulation induces PIEZO1 activity (Figure 2.2e). 

This activity coincided with F-actin ring formation, where PIEZO1 activity appeared to localize around F-

actin ring structures and was not inhibited by PD-1 receptor clustering, suggesting that F-actin ring 

formation at the immune synapse drives PIEZO1 activity (Figure 2.2e)84,95. PIEZO1 localization around 

polymerizing F-actin rings that contract inward may supply enough force to gate PIEZO1 in an open 

conformation to sustain Ca2+ influx for optimal TCR signaling94,95,121. We observed a striking decrease 

PIEZO1 activity over time in the presence of PD-L1 (Figure 2.2f). Cells exposed to anti-CD3/CD28 and PD-

L1 ligand began fluorescing at 220 s with less robust activity that remained dim over time compared to 

TCR-treated conditions (Figure 2.2e-f). Moreover, PIEZO1 activity strongly colocalized with PD-1 receptor 

clustering at the F-actin ring for 10 min (600 s), implying that PD-1 ligation results in the attenuation of 



 23 

PIEZO1 activity through association (Figure 2.2f). These data suggest that TCR-induced cytoskeletal 

rearrangements provide sufficient force to gate PIEZO1 at the immune synapse and this activity is inhibited 

by PD-1 ligation.  
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CD8+ T cell-specific PIEZO1 KO impairs antitumor immunity 

To selectively investigate PD-1 and PIEZO1 function in CD8+ T cells, we developed a tamoxifen-inducible 

CD8+-specific PIEZO1 KO mouse by crossing Piezo1flx/flx mice with E8i-Cre-ERT2 Rosa26 TD Tomato 

reporter mice (Figure 2.S8a). Following tamoxifen treatment, we observed ~70% deletion efficiency of 

PIEZO1 in Cre+ CD8+ T cells compared to Cre- controls, as assessed by RT-qPCR using probes specific 

for the loxP regions flanking exons 20-23 of PIEZO1 (Figure 2.S8b). Functionally, we observed a significant 

decrease in PIEZO-1-specific Ca2+ influx induced by Yoda1 treatment and visualized with Indo-1 in Cre+ 

CD8+ T cells compared to Cre- CD8+ T cells following tamoxifen treatment (Figure 2.S8c). In addition, Cre 

expression indicated by eGFP was only detectable on CD8+ T cells as assessed by flow cytometry 

compared to CD4+, B cell and myeloid cell subsets, and expression levels were comparable to knockout 

efficiency as assessed by RT-qPCR (Figure 2.S8b, d-e). In vitro stimulation of tamoxifen-treated Cre+ and 

Cre- E8i-Cre-ERT2 Piezo1flx/flx CD8+ T cells with a titration of crosslinking CD3 and CD28 antibodies showed 

slight decreases in viability, CD44, granzyme B, and IFNg/TNFa-double expression, as well as increased 

expression of CD62L at higher CD3/CD28 stimulation concentrations (Figure 2.S9a,d,e-f,h), suggesting 

that PIEZO1 KO impairs activation and effector function. We did not observe significant differences in PD-

1, CTLA4 and Ki-67 expression or IL-2, IFNg and TNFa cytokine production between the two groups (Figure 

2.S9b-c,f,g,i-k).  

 

Given the increase in CD8+ TIL function observed with PIEZO1 agonism, we hypothesized that loss of 

PIEZO1 in CD8+ T cells would lead to more rapid tumor growth. Indeed, when tamoxifen-treated E8i-Cre-

ERT2 Piezo1flx/flx mice were implanted with MC38 or B16-OVA tumor cells and monitored for tumor growth, 

Figure 2.2: PD-1 inhibits TCR-induced PIEZO1 activity around F-actin rings. a) Schematic of GFP 
fluorescence induced by PIEZO1-specific Ca2+ reporter XLGenEPi. Flow cytometric analysis of PIEZO1 
reporter activity in PD-1-expressing XLGenEPi Jurkats treated with RPMI media, Yoda1 (5µm), TCR-
control or TCR-PDL1 beads for b) 10 s and c) 30 s acquisition. d) MFI of XLGenEPi reporter in all 
conditions following 30 s acquisition. Cells were treated with beads 20 min prior to acquisition and with 
Yoda1 (5µM) immediately prior to acquisition. Data are presented as means of n=7-12 technical 
replicates ± SD. Statistical significance was assessed using one-way ANOVA analysis. ns, * p<0.05, ** 
p<0.01, *** p<0.001, **** p<0.0001. Representative images of XLGenEPi Jurkat (AF488) cells stained 
with PD-1 (AF647) and F-actin dye (SPY555) and flown through flow cell chambers coated with anti-
CD3/CD28 crosslinking antibodies and e) control mIgG1k ligand or f) PD-L1 to assess PIEZO1 activity. 
Schematic created using BioRender.  
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we found loss of PIEZO1 on CD8+ T cells alone was sufficient to drive significantly increased tumor burden 

in Cre+ mice compared to Cre- controls in both models (Figure 2.3a-c). We observed a significant decrease 

in CD8+ T cell frequencies in both tumor models (Figure 2.3d,g). In addition, we found an increase in total 

CD4+ T cell frequencies and lower CD8+/CD4+ T cell ratios in the tumor with no significant changes in CD3e 

frequencies in either model (Figure 2.S10 a-f). We next assessed expression of activation markers and 

found Cre+ CD8+ TILs from MC38 tumors expressed significantly more CD62L and significantly less PD-1, 

CTLA4 and CD69 compared to Cre- controls (Figure 2.3e and Figure 2.S10g-i). Cre+ CD8+ TILs from B16-

OVA tumors also expressed significantly more CD62L and significantly less CTLA4 and CD69 compared 

to Cre- controls, but did not show significant differences in PD-1 frequency though it trended similarly 

(Figure 2.3h and Figure 2.S10j-l). We also examined CD8+ TIL cytotoxicity found that Cre+ CD8+ TILs from 

B16-OVA tumors expressed significantly less granzyme, while CD8+ TILs from MC38 tumors also 

expressed less granzyme B, but this trend was not significant (Figure 2.10m, p). Interestingly, PIEZO1 KO 

CD8+ TILs from MC38 and B16-OVA models consistently retained high expression of Slamf6 and had 

minimal expression of TIM-3 (Figure 2.3f,i, Figure 2.S10n-o, q-r). These findings suggest that PIEZO1 plays 

a role in regulating the transitioning of Slamf6 progenitor cells to TIM-3 effector-like CD8+ TILs and regulates 

exhausted CD8+ T cell subpopulations122–124. Assessment of Cre reporters in CD8+ splenocytes on day 15 

following tumor implantation showed sustained Cre activity in Cre+ CD8+ T cells, confirming the efficacy of 

our inducible Cre system (Figure 2.S11a-b). Together, these data indicate that loss of PIEZO1 activity in 

CD8+ T cells decreases activation and acquisition of effector functions to impair antitumor immunity and 

promote tumor growth, similar to PD-1-mediated inhibition of T cell activation.  

 

To further investigate PD-1 regulation of PIEZO1, we treated E8i-Cre-ERT2 Piezo1flx/flx Cre+ and Cre- tumor-

bearing mice with anti-PD-1 or isotype control (Figure 2.3j). Strikingly, administration of anti-PD-1 blocking 

mAb on days 14 and 17 did not fully clear or reduce growth of MC38 tumors, which are highly sensitive to 

PD-1 blockade, in E8i-Cre-ERT2 Piezo1flx/flx Cre+ mice compared to Cre- controls (Figure 2.3k, Figure 

2.S12a). Similarly, administration of anti-PD-1 blocking mAb on days 10 and 13 following tumor implantation 

did not significantly reduce tumor growth in E8i-Cre-ERT2 Piezo1flx/flx Cre+ mice bearing B16-OVA tumors 

compared to Cre- controls (Figure 2.3l, Figure 2.S12b). PIEZO1 KO in CD8+ T cells significantly impaired 
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overall survival in both tumor models regardless of PD-1 blockade (Figure 2.4m-n). These data demonstrate 

that PD-1-mediated inhibition of PIEZO1 in CD8+ T cells contributes to immune evasion by tumors and 

underscore the significance of mechanical force in shaping T cell responses. 
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PIEZO1 KO CD8+ TILs are less cytotoxic 

To further assess the mechanisms by which PIEZO1 KO CD8+ T cells have impaired antitumor responses, 

we sorted PIEZO1 KO and WT CD8+ TILs at day 15 following implantation of B16-OVA tumors for proteomic 

analysis. In alignment with our flow cytometry analysis, we found that perforin and granzyme B in addition 

to other granzymes (granzyme C, D and E), as well as multiple serpin molecules (serpin 6b, 9b) were 

significantly underrepresented in PIEZO1 KO CD8+ TILs compared to WT (Figure 2.S12). Studies have 

demonstrated the significance of mechanosensation in promoting cytotoxic granule formation and release 

from CD8+ T cells98,99. Additionally, Serpin9b has been shown to regulate granzyme B levels in the 

cytosol125. Therefore, our data suggest that the mechanisms driving cytotoxic granule formation, regulation 

and release may be impaired in PIEZO1 KO CD8+ TILs and emphasize that PIEZO1-mediated 

mechanosensing is required for acquisition of optimal CD8+ T cell effector functions125.  

 

PIEZO1 agonism improves CD8+ T cell antitumor immunity  

Our observed increases in CD8+ T cell signaling following in vitro PIEZO1 agonism led us to ask whether 

PIEZO1 activation would enhance antitumor immunity, in contrast to the reduced antitumor immunity seen 

in CD8+-specific PIEZO1 KO mice. To investigate this question, we implanted MC38 tumors subcutaneously 

in WT mice and administered Yoda1 (7.5mg/kg) intraperitoneally (i.p.) (Figure 2.4a). While Yoda1 did not 

consistently lessen tumor burden in WT mice (Figure 2.S14a-b), phenotypic analysis of the immune 

compartment at day 15 following MC38 tumor implantation revealed increased percentages of CD8+ TILs 

Figure 2.3: PIEZO1 activity in CD8+ T cells regulates antitumor immunity. a) Schematic of E8i-Cre-
ERT2 Piezo1flx/flx tumor growth experiment and TIL analysis. Tumor volume (mm3) measured over time 
(days) for b) MC38 tumors and c) B16-OVA tumors in Cre+ and Cre- E8i-Cre-ERT2 Piezo1flx/flx mice. 
Data are presented as means of n=10-11 for MC38 and n=12-18 for B16-OVA ± SD from two 
independent experiments for each tumor type including male and female mice. Frequencies of d,g) CD8+ 
TILs and e,h) CD62L frequencies on CD8+ TILs isolated from MC38 and B16-OVA tumors on day 15 
post-implantation. Ratio of f,I) TIM-3/Slamf6 frequencies on CD8+ TILs. Data are presented as means 
of n=18-26 from three independent experiments ± SD. Statistical significance was measured using 
Student’s unpaired t-test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Non-parametric t tests were 
used for graphs that did not exhibit Gaussian distribution. j) Schematic of tumor growth experiment with 
PD-1 blockade dosing. Tumor volume (mm3) measured over time (days) for k) MC38 and l) B16-OVA 
tumors in Cre+ and Cre- E8i-Cre-ERT2 Piezo1flx/flx mice with corresponding m) MC38 and n) B16-OVA 
survival analysis. Data are presented as means of n=5-8 ± SD from one experiment for each tumor type. 
Statistical significance for tumor growth curves was calculated using two-way ANOVA. * p<0.05, ** 
p<0.01, *** p<0.001, **** p<0.0001. Statistical significance of survival curves was measured using Log-
rank Mantel Cox test. * p<0.0332, ** p<0.0021, *** p<0.002.  
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in Yoda1-treated mice compared to controls (Figure 2.4b). Additionally, Yoda1-treated CD8+ TILs 

expressed more activation and effector molecules, including PD-1, granzyme B and perforin and lower 

expression of CD62L (Figure 2.4c-f). Interestingly, PIEZO1-agonized CD8+ TILs expressed high levels of 

exhaustion marker TIM-3 and low levels of progenitor stem-like marker Slamf6 compared to controls, again 

suggesting a role for PIEZO1 in driving an effector-exhausted phenotype (Figure 2.4g and Figure 2S14c-

d)122–124.  

 

Studies have shown that PIEZO1 increases myeloid cell suppressive function in the TME and plays a role 

in the expansion of FoxP3+ T regulatory (Treg) cells during experimental autoimmune encephalomyelitis 

(EAE) infection74,91. While frequencies of Treg and T conventional (Tcon) cells recovered from the tumor 

were not significantly different, we found that Yoda1-treated Treg cells expressed more perforin and Tcon 

cells expressed less perforin compared to control mice indicating that PIEZO1-agonized Treg cells may be 

more suppressive (Figure 2.S12e-h). We also assessed T cell numbers in the draining lymph node and 

found that CD8+ T cells and Tcon cell numbers were increased and Treg cell numbers were significantly 

increased (Figure 2.S12i-k). These alterations to Treg cell frequency and cytotoxicity in addition to reported 

PIEZO1-mediated suppressive functions in myeloid cells likely contribute to the lack of effect of Yoda1 on 

tumor growth despite observing more cytotoxic and effector-like CD8+ TILs. Furthermore, our studies did 

not show a significant effect on viability or alterations in AKT and ERK signaling in MC38 or B16-OVA tumor 

cells driven by PIEZO1 agonism, further implicating PIEZO1-mediated effects on the immune compartment 

(Figure 2.S15a-d). Our evidence strongly suggests that PIEZO1 agonism increases CD8+ TIL function and 

more targeted therapy could perhaps unleash this function for antitumor immunity. 
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Figure 2.4: PIEZO1 agonism improves CD8+ TIL function. a) Schematic of Yoda1 treatment in MC38 
tumor bearing WT mice. Frequencies of b) CD8+ T cells, c) CD62L, d) granzyme B, e) PD-1, f) perforin 
and g) TIM-3/Slamf6 assessed by flow cytometry. Data are presented as means of n=6-12 ± SD from 
one or two independent experiments. Statistical significance was measured using Student’s unpaired t-
test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.  
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Therapeutic effect of combined PD-1 blockade and PIEZO1 agonism 

We next asked if the increased CD8+ T cell effector function observed in PIEZO1-agonized CD8+ TILs 

would improve the efficacy of PD-1 blockade. To assess the effects of combination treatment with PIEZO1 

agonist Yoda1, we chose the B16.F10 tumor model because it is unresponsive to PD-1 blockade (Figure 

2.5h-i)126. Mice treated with either PD-1 blockade or Yoda1 alone did not show decreased tumor burden. In 

marked contrast, we observed a significant attenuation in tumor growth when PD-1 blockade and Yoda1 

were administered together (Figure 2.5i/k). Moreover, anti-PD-1 and Yoda1 combination treatment 

significantly improved survival in B16.F10 tumor-bearing mice compared to single and negative controls. 

These data highlight a potential role for CD8+-specific PIEZO1 agonism as an adjuvant for PD-1 therapy in 

checkpoint blockade-resistant cancers.   
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2.3 Discussion  

PD-1 signaling in T cells counters an elaborate activation program. However, our understanding of the 

signaling mechanisms by which PD-1 exerts its inhibitory functions is incomplete. Here we identify a novel 

regulatory function of PD-1 in constraining T cell signals driven by mechanical forces. Specifically, we have 

shown that PD-1 associates with PIEZO1 at the immunological synapse following PD-1 ligation. This 

association impairs PIEZO1 activation and subsequent Ca2+-mediated signaling that drives T cell activation, 

acquisition of effector functions and cell fate decisions during cancer pathogenesis. Genetic loss of PIEZO1 

in CD8+ T cells alone is sufficient to attenuate CD8+ TIL-mediated tumor control that cannot be overcome 

by PD-1 blockade. Conversely, PIEZO1-agonism improves CD8+ T cell activation and function in the TME 

and has significant therapeutic effects when combined with PD-1 blockade to control tumor growth. These 

findings provide new understanding of molecular changes that occur in T cells upon PD-1 ligation and 

suggest a role for CD8+-targeted PIEZO1 agonism as a potential avenue for therapeutic intervention in 

cancer. 

 

The inability of PD-1 blockade to reverse PIEZO-1 mediated tumor growth strongly suggests that PIEZO1 

is a primary target of PD-1-mediated inhibition. It is likely that instability at the immune synapse resulting 

from PIEZO1 loss prevents proper T cell activation and initiation of the TCR signaling cascade84,90,95,115. 

This notion is supported by our studies, which highlight the necessity of PIEZO1 in promoting optimal CD8+ 

T cell function in tumor models. Loss of PIEZO1 on CD8+ T cells alone was sufficient to abrogate CD8+ TIL-

mediated antitumor immunity, resulting in increased tumor growth kinetics (Figure 2.3b-c). Moreover, 

PIEZO1 KO CD8+ TILs did not efficiently traffic to the TME and were less activated and effector-like, 

suggesting that PIEZO1 plays an important role in T cell activation and acquisition of effector functions 

(Figure 2.3d-f, g-i and Figure 2.S10). Since PIEZO1 can be gated by cytoskeletal dynamics and actin 

Figure 2.5: Therapeutic efficacy of PD-1 blockade and PIEZO1 agonism. a) Schematic of PD-1 
blockade and Yoda1 combination dosing in B16.F10 tumor-bearing mice. b) Tumor volume (mm3) 
measured over time (days) and c) individual tumor growth curves from data depicted in b). d) 
Corresponding survival analysis. Data are combined from two independent experiments and are 
presented as means of n=9-10. Statistical significance of tumor growth was measured using 3-way 
ANOVA. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistical significance of survival curves was 
measured using Log-rank Mantel Cox test. * p<0.0332, ** p<0.0021, *** p<0.002.  
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retrograde flow relies on Ca2+ influx to stabilize the immune synapse, it is likely that loss of PIEZO1 

attenuates these functions to result in impaired TCR activation84,90,95,115,121,127.  

 

Conversely, combining PD-1 blockade with PIEZO1 agonism improved tumor control in PD-1 blockade-

unresponsive tumors (Figure 2.4i-k). We observed that PIEZO1 agonism alone improved CD8+ T cell 

infiltration in the tumor (Figure 2.4b). It is possible that administration of Yoda1 increased the number of 

CD8+ T cells in the tumor that subsequently were reinvigorated by PD-1 blockade, resulting in a bolstered 

immune response that more effectively controlled tumor growth. Since PIEZO1 agonism alone was not 

sufficient to consistently decrease tumor burden, we hypothesized that PIEZO1 agonism on various 

immune cell subsets promoted a more immunosuppressive environment that could not be overcome by 

improved CD8+ T cell numbers and function (Figure 2.S14a-b)74,91. However, the PD-1 pathway contributes 

to the immunosuppressive environment in the TME and PD-1 blockade has been shown to reverse this 

immunosuppression4,128,129. In this way, PD-1 blockade in combination with Yoda1 may improve cytotoxic 

CD8+ T cell responses, while also attenuating the immunosuppressive environment in the TME. Because 

we’ve demonstrated that PD-1 inhibits PIEZO1 activation, it would be worth investigating PD-1 blockade 

administration prior to Yoda1 administration. Thus, PD-1 ligation and subsequent inhibition of PIEZO1 

would be blocked, allowing for full function of PIEZO1 activity that would be further agonized by Yoda1. 

Still, these results are encouraging and provide a potential avenue for treating patients that do not respond 

to PD-1 blockade alone.  

 

Though we have shown a novel role for PD-1 in controlling mechanically-mediated signaling through 

inhibition of PIEZO1 in CD8+ T cells, we have yet to determine the mechanism by which PD-1 ligation 

results in PIEZO1 inhibition. Interestingly, co-localization of PIEZO1 with Nedd4-like HECT E3 ubiquitin 

ligases WWP1 and WWP2 significantly increased following PD-1 ligation, suggesting that PD-1 may induce 

the proteasomal degradation of PIEZO1 (Figure 2.S.5c-e). While no evidence has emerged linking PIEZO1 

to WWP1 and WWP2, studies have highlighted a mechanism by which PIEZO2 is downregulated by Nedd4-

2 in baroreceptor nodose ganglia neurons to induce hypertension in rats71. Moreover, WWP1 and WWP2 

have been implicated in the regulation of various immune cell pathways107,108,130–133. WWP1 has been 
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shown to negatively regulate TGFb signaling through the ubiquitination and degradation of Smad proteins, 

as well as lung Kruppel-like factor (LKLF), which maintains homeostasis in T cells107,133. Conversely, WWP2 

targets proteins to promote cell survival, including tumor suppressor PTEN, which negatively regulates AKT 

signaling and zinc finger transcription factor EGR2, which regulates Fas ligand to promote activation-

induced T cell death130,132. However, WWP2 has also been shown to promote the proteasomal degradation 

of TIR-domain–containing adapter-inducing interferon-β (TRIF) to impair TLR3-mediated innate immune 

responses131. Since both WWP1 and WWP2 are expressed in T cells, it is possible that these ubiquitin 

ligases target PIEZO1 for degradation107. Studying these proteins further would provide beneficial insight 

into the specific mechanism by which PD-1 regulates PIEZO1.  

 

Developing a better understanding of PIEZO1 function in T cells will aid in determining the specific 

downstream pathways that drive the changes in PIEZO1-modulated CD8+ TILs. The crucial functions of 

CRAC channels and voltage-gated Ca2+ channels in T cell activation raise the question of how PIEZO1-

mediated Ca2+ signaling contributes to T cell function114,117,118,127. It is likely that PIEZO1-specific Ca2+ 

microdomains induce unique signaling outcomes in T cells134. We believe PIEZO1 gating is regulated by 

retrograde actin flow at the immune synapse, while other Ca2+ channels drive TCR signal transduction 

through PLCg65,94,117,120,121. Previous reports have demonstrated that PIEZO1-mediated activation of calpain 

proteases alters F-actin content, which aligns with our findings of PIEZO1 localizing around F-actin rings at 

the immune synapse65,90,120. Moreover, Ca2+-mediated calpain activation in T cells has been reported to 

cleave cytoskeletal tethers binding LFA-1 to allow these integrins to cluster at the immune synapse for 

optimal signaling115,135,136. This particular study found that CRAC channel ORAI1 was not necessary for 

LFA-1 clustering and suggested the involvement of a mechanosensor, supporting the concept that PIEZO1 

may provide the Ca2+ influx necessary to regulate these membrane dynamics135. Interestingly, our proximity 

labelling experiments illustrated a significant association of PD-1 with proteins involved in membrane 

trafficking and endocytosis (Figure 2.1h-j). These findings, along with those discussed in Chapter 3, 

introduce an additional mechanism by which PD-1 inhibits PIEZO1. PD-1 sequestration of actin cytoskeletal 

regulatory proteins and proteins that mediate membrane turnover may play a role in impairing actin 

cytoskeletal dynamics and stability at the immune synapse, thereby attenuating actinomyosin contractile 
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forces that activate PIEZO1 (Figure 3.3, Chapter 3.4 and Chapter 4.2). Furthermore, PD-1 ligation has been 

shown to impair cell couplings between CD8+ T cells and tumor cells, potentially through inhibition of 

PIEZO118. Together, our findings suggest that PD-1 ligation not only plays a role in inactivating PIEZO1, 

but also degrading it.   

 

Additionally, it is unclear how Ca2+ influx is sustained over a period of hours to induce specific gene 

transcriptional machinery following CRAC channel activation121,127. Previous studies have alluded to the 

existence of a positive feedback loop between F-actin polymerization and Ca2+, which persists on the order 

of hours at the immune synapse to maintain TCR signaling127. It is likely that persistent actinomyosin 

contractile forces modulate PIEZO1 to sustain Ca2+ influx that leads to transcription of T cell effector 

genes95,121,127. Interestingly, calpain proteases have been reported to degrade b-catenin in response to Ca2+ 

influx137–139. Since b-catenin is a co-activator for TCF1 and TCF1-target gene expression, including Slamf6, 

it is possible that PIEZO1-mediated Ca2+ influx activates calpain proteases to degrade B-catenin and 

thereby prevents TCF1 from transcribing target genes that maintain a stem-like progenitor pool of 

exhausted CD8+ T cells, resulting in transition of CD8+ T cells to TIM-3+ exhausted subpopulations140,141. 

We observed an enriched Slamf6-expressing progenitor pool in PIEZO1 KO CD8+ TILs and an increase in 

TIM-3-expressing effector-exhausted CD8+ TILs in PIEZO1-agonized mice, consistent with this hypothesis.  

PD-1 maintains the Slamf6-expressing progenitor exhausted CD8+ pool in chronic viral infection and our 

data suggest that PD-1 may inhibit PIEZO1 to maintain stemness124,142. This potential signaling axis may 

explain the changes in Slamf6 and TIM-3 expression upon PIEZO1 modulation but needs to be explored 

further.  

 

In addition to regulating receptor clustering that induces PIEZO1- and TCR-mediated signal transduction 

at the immune synapse, the actin cytoskeleton has been reported to potentiate mechanisms that drive lytic 

granule assembly and release in cytotoxic CD8+ T cells. We identified various pathways involved in 

membrane trafficking and cytoskeletal reorganization in PD-1-APEX2 and PD-1 phospho-peptide pulldown 

studies (Chapter 3.3) that may be necessary for regulating cytotoxic granule release (Figure 2.1h-j). 

Furthermore, we observed significantly less perforin, granzyme and serpin peptides in proteomic analysis 
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of PIEZO1 KO CD8+ TILs compared to WT TILs, in line with our flow cytometry data98,99. It is possible that 

PIEZO1-mediated Ca2+ influx promotes signaling that induces lytic granule pathway activation. These data 

strongly suggest that PIEZO1 mechanosensing is involved in mechanisms that regulate the assembly and 

release of cytotoxic granules.  

 

Given the mechanosensitive nature of PIEZO1, we appreciate that variations of FFL forces may be able to 

further promote T cell activation and motility independent of antigen recognition77. Our studies have focused 

on force-from-filament or tethered-spring mechanics, where reorganization of the actin cytoskeleton 

mediated by the TCR signaling cascade provides force from within the cell to open PIEZO177,97. Still, it is 

worth noting that cyclical pressure and shear stress may have alternative effects on PIEZO1 and 

subsequent signaling in T cells, which has been clearly demonstrated in other immune cells, including 

macrophages73,74,76,77,88,101. Our preliminary studies exposing CD8+ T cells to cyclical hydrostatic pressure 

demonstrate that external forces provide signaling boosts in CD8+ T cells and this requires further analysis.  

 

In summary, we discovered that PD-1 ligation induces the association of PIEZO1 and PD-1 and identified 

a new mechanism by which PD-1 exerts its inhibitory signals. PIEZO1 is activated upon TCR stimulation, 

likely by contractile actinomyosin forces at the immune synapse, and is inhibited by PD-1 ligation. Our 

findings are the first to show that mechanically-mediated signaling influences exhausted CD8+ T cell 

subpopulations and activation competency in CD8+ T cells, subsequently affecting cancer pathogenesis. 

The selective inhibition of PIEZO1 by PD-1 illuminates the significance of the PIEZO1 pathway for 

regulating T cell function and introduces a novel coinhibitory receptor target class. Further studies are 

needed to determine the precise mechanisms controlling PD-1 and PIEZO1 association, the specific 

downstream pathways involved and the effect of FFL forces on this biology. Our studies underscore the 

importance of mechanics to T cell biology and expand our understanding of the diverse functions of PD-1. 
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2.4 Materials and methods  

Cell lines 

Jurkat E6.1 and human PD-1-expressing Jurkat E6.1 cells (35.8 line transduced with an ORF-T2A/IRES-

GFP reporter) (a gift from N. Haining/K. Yates, Dana Farber Cancer Institute) were cultured in RPMI media 

supplemented with 10% FBS, 1% penicillin/streptomycin, 1% HEPES and 0.1% BME (R10). MC38-OVA (a 

gift from N. Collins, Dana-Farber Cancer Institute), B16-OVA (a gift from D. Sen, Dana-Farber Cancer 

Institute), MC38-WT (a gift from D. Vignali, University of Pittsburgh School of Medicine), B16.F10 (a gift 

from G. Dranoff, Novartis Institutes for Biomedical Research, Cambridge, MA) and 293x (a gift from C. 

Kadoch, Dana-Farber Cancer Institute) cells were cultured in DMEM supplemented with 10% FBS, 1% 

penicillin/streptomycin and 20 µg ml−1 gentamicin. MC38-OVA and B16-OVA cells were produced by 

transduction of parental MC38 and B16.F10 cells with the lentiviral vector TRC-pLX305 (Broad Institute) 

containing OVA protein. 

 

PD-L1 bead generation  

M-450 Tosyl-activated magnetic Dynabeads (Invitrogen #14013) were washed using a microcentrifuge tube 

magnet (Dyna-Mag-2, Thermo Fisher Scientific) in 0.1M sodium phosphate buffer, pH 7.4-8.0. Magnetic 

beads were then treated with a mixture of human or mouse CD3 crosslinking antibody (BioXcell, human 

clone OKT3, murine clone 145-2C11), CD28 (BioXcell, human clone 9.3, murine clone 37.51) crosslinking 

antibody and either recombinant human or murine PD-L1 fusion protein (R&D Systems) or recombinant 

human or mouse IgG1k (Southern Biotech) depending on the PD-1 construct used. Various titrations of 

protein concentrations were tested to determine which ratio generated the most significant inhibition of T 

cells: 10/90%, 20/80%, 40/60%, 60/40% and 80/20% of TCR components and PD-L1 or IgG1k respectively 

were crosslinked to beads using a total of 200µg of protein per 1mL of beads. Beads were incubated and 

rotated for 16-24 h at room temperature. Beads were then applied to the Dyna-Mag-2 to remove 

supernatant and washed in Buffer 2 (PBS-/- supplemented with 0.1% BSA and 2mM EDTA pH 7.4). To 

deactivate the remaining free tosyl groups on the beads, beads were rotated overnight at room temperature 

in Buffer 3 (0.2M Tris-HCL supplemented with 0.1% BSA, pH 8.5). Beads were washed 3X more with Buffer 

2 and reconstituted at 100 million beads per 1mL of Buffer 2 and stored at 4°C prior to use. 
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On-bead protein ratios and cell:bead ratios  

Naïve CD8+ T cells were isolated from spleens of wild type mice using negative selection magnetic-

activated cell sorting (MACS) isolation (Miltenyi). Naïve CD8+ T cells were stimulated for 24 h on 96-well 

U-bottom plates coated with anti-CD3 and anti-CD28 crosslinking antibodies. After 24 h, cells were moved 

to a new U-bottom plate. PD-L1 or hIgG1k beads containing various protein ratios outlined above were 

added to CD8+ T cells at various cell:bead ratios (1:2, 1:4, 1:6) for 48 h. Supernatant was collected 48 h 

following the addition of beads for cytometric bead array (CBA) analysis (BD Biosciences). After 48 h, CD8+ 

T cells were stained and run on the BD Symphony for flow cytometric analysis as outlined in Chapter 2.4 

Flow cytometry staining.   

 

PD-1-APEX2 plasmid design, cloning and stable expression 

PD-1 sequences were obtained from NCBI and were modified using the codon optimization tool from 

Integrated DNA Technologies (IDT). APEX2 sequences have been previously described102. PD-1-APEX2 

fusion sequences contain PD-1 linked to APEX2 on the C-terminal tail by an 8-residue serine-glycine linker 

(GGSSGGSS) and a FLAG-TAG added to the C-terminal tail of APEX2. PD-1 ITIM and ITSM constructs 

were generated by substituting PD-1 tyrosine phosphorylation site residues with phenylalanine residues. 

All human and murine PD-1-APEX2 double-stranded gene fragments (gBlocks) were generated by IDT. 

Cloning of gBlocks into the pXPR_053 plasmid (Addgene #113591) was completed by GenScript.  

 

To generate stable PD-1-APEX2-expressing Jurkat cell lines, 293x cells were transfected with PD-1-APEX2 

fusion plasmids along with PsPax2 and MD2G packaging plasmids suspended in Optimem (Life 

Technologies #31985-062) and polyethylamine “Max” (PEI, Polysciences #24765-2). Transfection mixtures 

were added to 293x cells and were supplemented with fresh media after 24 h. Lentivirus was harvested 48 

h following media supplementation by ultracentrifugation for 2 h at 71,934.8 RCF at 4°C. Viral titer was 

calculated using serial dilutions of the viral stock on 293x cells in DMEM complete media containing PEI 

“Max”. A multiplicity of infection of 30 was used to spin transduce Jurkat cells for 2 h at 652 RCF at 37°C. 

Jurkat cells were stained with human PD-1 surface antibody (BioLegend, clone EH12.2H7, #329936) and 
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checked for expression using flow cytometry 24 h and 48 h following transduction. Highly expressing PD-

1-APEX2 fusion clones were sorted on the BD Aria II. Stocks were frozen for future experiments.  

 

APEX2 proximity labelling and sample processing  

PD-1-APEX2-expressing Jurkat cells were cultured at a concentration of 1 million cells/mL in labelling 

media (RPMI supplemented with 10% FBS, 1% penicillin/streptomycin, 1% HEPES, 0.1% BME and 500µM 

biotinyl tyramide purchased from Toronto Research Chemicals) for 2 h. TCR-PD-L1 or TCR-control 

Dynabeads (see Chapter 2.4 PD-L1 bead generation) were added to cells at a ratio of 1:4 cells/beads for 

the specified timepoints along with no bead-treated (0 min) and no hydrogen peroxide-treated controls. 

Following each timepoint, hydrogen peroxide (H2O2, Sigma Aldrich) was added at a final concentration of 

1mM to each condition for 1 min. The labelling reaction was quenched using 2X quenching buffer (DPBS 

supplemented with 20mM sodium ascorbate, 10mM trolox and 20mM sodium azide) and cells were spun 

down immediately at 726 RCF for 2 min. Cells were immediately washed three times with ice-cold 1X 

quenching buffer and spun down at 726 RCF for 2 min. Following the third 1X quenching wash, cells were 

washed with 10 mL ice-cold PBS and 1 million cells were taken for Western blotting analysis. Cells were 

then spun down a final time at 726 RCF for 2 min. All PBS was removed from cell pellets, which were flash-

frozen on dry ice and stored at -80°C until processing and streptavidin pulldown.  

 

PD-1-APEX2-expressing Jurkat cell pellets were processed using previously described methods with slight 

modification143. Cell pellets were lysed in filtered 8M urea with 1% SDS at room temperature for 15 min. 

55% ice-cold trichloroacetic acid (TCA) was added to lysates at a 1:1 ratio and left on ice for 15 min to 

precipitate the protein. Lysates were spun down at 20,817 RCF for 15 min at room temperature to prevent 

urea from crashing out of solution. The supernatant was discarded and protein pellets were washed 4X 

with ice-cold acetone and spun down at 20,817 RCF for 10 min following each wash. Protein pellets were 

then air-dried and resuspended in 8M urea lysis buffer supplemented with 1% SDS and 10mM tris(2-

carboxyethyl)phosphine (TCEP, Sigma) and 100 mM NH4CO3. Pellets were water-bath sonicated for 3 

cycles of 30 s and vortexed mixed at 37°C for 2 h until the pellets were completely resuspended. 

Redissolved pellets were checked for an alkaline pH and then spun down at 20,817 RCF for 15 min at room 
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temperature. Clear supernatants were transferred to new microcentrifuge tubes and freshly prepared 

400mM iodoacetamide in 50mM NH4CO3 was added to each sample at a final concentration of 20mM. 

Samples were immediately vortexed and incubated in the dark at room temperature for 25 min. During the 

incubation period, streptavidin beads (Pierce) were washed twice with 4M urea and 0.5% SDS. Alkylation 

was quenched using a solution of 100mM dithiothreitol (DTT) containing streptavidin beads such that each 

sample received 100µL beads and reached a final concentration of 50mM DTT, 4M urea and 0.5% SDS 

(1:1).  Samples containing streptavidin beads were rotated overnight at 4°C. Samples were briefly spun 

down and applied to the Dyna-Mag-2 to remove the supernatant. Beads were washed with 4M urea and 

0.5% SDS and transferred to new Eppendorf tubes to decrease background signal. Beads were washed 

3X more with 4M urea and 0.5% SDS followed by 3 washes with 4M urea to remove all detergent.  

 

Mass spectrometry sample preparation 

Streptavidin beads were digested with lysyl endopeptidase (LysC, 2mg/ml, Wako) in 50μl 200mM 3-[4-(2-

hydroxyethyl)piperazin-1-yl]propane-1-sulfonic acid (EPPS) pH 8.5 and 2% acetonitrile at 37°C. Trypsin 

(50μl stock with EPPS buffer and a final dilution of 1:100, Promega #V5111) was added for additional digest 

over night at 37°C. Beads were removed with a magnetic rack and clear supernatants were transferred to 

new tubes. Peptide digest reactions were directly labelled with TMT11plex (Thermo Fisher Scientific 

#A34808) or TMT16plex (Thermo Fisher Scientific #A44520) reagents in 200mM EPPS pH8.5, 30% 

acetonitrile for 1 h at room temperature. Labeling efficiency was measured by MS of mixed small aliquots 

of the labeling reactions and was >95%. Frozen and thawed TMT labeling reactions were quenched with 

0.3% hydroxylamine for 15 min at room temperature. Reactions were then mixed, dried in a speed vac 

centrifuge to near completion and subjected to alkaline reversed phase fractionation (Thermo Fisher 

Scientific #84868) with 12 elution subsequent fractions of 10%, 12.5%, 15%, 17.5%, 20%, 25%, 30%, 35%, 

40%, 50%, 65% and 80% acetonitrile. Fraction pairs 1+7, 2+8, 3+9, 4+10, 5+11, 6+12 were mixed, dried 

down to completion, desalted with Stage tips and run on Orbitrap Lumos mass spectrometers (Thermo 

Fisher Scientific). 
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Mass spectrometry analysis 

Data collection followed a synchronous precursor selection (SPS) MS3 TMT method144. Peptides were 

separated prior to the electrospray ionization with a Proxeon EASY-nLC1200 system over a ~35cm capillary 

column of 100μm inner diameter packed with Accucore C18 beads (2.6 μm, 150Å, Thermo Fisher 

Scientific). Service MS1 scans were performed in the Orbitrap at a resolution of 120,000, mass range 400-

1400 Th. After collision induced dissociation (CID, CE=35) and using an isolation window of 0.4 m/z, MS2 

was performed in the ion-trap with maximum injection times of 150-400 ms. For MS3 quantification, 

precursors were selected following a Top10 method followed by high-energy collision-induced dissociation 

(HCD, CE=65). Orbitrap MS3 analysis was done at a resolution of 60,000 at 200Th with varying injection 

times of up to 650 ms and charge-state dependent variable isolation windows from 0.7 to 1.2 Da as 

described previously145. Peptide-spectrum matches (PSM) were obtained by a SEQUEST (v.28, rev.12) 

based software, searching a database with respective UniProt mouse and human reference proteomes 

with added common contaminants and reverse peptide sequences as decoy. After mzXML conversion of 

spectra, searches used a mass tolerance of 20 p.p.m. for precursors and a fragment-ion tolerance of 0.9 

Da. Searches allowed for up to two missed trypsin cleavage sites with dynamic modification of oxidized 

methionines (+15.9949 Da) and static peptide N-terminal and lysine modifications with TMT11 (+229.1629 

Da) or TMT16 (+304.2071 Da). PSM were filtered by linear discriminant analysis with a false discovery rate 

(FDR) of 1% and a following FDR of 1% for collapsed proteins. MS1 data were calibrated post search and 

searched again. TMT signal to noise quantification for peptides was filtered for an MS2 isolation specificity 

of 70% or greater and a summed signal to noise of 200 or greater for all TMT channels for each peptide. 

Details of TMT intensity quantification applied were described previously145. Scaled quantification data were 

analyzed by two-way clustering (Ward’s method) using the JMPPro statistical software package and 

volcano plots were generated using GraphpadPrism8 with statistical significance determined by multiple t-

tests without multiple comparison correction and alpha=0.05. 

 

PIEZO1 co-immunoprecipitation and sample processing 

hPD-1-overexpressing Jurkat cells were treated with TCR-PD-L1 or TCR- control beads for 20 min. 

Following 20 min, cells were immediately spun down at 726 RCF for 2 min and washed twice with cold 
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PBS. Cell pellets were flash-frozen on dry ice following the complete removal of PBS. Non-bead treated 

and negative controls were also prepared and all conditions were prepared in quadruplicate. Cell pellets 

were lysed in 25mM Tris-HCL pH 7.4, 150mM NaCl and 1% NP40 (lysis buffer) for 15 min on ice. Lysates 

were spun down at 4°C for 15 min at 20,817 RCF. Supernatants were moved to new Eppendorf tubes, 

precleared with streptavidin beads (Pierce) and rotated for 1 h at 4°C. Piezo1-biotin conjugated antibody 

(FabGennix International, #FAM38A-biotin) was added to samples at a 1:250 dilution for 8 h and rotated at 

4°C. A non-biotin-conjugated Piezo1 antibody (ProteinTech #15939-1-AP) was added to the negative 

control samples at a 1:250 dilution and rotated for 8 hours at 4°C. Streptavidin beads were washed twice 

with lysis buffer and 100µL of streptavidin beads were added to each sample and rotated overnight at 4°C. 

Eppendorf tubes were applied to the Dyna-Mag-2 to remove the supernatant. Beads were washed with ice-

cold PBS and moved to new Eppendorf tubes. Beads were then washed 3X more with ice-cold PBS and 

processed for mass spectrometry. Peptide LAAFPEDR (New England Peptides) uniquely mapping to PD-

1 was used for trigger peptide analysis106.   

 

Phospho-flow cytometry time points and antibodies  

Naïve CD8+ T cells were isolated from spleens of wild type mice using negative selection MACS isolation 

(Miltenyi). Naïve CD8+ T cells were stimulated for 48 h on 96-well U-bottom plates coated with 4µg/mL anti-

CD3 and anti-CD28 crosslinking antibodies. Cells were then rested in R10 media in 96-well V-bottom plates 

for 4 h prior to restimulation. CD3/CD28 IgG control beads or PD-L1 beads were added at a cell:bead ratio 

of 1:4 or 1:5 for the specific timepoints: 2, 5, 10 and 20 min. Cells were spun down for 20 s up to 800 RCF 

to pellet cells and remove media. Cell/bead mixtures were immediately fixed in 2% paraformaldehyde (PFA) 

at room temperature for 10 min. One volume of PBS was added to each well and cells were again spun 

down at 800 RCF for 2min. Cells were then washed twice with MACS buffer (PBS-/-, 1% FBS, 2mM EDTA) 

and spun down at 800 RCF for 2min. 90% ice-cold methanol (MeOH) was slowly dropped onto the cells 

and mixed for permeabilization. MeOH-permeabilized cells were stored in the -80°C freezer prior to use or 

left on ice for 20 min to complete permeabilization. One volume of MACS buffer was added on top of the 

MeOH and spun down at 800 RCF for 2min. Wells were washed once more with MACS buffer and stained 

with pERK (Cell Signaling Technologies (CST), clone 197G2), pS6 (CST, clone D57.2.2E) and pAKT (CST, 
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clone D9E) diluted 1:50 for 1 h at room temperature in the dark. Stain was washed off with MACS buffer 

and samples were resuspended and run on the BD LSRII or BD FACSymphony.  

 

Pressure chamber assay  

Naïve CD8+ T cells were stimulated naïve with 4µg/mL of crosslinking CD3 and CD28 antibodies for 48 h. 

Cells were then rested in culture media for 4 h to ensure that no active signaling was occurring. Rested 

CD8+ T cells were exposed to pressure pulses of 45-60mmHg (~0.06-0.08atm) or static pressure for 20 

min in a cell culture incubator at 37°C, 5% CO2 using previous described methods73. After 20 min, CD8+ T 

cells from both conditions were immediately fixed with 2% PFA, permed with MeOH and stained for 

phospho-flow cytometric analysis (see Chapter 2.4 Phospho-flow cytometry time points and antibodies)  to 

assess the effects of pressure on CD8+ T cell signaling.  

 

Fluo-4 and Indo-1 Ca2+ flux assay  

Naïve CD8+ T cells from WT mice or E8i-Cre-ERT2 Piezo1flx/flx Cre+ or Cre- mice pretreated with tamoxifen 

were isolated from spleens using MACS. Purified CD8+ T cells were stimulated on 96-well U-bottom dishes 

coated with 4µg/mL of crosslinking murine CD3 and CD28 antibodies for 48 h. Stimulated CD8+ T cells 

were then rested for 4-12 h in R10 media and moved to a fresh, uncoated 96-well U-bottom plate. WT or 

E8i-Cre-ERT2 Piezo1flx/flx CD8+ T cells were then stained in 1% FBS PBS for 1 h at room temperature with 

near IR fixable LIVE/DEAD stain (1:600, Thermo Fisher Scientific #L34976) and 1µM of Fluo-4 (Thermo 

Fisher Scientific #F-14201) or Indo-1 (Thermo Fisher Scientific #I1226), respectively, as Cre-expressing 

mice contain an eGFP reporter that would not be compatible with Fluo-4. Cells were then washed twice 

with 1% FBS PBS and resuspended in R10 media. TCR-PD-L1 or TCR-control beads were added at a ratio 

of 1:5 cell:bead and Yoda1 was added to samples at a final concentration of 5µM. Following addition of 

PIEZO1 agonist or beads for specified timepoints, cells were immediately acquired and analyzed on the 

BD FACSymphony or BD LSRII. Ca2+ influx was assessed by %GFP-positive cells for Fluo-4 dye compared 

to untreated controls and by the ratio of bound (BUV395) to unbound (BUV496) Ca2+ using Indo-1.  
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Western blotting  

Enriched CD8+ T cells, Jurkat cells or tumor cells were lysed in Pierce RIPA Buffer supplemented with Halt 

Protease and Phosphatase Inhibitor Cocktail (100X) for 15 min on ice. Whole cell lysates were spun down 

at 20,817 RCF at 4°C for 15 min. Supernatants were collected and transferred to new Eppendorf tubes and 

10µL of each lysate was taken for protein estimation using the Pierce BCA Protein Assay Kit to normalize 

for protein loading. Cleared lysates were denatured with 4X Laemmli Sample Buffer (BioRad) or 4X 

NuPAGE LDS (Invitrogen) containing beta mercaptoethanol (BME) and boiled for 5 min at 95°C. 15-40µg 

of protein per lysate was loaded and run on a NuPAGE 4-12% Bis-Tris protein gel and then transferred 

onto a nitrocellulose membrane. Ponceau staining was performed to check transfer efficiency and protein 

loading. Membranes were then blocked for 1 h in TBS supplemented with 1% Tween (TBS-T) and 5% milk 

or in Licor Intercept Blocking Buffer supplemented with 0.2% Tween at room temperature. Membranes were 

then incubated with primary antibodies, including pERK (CST, 1:1000, #4370S), pAkt (CST, 1:1000, 

#4060S), Histone H3 (CST, 1:1000, #9715S), Streptactin-HRP (Bio-Rad, 1:50,000, #1610381), b-Actin 

(CST, 1:1000, #3700S) and rocked overnight in blocking buffer at 4°C. Membranes were washed 3X in 

TBS-T buffer and incubated with the respective HRP-linked secondary antibodies (HRP-linked anti-rabbit 

IgG #7074P2, HRP-linked anti-mouse IgG #7076P2 and HRP-linked anti-rat IgG #7077S, CST, 1:2000) in 

blocking buffer for 1 h at room temperature. Membranes were then treated with SuperSignal West Pico 

PLUS Chemiluminescent Substrate (ThermoFisher #34580) and imaged using the Amersham Imager 600. 

Membranes incubated with fluorescent Licor secondary antibodies were directly imaged on Licor Odyssey 

CLx following TBS-T washes. When necessary, membranes were stripped with Restore PLUS Western 

Blot Stripping Buffer (Thermo Scientific #46430) for 15 min at room temperature, blocked and re-probed 

with primary and secondary antibodies as described above.  

 

Jurkat XLGenEpi nucleofection and stable clone selection   

The XLGenEPi PIEZO1 reporter plasmid driven by a doxycycline-inducible Tet-on system was a generous 

gift from the Pantazis lab (Figure 2.S7a). Jurkat cells were co-nucleofected with the XLGenEpi plasmid and 

pCMV_pBase at a molecular ratio of 1:1 using Lonza’s SE Cell line kit (cat. V4XC-2024) and corresponding 

CL-120 program on Lonza’s Amaxa-4D Nucleofector. The pCMV_pBase plasmid is a non-viral vector that 
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expresses the piggyBac transposase (pBASe) which, when co-transfected, allows for the integration of the 

XLGenEpi transgene into the genome using two terminal repeat domains flanking the XLGenEPi transgene 

(Figure 2.S7a)146. This integration into the genome allows for the generation of stable XLGenEPi clones 

that can be selected for using blasticidin (BSD). 2µg of XLGenEpi and equimolecular amounts of 

pCMV_pBase plasmids were used to nucleofect 1 million Jurkat cells in cuvettes. Cells were rested in 

complete RPMI media (RPMI supplemented with 10% FBS, 1% penicillin/streptomycin, 1% HEPES, 0.1% 

BME, 1mM sodium pyruvate and 4.5g/L of glucose) for 24 h following nucleofection. To generate stable 

clones, XLGenEPi nucleofected cells were selected with 8µg/mL BSD for 7 days. Cells were then rested in 

complete RPMI media for 24 h and treated with 200 ng/mL doxycycline for 24 h to induce PIEZO1 reporter 

expression. Selected Jurkat cells were then treated with 5µM Yoda1 and GFP-positive clones were 

immediately sorted on the BD FACS Aria and cultured to generate stable cell lines.  

 

Flow cell chamber preparation and TIRF imaging   

6-channel µ-Slide VI Glass Bottom slides (Ibidi #80607) were coated with Poly-D-Lysine for 1 h at room 

temperature. Excess Poly-D-Lysine was removed from the channel and the channel was washed 4X with 

PBS. Chambers were then coated with 2µg/mL CD3 and CD28 crosslinking antibodies and 4µg/mL PD-L1 

or mIgG1k overnight at 4°C.  Slides were then washed 4X with PBS and 80µL of PBS was left in the flow 

cell chamber to prevent drying out prior to use. 

 

XLGenEPi Jurkat cells were treated with ImmunoCult Human CD3/CD28 T cell activator (STEMCELL 

Technologies #10971) for 48 h prior to imaging to induce PD-1 expression. XLGenEPi Jurkat cells were 

treated with doxycycline (200ng/mL) for 24 h prior to imaging to induce XLGenEPi expression. XLGenEPi 

Jurkat cells were then stained with F-actin SPY550-FastAct (1:500, Cytoskeleton #CY-SC205) and anti-

human PD-1 AF647 (1:50, Biolegend #329910 clone EH12.2H7) for 1 h at 37°C in PBS supplemented with 

10% FBS (PBS-F). Cells were washed twice with PBS-F and resuspended at a concentration of 1 million/mL 

in complete RPMI media.  
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TIRF imaging was performed using a fully motorized Nikon Ti inverted microscope equipped with a Nikon 

Ti-TIRF-EM Motorized Illuminator and a Nikon LUN-F Laser Launch with single fiber output (488nm, 

90mW;561 nm, 70mW; 640nm, 65mW). To immobilize the sample, 80 µl of stained XLGenEPi Jurkat cells 

were flowed into one of the 6 coated µ-Slide channels (Ibidi #80607). Flow was established by capillarity 

using a Kimwipe. Imaging was performed under static conditions (e.g., not flow). Images were collected 

using an Apo TIRF 100x/1.49 DIC oil immersion objective lens with Nikon NF immersion oil, adjusting the 

correction collar to minimize spherical aberration. Images were captured with an Andor Zyla 4.2 Plus 

sCMOS monochrome camera using the 16-bit dual gain digitizer mode, 540 MHz readout rate and 2x2 pixel 

binning (resulting pixel size 0.1 um/px) and Nikon Elements Acquisition Software AR 5.02. The TIR angle 

for each channel was adjusted using fluorescence beads in the same flow chambers as used in the 

experiments and verified with a control sample. Signal from the different channels was acquired sequentially 

using a Chroma ZT 405/488/561/640 multi-band pass dichroic mirror mounted on a Nikon TIRF filter cube 

located in the filter cube turret, and band pass emission filters for XLGenEPi AF488 (Chroma ET525/50m), 

SPY5550-FastAct (Chroma ET 595/50m) and PD-1 AF647 (Chroma ET 655lp) channels, respectively, 

located on a Sutter emission filter wheel within the infinity space of the stand. Time-lapse imaging was 

performed with a time interval of 20 s and total acquisition time of 10 min. A ND16 filter was introduced in 

the lightpath to reduce irradiation. Imaging conditions were optimized to reduced photobleaching and 

phototoxicity.  

 

Fiji analysis for TIRF imaging  

TIRF image analysis was completed using a custom macro built in Fiji/ImageJ. The TIRF images were 

opened in Fiji and split into the different fluorescent channels. A 500 pixel rolling ball background subtraction 

was applied to reduce background intensities close to 0. The individual PD-1 and PIEZO1 channels were 

processed by performing a Tophat/difference of Gaussian filter to emphasize the small puncta. The 

processed images were segmented by intensity-based thresholding. A close filter followed by a size filter 

was applied to the thresholded masks to generate the final masks for PD-1 and PIEZO1. The Euclidean 

distance map of the masks conveys the distance from every point in the background to the objects in the 

masks. The distances were converted into a pixel intensity where close objects have a higher intensity than 
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far objects (overlapping objects would be the brightest). This analysis was used to measure the distance 

from the PD-1 puncta to the PIEZO1 puncta and vice versa. Regions of interest (ROI) were then drawn to 

demarcate cell boundaries to calculate the parameters on a per cell basis. The mask areas, the intensities 

of the signal as well as their distance to each other for all timepoint and all ROIs were measured. 

 

Mice  

Seven- to ten-week-old age-matched female or male mice were used for all in vivo experiments and seven- 

to fourteen-week-old mice were used for CD8+ T cell isolation and in vitro experimentation. Wild type 

C57BL/6J mice were purchased from Jackson Laboratories. E8I-Cre-ERT2 mice were a generous gift from 

the Vignali lab. Homozygous E8I-Cre-ERT2 mice were crossed with homozygous Piezo1flx/flx mice purchased 

from Jackson Laboratories (Stock #029213). Mice were crossed until they were fixed for the Piezo1flx/flx 

mutant allele as assessed by Transnetyx, an automated genotyping service. The Piezo1-2 WT probe was 

used to detect the WT Piezo1 allele (forward primer: CTGTCCCCTTCCCCATCAAG; reverse primer: 

GGGTCCAGGGTAGACAACAG). The L1L2-Bact-P MD probe (forward primer: GCTGGCGCCGGAAC; 

reverse primer: GCGACTATAGAGATATCAACCACTTTGT) was used to detect the L1L2_Bact_P cassette, 

composed of an FRT site followed by a lacZ sequence and a loxP site, confirming the integration of the 

floxed Piezo1 mutant allele. eGFP E8I-Cre-ERT2 and Rosa26-LSL TD tomato knock-in activity reporters 

were also quantified by Transnetyx using the eGFP (forward primer: CGTCGTCCTTGAAGAAGATGGT; 

reverse primer: CACATGAAGCAGCACGACTT) and tdRFP (forward primer: 

AGATCCACCAGGCCCTGAA; reverse primer: GTCTTGAACTCCACCAGGTAGTG) probes, respectively. 

Heterozygous Cre mice were bred to generate both Cre+ and Cre- littermates. To induce Piezo1 deletion, 

Cre+ and Cre- mice were intraperitoneally injected with 8 doses of 10mg/mL tamoxifen daily.  Deletion 

efficiency was assessed using RT-qPCR with probes spanning Piezo1 exons 20-23 containing the loxP 

sites, listed below under Chapter 2.4 RT-qPCR. Results indicated that Cre+ mice required two copies of 

the Cre+ allele for ~70% PIEZO1 deletion. Cre+ and Cre- mice Piezo1flx/flx mice were then bred separately 

to ensure the homozygous expression of Cre alleles for efficient gene deletion. All mice were housed in 

specific pathogen-free conditions and all animal experimentation was performed in accordance with IACUC 
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regulations and animal care guidelines from the Harvard Medical School Standing Committee on Animals 

and the National Institute of Health.  

 

RT-qPCR 

Murine CD8+ T cells were isolated from the spleens and inguinal lymph nodes of Cre+ and Cre- naïve mice 

treated with 10mg/mL tamoxifen for 8 days using CD8+ MACS or cell sorting. Isolated CD8+ T cells were 

washed with PBS and spun down at 453 RCF for 5 min. PBS was removed from the cell pellets and cell 

pellets were frozen at -80°C or immediately processed for RNA. RNA was isolated from purified CD8+ T 

cell pellets using Qiagen’s RNAeasy Mini Kit (#74104). RNA was quantified using Qubit RNA HS Assay Kit 

(#Q32852) and RNA concentration was normalized across samples. Reverse transcription was perform 

using Superscript VILO cDNA Synthesis Kit (Thermo Fisher Scientific #11-754-050) to generate cDNA. 

cDNA was diluted and mixed with Piezo1 specific fluorescein amidites (FAM) Taqman probes (Thermo 

Fisher Scientific, Assay ID # Mm01241547_g1 and #Mm01241549_m1) and control eukaryotic 18s rRNA 

FAM probe (Thermo Fisher Scientific, Assay ID #Hs99999901_s1) according to the Fast Advanced 

Mastermix real time PCR protocol. PCR mixtures were plated in Roche LightCycler 480 96-well plates 

(#04729692001) and sealed. Plates were run on the Roche LightCycler 480 with a 20 s polymerase 

activation step at 95°C followed by 40 cycles of 1 s of denaturing at 95°C and 20 s of annealing and 

extending at 60°C.  

 

PIEZO1 KO CD8+ T cell stimulation and flow cytometry 

E8I-Cre-ERT2 Cre+ and Cre- mice were treated with 8 doses of 100mg/mL tamoxifen. Naïve CD8+ T cells 

were isolated from spleens of tamoxifen-treated mice using negative selection MACS isolation (Miltenyi). 

Naïve CD8+ T cells were stimulated for 48 h on 96-well U-bottom plates coated with a titration of anti-CD3 

and anti-CD28 crosslinking antibodies (0, 0.1, 1.0, 5.0 and 10µg/mL). Supernatant from each sample was 

collected 48 h following the addition of beads for CBA analysis (BD Biosciences). After 48 h, CD8+ T cells 

were stained following the protocol outlined in Chapter 2.4 Flow cytometry staining and run on the BD 

FACSymphony for flow cytometric analysis.  
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Tumor implantation  

Mice were anesthetized with 2.5% 2,2,2-tribromoethanol (Avertin, Sigma-Aldrich catalog no. T48402-25G) 

and injected in the flank subcutaneously with 2.5 ×105 MC38, B16.F10 or B16-OVA tumor cells. Once 

palpable tumors were observed, tumors were measured every other day to calculate tumor volume over 

time. Tumor volume was calculated using the equation (L*W2)/2 where L denotes tumor length and W 

denotes tumor width. Mice were monitored for body condition and weight loss. Mice with tumors that 

exceeded 2000mm3, that were severely ulcerated or that infiltrated the i.p. cavity were sacrificed.  

 

Tumor infiltrating lymphocyte isolation  

Tumors were harvested at day 15 following implantation and processed for analysis. Extracted tumors were 

mechanically chopped and treated with collagenase type 1 (Worthington Biochemical, #LS004194) and 

mixed for 25 min at 37°C. Lymphocytes were enriched using a 40/70% Percoll gradient (see Chapter 3.4 

Tumor Experiments) 

 

 

Flow cytometry staining 

Cells were surface stained with antibodies listed below at a 1:100 dilution (unless otherwise noted) in 96-

well V-bottom plates for 45 min in the dark on ice. Samples were washed twice with MACS buffer (PBS-/-, 

1% FBS, 2mM EDTA) and fixed for 20 min in the dark at room temperature and permeabilized with 

FoxP3/Transcription Factor Staining Buffer Set Kit (eBioscience).  Cells were stained with intracellular 

antibodies listed below at a 1:100 dilution (unless otherwise noted) for 1 h in the dark on ice and washed 

twice with eBioscience Permeabilization Buffer. All washes used 200µL of the specified buffers and spins 

were performed at 726 RCF for 2 min at 4°C. Fixed and stained samples were run on the BD FACSymphony 

and analyzed using FlowJo software.  

 

Antibodies for flow cytometry and sorting  

Flow cytometry analyses were performed on a BD FACSymphony and cell sorting was performed on a BD 

Aria II. The following fluorescent antibodies were purchased from Biolegend for flow cytometry and cell 
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sorting: human PD-1 (clone EH12.2H7, #329936) and murine CD45.2 (APC-Cy7, clone 104, #109824), 

CD8b (Alexa Fluor700, clone 53-6.7, #00730), CD44 (APC, clone IM7, #103012), PD-1 (PE-Cy7, RMP1-

30, #109110), CD69 (BV421, H1.2F3, #104528), CD28 (FITC, clone E18, #122008), CD62L (BV605, 

PerCPCy5.5, clone MEL-14), CD3e (BUV395, PerCpCy55, FITC, clone 145-2C11), Perforin (PE, clone 

S16009A), Granzyme B (BV421, clone GB11, #515408), CTLA4 (BV605, clone UC10-4B9, #106323), Tim3 

(BV711, BV421, clone RMT3-23, #119727) and Slamf6 (PE, APC, 330-AJ). The following fluorescent 

antibodies were purchased from BD Biosciences: CD4 (BUV496, BUV737, clone GK1.5), LFA1 (BV786, 

clone M17/4) and Ki67 (PerCpCy55, clone B56). FoxP3 (Alexa Fluor 488, clone FJK-16s, #53-5773-82), 

LIVE/DEAD Fixable Aqua dead cell stain (1:600, L34957) and LIVE/DEAD Fixable Near-IR dead cell stain 

(1:600, L34976) were purchased from Thermo Fisher Scientific.  

 

Proteomic analysis on sorted CD8+ TILs 

Sorted cells were lysed in 200µL of lysis buffer (50mM Tris pH 8.5, 150mM NaCl, 2%SDS) containing 

protease and PhosStop phosphatase inhibitor (MilliporeSigma, 4906837001) and Complete EDTA-free 

Protease Inhibitor (Millipore Sigma, 11873580001). Lysates were shredded using QiaShredder (Qiagen, 

79656) in a microcentrifuge at 20,817 RCF for 5 min.  Proteins were reduced in 1.5mL Eppendorf tubes 

with 1µL of fresh 1M DTT for 60 min at 37°C with gentle shaking (1000 RPM) using the Eppendorf 

ThermoMixer C (Orbital Shakers).  After cooling samples to room temperature, reduced cysteines were 

alkylated by adding 20µL of 0.5M ammonium bicarbonate and 10µL of 0.4M iodoacetamide (prepared in 

50mM ammonium bicarbonate).  Samples were incubated for 25min at room temperature in the dark.  The 

reactions were then quenched by adding 10µL 1M DTT. After alkylation, detergent and other contaminants 

were removed by SP3 cleanup as described in the phospho-peptide pull-down protocol (Chapter 3.4 

Phospho-peptide pulldowns) and subsequently digested, labelled, and analyzed as described in Chapter 

2.4 Mass spectrometry analysis outlined above.  

 

In vivo PD-1 blockade and Piezo1 agonist treatment  

Two 100µg doses of anti-PD-1 (BioXcell, clone 29F.1A12, #BE0273) or rat IgG2a isotype control (BioXcell, 

clone 2A3, #BP0089) were administered interperitoneally to mice on days 10 and 13 (B16-OVA model) or 
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14 and 17 (MC38 model) following tumor implantation. Yoda1 (Tocris, #5586) was reconstituted in DMSO 

to reach a final stock concentration of 17 mg/mL. Reconstituted Yoda1 was freshly formulated with PBS 

and sonicated prior to each experiment to obtain a dose of 7.5mg/kg per mouse (250ug/200uL) 

administered interperitoneally 3-5 times between days 5 and 13.   
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Chapter 3: 
 
 

Differential signaling mechanisms of PD-1 ITIM and ITSM motifs 
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3.1 Introduction 

Following ligation by PD-L1 or PD-L2, PD-1 ITIM and ITSM motifs are phosphorylated and subsequently 

recruit SH2-domain containing phosphatases SHP1/2, in part, to propagate inhibitory signals that attenuate 

T cell function14,15,30,48,147,148. While the recruitment of SHP1/2 has been well-established in the literature, 

the specific function of each PD-1 tyrosine phosphorylation motif on T cell inhibition is not clearly 

understood14,50. The vast array of molecular processes attenuated by PD-1 ligation, including cytokine 

production, Ca2+ flux, cytoskeletal rearrangements, cytolosis, migration and metabolic machinery, suggests 

there are mechanisms in addition to phosphatase recruitment that function to inhibit T cell activation14–20. 

This is supported by findings that suggest SHP2 deficiency in mice does not recapitulate full PD-1 KO51. 

Moreover, the cytoplasmic tail of PD-1 has not been studied for additional signaling motifs or 

phosphorylation sites that may contribute to its inhibitory function. Given the variable responses of cancer 

patients treated with PD-1 blockade, it is necessary to determine the signaling mechanisms driving PD-1 

function and whether targeting a specific motif may confer therapeutic benefit24–26,47.  

 

PD-1 is one of over 100 receptors in immune cells and some nonhematopoietic cells that contain ITIM or 

ITSM sequences149,150.  The signaling outputs derived from phosphorylation of these motifs vary drastically 

despite recruitment of similar mediators3,149,150. In general, ITIMs, or inhibition motifs, govern inhibitory 

signaling through the recruitment of SH2-containing phosphatases that dephosphorylate effector proteins 

that drive activation3,48,149. Receptors containing ITSMs, or switch motifs, on the other hand, have been 

reported to alter their function based on the specific mediators binding to phospho-tyrosine3,48. LY108 

(Slamf6), 2B4 and other SLAM receptors, for example, bind to signaling lymphocytic activation molecule-

associated protein SAP (SH2D1A), which associates with the ITSM to block phosphatase binding and 

promote positive signaling3,151. However, in the absence of SAP, this family of receptors uses their ITSM to 

bind SHP1/SHIP1 phosphatases that promote negative signaling, signifying that a single receptor can 

function as both a costimulatory or coinhibitory receptor3,151. In addition, the phosphorylation of immune-

tyrosine activation motifs, or ITAMS, found on the TCR, B-cell receptor (BCR), and numerous costimulatory 

receptors, drives activation machinery in immune cell subsets that is subsequently dampened by the ligation 

of receptors containing ITIM and ITSM sequences150. While there is considerable overlap in the types of 
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motifs comprising the cytoplasmic tails of immunoreceptors to promote signaling, their functions significantly 

diverge. Moreover, the promiscuity of signaling mediators recruited to the cytoplasmic tail of 

immunoreceptors makes it difficult to distinguish how specific motifs function to preferentially impact 

downstream pathways, adding to our lack of clarity. For these reasons, our studies relied on PD-1 mutant 

mouse models and proteomic methodology to uncouple the function of the ITIM and ITSM, and other 

potential signaling motifs. 

 

In vitro analyses of ITIM and ITSM mutated T cells suggest that the ITSM is the primary signaling motif 

driving PD-1-mediated inhibition14,48,148. These published studies were performed exclusively in vitro and 

only assessed functional impact on total CD4+ T cells48,148. To more closely examine the role of each motif 

in regulating PD-1 inhibitory signals in multiple immune cell subsets, we generated PD-1 mutant mouse 

strains with a single amino acid change, tyrosine to phenylalanine, in the ITIM and ITSM, to assess how 

preventing signaling through each motif impacts T cell responses in tumors in vivo14,15,148. We found that 

mice harboring this mutation in the ITSM resulted in enhanced CD8+ T cell-mediated tumor clearance, 

similar to genetic deficiency of PD-1 (KO), with an increase in both CD8+ and CD4+ effector T cell 

responses. Conversely, mutation of the ITIM did not control tumor burden, similar to responses observed 

in WT mice, and did not enhance CD8+ nor CD4+ effector T cell responses.  Interestingly, however, ITSM 

mutant mice do not clear tumors as efficiently as PD-1 KO mice, suggesting that there is residual function 

controlled by the ITIM or an uncharacterized signaling motif.  

 

Confirming the necessity of the ITSM in regulating cancer pathogenesis in vivo lead us to explore various 

proteomic methods to specifically identify how each motif regulates downstream signaling. Using PD-1 WT, 

KO, ITIM and ITSM mutant CD8+ T cells for Reverse Phase Protein Array (RPPA) analysis and phospho-

flow cytometry, we assessed and validated differences in characterized TCR signaling pathways that are 

known to be inhibited by PD-1 ligation17,152. We then used proximity phospho-proteomics to assess changes 

in membrane dynamics and protein recruitment to the cytoplasmic tail of PD-1 mutants while correlating 

this behavior to changes in phosphorylation. To determine if observed protein recruitment resulted in a 

direct binding interaction with PD-1 ITIM or ITSM mutants, we performed phospho-peptide pulldowns with 
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peptides corresponding to the ITIM, ITSM and novel phosphorylated serine residues identified on the 

cytoplasmic tail of PD-1. Finally, we developed in vivo PD-1-APEX2 proximity labelling to monitor specific 

signaling alterations among various immune cell subsets in vivo that can be applied to PD-1 mutant 

constructs. Together, these data not only corroborate previous findings, but elucidate unique roles for the 

ITIM and ITSM in different disease contexts and identify potentially novel mechanisms of PD-1-mediated 

function. 

 

3.2 Results 

ITIM and ITSM mutant phenotypes in cancer  

Previous studies have found that singly mutating the ITIM or ITSM on PD-1 in vitro results in different 

signaling outputs that regulate specific T cell functions downstream. Multiple studies report that the ITSM 

motif governs the majority of PD-1-mediated inhibition, while the main function of the ITIM remains largely 

uncharacterized. We hypothesized that these observed differences would translate to unique pathogenic 

responses in vivo in the context of cancer. We first compared how PD-1 ITIM and ITSM mutant mice 

controlled tumor growth compared to PD-1 WT and KO mice. Mice were implanted with PD-1 blockade-

responsive MC38 tumor cells or less immunogenic B16-OVA melanoma cells and monitored for tumor 

growth22.  PD-1 ITSM and KO mice similarly cleared tumors in the B16-OVA model, however, PD-1 KO 

mice cleared significantly more tumors in the MC38 model compared to ITSM mutant mice (Figure 3.1a-b). 

Conversely, the ITIM mutant tumor growth phenotype resembled that observed in WT PD-1 mice in both 

tumor models. Although the ITSM mutation significantly improved overall survival in the MC38 model 

compared to WT and ITIM mutant mice, survival was still significantly decreased compared to PD-1 KO 

mice (Figure 3.1c).  Similarly, ITSM mutant mice exhibited improved survival compared to PD-1 WT and 

ITIM mutant mice bearing B16-OVA tumors and this survival was not significantly different compared to 

PD-1 KO mice (Figure 3.1d). WT and ITIM mutant mice showed similar survival in both MC38 and B16-

OVA models (Figure 3.1 c-d). The differences observed in tumor growth and survival between MC38 and 

B16-OVA ITSM-tumor bearing mice may be due in part to the amount of tumor cells injected for each model 

(1x106 MC38 cells and 3x105 B16-OVA cells).  The greater number of implanted MC38 tumor cells likely 

induced more rapid tumor growth that could not be as efficiently controlled by the immune compartment. 
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While these data suggest that loss of signaling from the ITSM motif alone is sufficient to recapitulate the 

phenotype of enhanced tumor growth control and survival associated with total PD-1 loss, it is important to 

note that ITSM mutant mice were not as efficient at controlling tumor growth or enhancing survival 

compared to PD-1 KO mice. For this reason, it is likely that the ITIM or an uncharacterized signaling motif 

plays a role in PD-1-mediated inhibition.  

 

ITSM-mutant CD8+ TILs are more abundant and cytotoxic  

To better characterize the mechanism of tumor clearance, we analyzed TILs ex vivo for T cell subset and 

cytotoxicity markers. We isolated TILs on day 10 post MC38 tumor implantation from PD-1 WT, KO, ITSM 

and ITIM mutant mice. We observed an increased frequency of CD8+ T cells and reduced frequency of 

Foxp3+ Treg cells in the tumors of ITSM mutant and KO mice compared to WT and ITIM mutant mice, 

resulting in an increased CD8+/Treg cell ratio (Figure 3.1e,g-h). The frequency of Foxp3- Tcon cells also 

was increased in ITSM mutant and KO mice compared to WT and ITIM mice (Figure 3.1f). These data 

suggest that increased CD8+ TILs and decreased Treg cell numbers in the tumor are driving decreased 

tumor burden observed in the ITSM mutant mice, similar to PD-1 KO mice.  

 

To characterize the cytotoxic capacity of CD8+ T cells, we examined expression of cytotoxicity-associated 

markers ex vivo. The frequency of perforin-expressing CD8+ TILs isolated from ITSM mutant and PD-1 KO 

mice was significantly increased compared to WT and ITIM mutant mice (Figure 3.1i). The frequency of 

granzyme B-expressing CD8+ TILs was significantly elevated in PD-1 KO mice compared to WT, while 

ITSM and ITIM mutant mice trended toward producing more granzyme B than WT mice, though these 

results were not significant (Figure 3.1j). We stimulated TILs in vitro with CD3/CD28 crosslinking antibodies 

to assess cytokine production and found increased frequencies of TNFa-producing PD-1 KO and ITSM 

mutant CD8+ TILs compared to WT and ITIM mutant CD8+ TILs (Figure 3.1k). We also observed a trend 

toward increased frequencies of IFNg-producing CD8+ TILs in PD-1 KO and ITSM mutant mice compared 

to WT and ITIM mutant mice. These data suggest that both ITSM and KO mice control tumor growth and 

clear tumor more effectively due to an increased presence of highly cytotoxic CD8+ effector T cells.   
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Complementary studies spearheaded by a previous graduate student in the Sharpe lab further 

demonstrated that CD8+ T cells are the main effectors of tumor-associated phenotypes in ITIM and ITSM 

mutant mice using antigen-specific CD8+ T cell adoptive transfer studies in B16-OVA-bearing mice and 

CD8+ T cell depletion studies in MC38-tumor bearing mice (data not shown, under review). Together, these 

data corroborate previous in vitro work indicating the ITSM is the primary mediator of PD-1 inhibition.  Still, 

differences observed between PD-1 KO and ITSM mutant mice as well as between WT and ITIM mutant 

mice indicate that further work is needed to define additional mechanisms necessary for optimal PD-1 

signaling. 
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Figure 3.1: ITIM and ITSM mutant mice differentially respond to cancer. Tumor growth in PD-1 
WT, KO, ITIM and ITSM mutant mice implanted with a) 1x106 MC38 or b) 3x105 B16-OVA tumor cells. 
Data are presented as means of n=5-20 ± SD and tumor clearance is reported for each group. Survival 
analysis of c) MC38 and d) B16-OVA tumor-bearing mice from tumor experiments displayed in a) and 
b). Data are presented as means of n=5-20 ± SD and statistical significance was assessed using the 
Log-rank Mantel Cox test. Frequencies of e) CD8+ f) CD4+ Tcon and g) FoxP3+ Treg cells and h) 
CD8+/Treg ratios of TILs isolated from MC38 tumors on day 10 post-implantation. Frequencies of i) 
perforin and j) granzyme B in CD8+ TILs isolated from MC38 tumors on day 10 post-implantation. CD8+ 
TILs stimulated ex vivo with crosslinking CD3/CD28 antibodies and assessed for frequencies of k) 
TNFa and l) IFNg. Data are presented as means of n=2-5 ± SD. Statistical significance was measured 
using one-way ANOVA. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Data generated by Juhi 
Kuchroo, MD PhD.  
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TCR-mediated signaling pathways impacted by ITIM and ITSM mutations  

Our in vivo tumor studies emphasized a more potent role for the ITSM in mediating PD-1 inhibition 

compared to the ITIM. To address phenotypic differences observed in ITIM and ITSM mutant mice, we 

assessed phosphorylation changes in proximal TCR-mediated signaling pathways to determine if specific 

pathways are targeted by either motif. We initially chose an unbiased approach to identify signaling players 

impacted by mutation of the ITIM and ITSM. We prepared samples for a Reverse Phase Protein Array 

(RPPA) assay performed at the MD Anderson Cancer Center152. The RPPA core at MD Anderson assesses 

cell lysates for changes in protein levels of approximately 500 proteins and phospho-proteins involved in 

signaling cascades152. We isolated naïve CD8+ T cells from spleen and lymph nodes and stimulated them 

overnight in plates coated with CD3/CD28 crosslinking antibodies to induce PD-1 expression. Stimulated 

CD8+ T cells were then incubated with TCR-PD-L1 beads overnight using methods outlined in Chapter 2.4. 

Following bead treatment, cells were lysed and sent to the RPPA Core at MD Anderson where antibodies 

were used to assess relative protein levels.  

 

Preliminary data demonstrated that several of the most significantly altered proteins upon PD-L1 

engagement of PD-1 included phosphorylated members of the PI3K-AKT and MEK-ERK pathways. 

Phosphorylation of S6 and mTOR, which are downstream mediators of AKT signaling, was increased with 

defective PD-1 signaling in either KO, ITIM or ITSM mutant CD8+ T cells, compared to WT CD8+ T cells 

that contain a functional PD-1 immunoinhibitory pathway (Figure 3.2a,e). While MAPK phosphorylation was 

also increased in PD-1 KO, ITIM and ITSM mutants, the increase in ITIM mutant CD8+ T cells was more 

subtle, suggesting a potential difference in ITIM and ITSM signaling (Figure 3.2b). RPPA analysis also 

examined two activating phosphorylation sites on AKT. Interestingly, levels of pS473 on AKT were elevated 

in KO mice, but remain similar in ITSM and WT mice, while levels of pT308 on AKT were elevated in both 

KO and ITSM mice compared to WT mice (Figure 3.2c-d). These findings suggest that the ITSM may 

regulate specific phosphorylation sites on AKT that affect the activation of downstream mediators of AKT 

signaling, including S6 and mTOR. ITIM mutant CD8+ T cells demonstrated decreased phosphorylation in 

both activating AKT phospho-sites, indicating another potential node of differential signaling between the 

ITIM and ITSM (Figure 3.2c-d). However, because complete knockout of PD-1 shows the greatest defect 
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overall in dephosphorylation mediated by PD-1 compared to the ITSM, the role of the ITIM or an 

uncharacterized signaling motif cannot be excluded. As described above, the similar trends in 

phosphorylation status of TCR signaling mediators between the KO and ITSM suggest that the majority of 

regulation is likely via the ITSM motif. In addition, increased phosphorylation of mTOR in ITSM mutant CD8+ 

T cells compared to PD-1 KO and ITIM CD8+ T cells may suggest that the ITSM primarily regulates mTOR 

dephosphorylation compared to the ITIM and perhaps a compensatory mechanism is triggered to regulate 

mTOR dephosphorylation with total PD-1 loss (Figure 3.2e).  

 

We validated the findings from RPPA using phospho-flow cytometry analysis. We stimulated naïve CD8+ T 

cells with crosslinking CD3/CD28 antibodies. The cells were then rested overnight and restimulated with 

TCR-PD-L1 beads at short timepoints to capture the fast kinetics of phosphorylation following TCR 

stimulation and PD-1 ligation. We observed significant changes in phosphorylation status of the different 

TCR signaling mediators at different timepoints (Figure 3.2f-i). Interestingly, we observed differences in 

signaling in PD-1 KO CD8+ T cells compared to ITSM mutant T cells in the separate signaling arms of the 

TCR cascade. There is no increase in ERK phosphorylation in ITSM mutant CD8+ T cells immediately 

following TCR stimulation, compared to KO CD8+ T cells, suggesting that the ITIM may play a role in 

regulating ERK phosphorylation early on following TCR and CD28 engagement (Figure 3.2g). In contrast, 

S6 phosphorylation in PD-1 KO, ITIM and ITSM mutant CD8+ T cells was increased compared to WT CD8+ 

T cells, as observed in our RPPA analysis (Figure 3.2f). We assessed phosphorylation of ZAP70, a receptor 

tyrosine kinase that drives TCR-mediated signaling and is dephosphorylated upon PD-1 ligation15,153. As 

expected, we observed significantly more phosphorylation in PD-1 KO cells compared to PD-1 WT, ITIM 

and ITSM mutant cells, though ITSM mutant cells display more phosphorylation compared to WT, indicating 

a role for the ITSM in mediating ZAP70 dephosphorylation (Figure 3.2i). Additionally, we did not observe 

significant differences in AKT-pS473 between ITSM, ITIM and WT CD8+ T cells at early timepoints, similar 

to our RPPA analysis (Figure 3.2h). Nevertheless, these data imply that the ITSM and ITIM differentially 

regulate specific pathways downstream of the TCR/CD28 signaling cascade. 
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Our preliminary analyses highlight the impact of the ITSM and ITIM on specific pathways downstream of 

PD-1 but require further experimentation to examine distinct activating and inactivating phosphorylation 

sites on target proteins. We also appreciate that the signaling pathways evaluated in these studies are 

regulated by a variety of different immunoreceptors and stimuli. Such crosstalk may convolute findings if 

these pathways are up or downregulated as a compensatory mechanism in response to loss of PD-1 

signaling motifs. As a result, we have employed more targeted proteomic methods to further elucidate how 

the ITIM and ITSM impact downstream signaling pathways by recruiting specific effector proteins.  

 

 

 

 

 

 

Figure 3.2: ITIM and ITSM impact on TCR-mediated signaling pathways. RPPA analysis of murine 
CD8+ T cells isolated from PD-1 mutant, WT or KO mice and stimulated with TCR-PD-L1-containing 
beads for 24 h to assess phosphorylation changes in a) S6-pS240-S244, b) MAPK pT202-pY204, c) 
AKT-pS473, d) AKT-pT308, and e) mTOR-pS2448 pathways. Data are reported as relative protein levels 
(y-axis) and statistical significance was not calculated on one replicate per condition for pilot 
experimentation. Frequencies of f) pS6-pS240-pS244, g) p44-42 MAPK, h) pAKT-pS473, and I) ZAP70 
pY319 in CD8+ T cells stimulated with PD-L1-containing beads and assessed by phospho-flow cytometry. 
Data are presented as means of n=4-5 ± SD. Statistical significance was measured using Student’s 
unpaired t-test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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PD-1 mutant-APEX2 proximity labelling identifies unique protein recruitment patterns in ITIM and ITSM 

To determine the specific proteins regulating the differential signaling outcomes observed in ITIM and ITSM 

mutant mice, we designed PD-1 ITIM and ITSM single mutant APEX2-expressing Jurkat cells for proximity 

labelling analysis, described in Chapter 2.2. We performed a 16-plex proximity labelling experiment 

assessing 5 and 20 min timepoints to compare PD-1 WT and mutant constructs expressed in Jurkat cells 

and stimulated with TCR-control or TCR-PD-L1 beads using methods outlined in Chapter 2.4. In alignment 

with the literature, we found complete ablation of SHP2 recruitment to ITSM-mutated PD-1, while ITIM-

mutated PD-1 retained SHP2 association (Figure 3.3a). We also observed that the majority of SHP1 

peptides were identified in WT and ITIM-mutant conditions, suggesting that the ITSM likely drives 

phosphatase recruitment, though the distinct roles of SHP2 and SHP1 in mediating PD-1 inhibitory signals 

remain unclear (Figure 3.3a-b)14,48,51.  

 

Our data and previous studies have proven that the ITSM recruits tyrosine phosphatases to attenuate TCR-

mediated signaling pathways (Figure 3.3a-b). However, the role of the ITIM has not been elucidated. The 

ITIM is minimally required for phosphatase recruitment and both motifs are necessary for disrupting stable 

contacts at the immune synapse19. While PD-1 clustering at the immune synapse was not significantly 

different among PD-1 WT, single mutant and double mutant cells, ITIM and double mutant cells appear to 

have more diffuse clustering with TCR components at the immune synapse19. We assessed TCR 

components in our proximity labelling experiment to determine if mutation in the ITIM altered colocalization 

with key immune synapse components. Interestingly, we found that both single ITIM and ITSM mutations 

exhibited less colocalization with CD28, CD3e, CD3d, CD3g and ZAP70, though mutation in the ITIM 

showed the greatest decrease in colocalization with T cell activation proteins (Figure 3.2c-g)15,16. It is also 

important to note that colocalization was diminished in both TCR-control and PD-L1-ligated conditions, 

suggesting that PD-1 clustering at the immune synapse occurs upon TCR stimulation in the presence or 

absence of PD-1 ligation (Figure 3.2c-g). Still, these data suggest a potential defect in PD-1 clustering at 

the immune synapse driven primarily by the ITIM motif.   
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Given our previous findings highlighting a robust recruitment of PIEZO1 to PD-1 over time, we assessed 

whether this association was regulated by the ITIM or ITSM (Chapter 2.2). Interestingly, we found that 

ligation of PD-1 induced PIEZO1 recruitment despite mutations in either motif, though recruitment in the 

WT and ITIM-mutant conditions are slightly lower than the ITSM mutant (Figure 3.3h). These data suggest 

that the ITIM may play a minor role in PIEZO1 localization or that PD-1-PIEZO1 association is independent 

of known PD-1 signaling motifs and relies on a novel signaling site. Moreover, we observed robust 

recruitment of ubiquitin ligase WWP1 in ITIM-mutated cells at baseline and 5 min that significantly 

decreased at 20 min (Figure 3.3i). These data coincide with our previous findings of PIEZO1 co-IP with 

WWP1 following PD-1 ligation. Interestingly, the robust enrichment of WWP1 that decreases over time in 

ITIM mutant conditions indicates a role for the ITSM in recruiting WWP1 even prior to PD-1 ligation. The 

dissociation of WWP1 proximal to the cytoplasmic tail of PD-1 may be regulated by the ITIM since we do 

not capture this association in WT and ITSM mutant conditions.  

 

To further investigate a potential function for the ITIM, we assessed recruitment kinetics of proteins that 

were retained in ITSM-mutated cells but diminished in ITIM-mutated cells. We observed increased 

recruitment of ubiquitin-ligase Cbl-b and corresponding binding partners UBASH3A (STS-2) and UBASH3B 

(STS-1) in ITSM-mutated cells driven by PD-1 ligation that was reduced in ITIM-mutated cells (Figure 3.3j-

l)154–156. Interestingly, Cbl-b and UBASH3A exhibited very similar recruitment kinetics, where association 

with PD-1 was augmented upon PD-L1 ligation in the ITSM mutant compared to the ITIM, suggesting that 

the ITIM may recruit these proteins for effector function (Figure 3.3k-l). Alternatively, UBASH3B exhibited 

the greatest increase in recruitment with TCR stimulation alone in WT cells which was abrogated in ITIM 

mutant cells (Figure 3.3j). These findings are intriguing in that Cbl-b, UBASH3A and UBASH3B are negative 

regulators of T cell activation and interact with one another to induce ubiquitin-mediated proteasomal 

degradation, while UBASH3B also exhibits phosphatase activity154,155,157,158. It is possible that recruitment 

of this complex drives the degradation of TCR effector proteins that are inactivated upon PD-1 ligation.  
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Figure 3.3: PD-1 mutant APEX2 proximity labelling time course. TMT ratios (TMT RA, y-axis) of a) 
SHP2, b) SHP1, c) CD28, d) CD3e, e) CD3d, f) CD3g, g) ZAP70, h) PIEZO1, i) WWP1, j) UBASH3B, k) 
UBASH3A, and l) Cbl-b treated with TCR-control or PD-L1-containing beads for 5 and 20 min. Data 
were normalized to total protein and statistical significance was not calculated for one replicate per 
condition. Dotted line represents the value of TMT ratios when no change in recruitment is observed 
across conditions.   
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PD-1-APEX2 proximity phospho-proteomic analysis 

While proximity labelling highlights colocalization around the APEX2 probe, enzyme activity and pathway 

activation through post-translational modification are not captured102,103. Thus, proteins may be migrating 

to specific locations, yet we are unable to determine whether or not this localization is due to an activating 

phosphorylation event. This is specifically important for transmembrane receptor signaling, which is often 

induced by activating phosphorylation events following ligation to trigger downstream signaling. For this 

reason, we performed proximity phospho-proteomics to assess changes in phosphorylation, thereby 

providing additional information about signaling pathways that become activated or inactivated upon PD-1 

ligation (manuscript in prep). Differing from global phospho-proteomics performed on entire cell lysates, 

proximity phospho-proteomics identifies phosphorylation events within an enriched protein population 

(manuscript in prep). Our PD-1-APEX2 experiments, for example, enrich for proteins that are biotinylated 

around the APEX2 labeling radius. Using this enriched pool of peptides, we can then perform immobilized 

affinity chromatography (IMAC), sealed with C18 reversed phase chromatography matrix material, that uses 

positive charges to trap and enrich for negatively charged phosphorylated proteins in multiplexed proteomic 

samples (Chapter 3.4 Methods, manuscript in prep). This method is complementary to proximity labelling 

in that only proteins of interest are assessed for phosphorylation changes among different conditions, rather 

than evaluating unrelated global phosphorylation events. Here, we used proximity phospho-proteomics to 

correlate protein recruitment behavior with phosphorylation changes in the presence and absence of PD-1 

ligation using both murine and human PD-1 constructs. Given that phosphorylation sites are difficult to 

capture in an enriched protein population, we focused on dephosphorylation events that align with PD-1-

mediated inhibition in the literature in addition to assessing novel phosphorylation patterns.   

 

Using proximity phospho-proteomics in our WT human PD-1-APEX2 time course, we detected multiple 

phosphorylation sites that align with characterized TCR-mediated signaling events inhibited by PD-1 

ligation. We observed significant enrichment of SHP2 pY584 over time following PD-1 ligation compared to 

TCR-control beads, which facilitates binding to adaptor protein GRB2 and confirms PD-1-mediated 

activation of SHP2 (Figure 3.4a)14,159. We also observed decreases in CD3z ITAM pY111 and TCR-

mediated phosphatidylinositol (3,4,5)-triphosphate (PIP3) pathway proteins PKC pT536 and PLCg pS1248 
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upon PD-L1 ligation compared to control stimulation, verifying that PD-1 ligation induces dephosphorylation 

of components in the TCR signaling cascade (Figure3.4b-d)15,17,54. In addition to dephosphorylation of TCR 

effector proteins, we also noticed decreased phosphorylation of capping protein regulator and myosin 1 

linker 2 protein CARMIL2 upon PD-1 ligation compared to TCR-control conditions (Figure 3.4e). CARMIL2 

is essential for CD28 costimulation and promotes actin polymerization at the immune synapse through 

binding of the actin-related protein 2/3 (Arp2/3) complex160,161. Loss of function mutations in CARMIL2 

results in immunodeficiency marked by a lack of Treg cells, defective CD28 signaling and impaired 

cytoskeletal dynamics161. These findings are intriguing given our studies outlined in Chapter 2 regarding 

PD-1 regulation of actin cytoskeletal rearrangements and PIEZO1 activity (Figure 2.1). It is possible that 

PD-1 targets actin cytoskeletal machinery from the Arp2/3/CARMIL2 complex to disrupt PIEZO1 activation 

and TCR-mediated signaling at the immune synapse.   

 

While we did not capture PD-1 tyrosine phosphorylation sites in this experiment, we did identify a novel 

serine phosphorylation site on the C-terminal tail of PD-1. We found that PD-1 pSer261 increased 

immediately upon PD-1 ligation compared to control conditions (Figure 3.4f). When we repeated this 

experiment with a murine PD-1-APEX2 construct, we again identified PD-1 pSer267 phosphorylation 

increasing over time following PD-1 ligation compared to TCR controls, which differs slightly from the human 

residue given differences in human and murine sequence homology (Figure 3.5a). In addition, we were 

able to capture PD-1 pY-ITIM phosphorylation and a second novel phospho-serine (pS-ITIM) two residues 

upstream of pY-ITIM (Figure 3.5b-c).  Both ITIM-associated phospho-sites were strongly induced following 

PD-1 ligation compared to TCR-treated controls (Figure 3.5b-c). Encouragingly, PD-1 pulldown 

experiments in murine EL4 lymphoma cells stimulated with TCR-control or TCR-PDL-1 beads also showed 

an increased in phospho-serine in PD-L1 treated conditions using Western blot analysis (data not shown). 

While the precise serine site could not be ascertained in Western blotting analysis, confirmation of serine 

phosphorylation on PD-1 using an alterative method increased our confidence in the results. These findings 

imply that PD-1 contains uncharacterized signaling motifs that need to be studied further.   
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Figure 3.4: Proximity phospho-proteomics from human PD-1-APEX2 time course. TMT ratios 
(TMT RA, y axis) of phosphorylated peptides a) SHP2 pY584, b) CD3z pY111, c) PKC pT536, d) PLCg 
pS1248, e) CARMIL2 pS1423 and f) PD-1 pS261 identified from proteins enriched in PD-1-APEX2 time 
course experiments treated with TCR-control or TCR-PD-L1 beads. Data are normalized to 
endogenously biotinylated acetyl-CoA carboxylase-1 (ACACA) and statistical significance was not 
calculated for one replicate per condition. 
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Additional phosphorylation events identified in the murine PD-1-APEX2 time course aligned with findings 

in the human PD-1-APEX2 time course. We again observed robust increases in SHP2 pY584, as well as 

its second activating phosphorylation site pY586, which also facilitates binding to GRB2 (Figure 3.5d-e)159. 

We detected decreases in phosphorylation on CD3z ITAM, PLCg and CARMIL2 residues similar to those 

identified in the human PD-1-APEX2 experiments (Figure 3.5f-h). These findings not only validate previous 

findings in the literature, but unveil novel phosphorylation sites and signaling mechanisms regulated by PD-

1-mediated inhibition17,161.  

 

 

 

 

 

 

 

 

 

Figure 3.5: Proximity phospho-proteomics from murine PD-1-APEX2 time course. TMT ratios 
(TMT RA, y axis) of phosphorylated peptides a) PD-1 pS267, b) PD-1 ITIM pY223, c) PD-1 ITIM pS220, 
d) SHP2 pY584, e) SHP2 pY586, f) CD3z pY111, g) PLCg pS1248, and h) CARMIL2 pS1381 identified 
from proteins enriched in murine PD-1-APEX2 time course experiments treated with TCR-control beads 
or TCR-PD-L1 beads. Data are normalized to PD-1-APEX2 bait and statistical significance was not 
calculated for one replicate per condition. 
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PD-1 ITIM and ITSM phospho-peptide pulldown analysis  

While APEX2 proximity labelling studies enabled us to better understand membrane dynamics at the 

immune synapse and molecular changes occurring around the PD-1 cytoplasmic tail, we aimed to look 

more closely at proteins that specifically bound to phosphorylated sites on PD-1 to identify novel mediators 

of PD-1 inhibitory signaling. We performed phospho-peptide pulldowns in Jurkat cell lysates using 

phosphorylated peptide sequences corresponding to tyrosine phosphorylated ITIM (pY-ITIM) and tyrosine 

phosphorylated ITSM (pY-ITSM) motifs as well as phosphorylated Ser261 (pSer261) and pSer-ITIM 

identified in proximity phospho-proteomic studies described above with unphosphorylated peptide controls. 

 

As anticipated, we observed a strong enrichment of SHP2, and to a lesser extent SHP1, binding to pY-

ITSM that was observed only slightly in pY-ITIM, confirming the role of the ITSM as the primary recruiter of 

effector phosphatases (Figure 3.6a-b)14,48. GRB2 was also most highly enriched in pY-ITSM pulldowns, in 

agreement with our phospho-proteomic data indicating that SHP2 becomes phosphorylated on GRB2 

binding sites (Figure 3.6c and Figure 3.5d-e)159. We also observed both pY-ITIM and pS-ITIM interacting 

with GRB2 compared to unphosphorylated control peptides (Figure 3.3c). While these increases were not 

significant, it is possible that GRB2 binds additional PD-1 mediators specifically recruited by the ITIM given 

the binding promiscuity of GRB2162. Furthermore, while there is substantial spread in the pY-ITSM 

replicates, we found that CSK and ZAP70 exhibited similar patterns of binding to pY-ITSM peptides 

compared to non-phosphorylated peptide controls (Figure 3.6d-e). CSK is a repressive kinase that targets 

inhibitory phosphorylation sites on TCR effector kinases, such as LCK, which is responsible for activating 

ZAP70 on CD3z ITAMs15,153,163,164. Our findings corroborate previous reports of CSK associating with the 

pY-ITSM following peptide pulldowns and verifies that the ITSM recruits CSK to target proximal TCR 

signaling mediators15. We also detected minimal binding of phosphorylated ITIM motifs to ZAP70 and CSK, 

but more replicates are necessary to determine if this association is functional (Figure 3.6d-e). It is possible 

that CSK phosphorylates LCK to prevent sustained ZAP70 phosphorylation and activation, while 

recruitment of SHP2 may directly dephosphorylate activated ZAP7015,153,163.  
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Finally, we observed a strong enrichment of SH2D1A (SAP) binding to pY-ITSM compared to other 

phosphorylated and unphosphorylated peptides (Figure 3.6f). Affinity purification mass spectrometry has 

demonstrated that SH2D1A binds to PD-1 and is believed to block PD-1 function through indirect inhibition 

of SHP250. These reports are intriguing in that they introduce a negative feedback mechanism that dampens 

PD-1 inhibition through SHP2 regulation50. Overall, our findings strengthen evidence supporting that the 

ITSM functions as the primary recruiter of inhibitory phosphatases and kinases to dampen TCR signaling 

which, in turn, are also regulated to counter PD-1-mediated inhibition.  

 

In alignment with our PD-1-mutant APEX2 findings, we observed Cbl-b, UBASH3B and UBASH3A ubiquitin 

ligase machinery preferentially binding to both pY-ITIM and pS-ITIM compared to unphosphorylated 

controls (Figure 3.7a-c). Cbl-b and UBASH3A also bound to pY-ITSM, but the large spread between 

replicates makes these findings difficult to interpret and require additional experimentation (Figure 3.5b-c). 

Our findings suggest that while the pY-ITSM primarily recruits effector kinases and phosphatases to 

dampen TCR-mediated signaling, the ITIM may potentially be marking these inactivated proteins for 

Figure 3.6: pY-ITSM peptide binds to effector phosphatases and kinases. TMT ratios (TMT RA, y 
axis) of a) SHP2, b) SHP1, c) GRB2, d) ZAP70, e) CSK and f) SH2D1A pulled down in Jurkat cell lysates 
using PD-1 peptides (gray) or phospho-peptides (red). Data are presented as means of n=2 ± SD. 
Statistical significance was measured using two-way ANOVA. * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. 
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subsequent proteasomal degradation, unveiling a housekeeping function of PD-1. For this reason, mild 

phenotypes observed in tumor-bearing ITIM mutant mice may be a result of inefficient degradation of 

proteins that have already been inactivated by the ITSM (Figure 3.1a-b). In addition, we also found that pY-

ITIM, pS-ITIM and to a lesser extent pY-ITSM binds casein kinase-1 (CK1), which is constitutively 

expressed to maintain NFAT phosphorylation in quiescent T cells (Figure 3.7d)165. Perhaps CK1 is recruited 

to PD-1 to prevent NFAT translocation to the nucleus and subsequent downstream gene transcription of 

IL-2, though it is unclear which motif preferentially controls this recruitment17,165. 

 

Figure 3.7: pY-ITIM peptide binds to ubiquitin ligase machinery. TMT ratios (TMT RA, y axis) of a) 
UBASH3B, b) UBASH3A, and c) Cbl-b pulled down in Jurkat cell lysates using PD-1 peptides (gray) or 
phospho-peptides (red). Data are presented as means of n=2 ± SD. Statistical significance was 
measured using two-way ANOVA. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Our proximity phospho-proteomic analysis identified two novel serine phosphorylation sites on the 

cytoplasmic tail of PD-1. The first identified serine is adjacent to the ITIM motif, two residues upstream of 

the phosphorylated tyrosine (SVDYGEL). We hypothesized that the pY-ITIM and pS-ITIM would exhibit 

considerable overlap in protein recruitment given their proximity within a known signaling motif. While we 

did observe similar recruitment in ubiquitin ligase machinery with the pY-ITIM compared to the pS-ITIM 

(Figure 3.7b-c), we also identified proteins that exclusively associated with the pS-ITIM peptide. We found 

a significant enrichment of WASHC2A and WASHC3 peptides bound to pS-ITIM compared to 

unphosphorylated controls and other phosphorylated PD-1 motif peptides (Figure 3.8a-b). pY-ITIM peptides 

also bound these proteins compared to unphosphorylated control peptides, but to a lesser extent, again 

suggesting redundancy in binding between pY-ITIM and pS-ITIM phospho-sites or dependency of each site 

on the phosphorylation of the other. Moreover, the pS-ITIM strongly associated with AP-2 complex proteins 

AP2A1 and AP2B1 compared to unphosphorylated peptide controls and other PD-1 motif phospho-peptides 

(Figure 3.8c-d). The WASH complex mediates F-actin nucleation to promote optimal TCR signaling and 

receptor turnover while AP-2 adaptor proteins similarly govern clathrin-mediated endocytosis at the immune 

synapse121,166–168. These findings suggest that the pS-ITIM interferes with actin cytoskeletal dynamics and 

mechanisms regulating receptor turnover by perhaps sequestering WASH and AP-2 complex proteins to 

destabilize contact and subsequent signaling at the immune synapse.    
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Figure 3.8 pS-ITIM peptide binds to actin remodeling and endocytic proteins. TMT ratios (TMT 
RA, y axis) of a) WASHC2A, b) WASHC3, c) AP2A1 and d) AP2B1 pulled down in Jurkat cell lysates 
using PD-1 peptides (gray) or phospho-peptides (red). Data are presented as means of n=2 ± SD. 
Statistical significance was measured using two-way ANOVA. * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. 
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Lastly, we assessed unique binding partners that showed preference for the second novel phosphorylated 

serine on PD-1, pSer261. While the majority of pulled down proteins showed limited interaction with either 

phosphorylated or unphosphorylated Ser261 peptides, we identified two proteins that significantly and 

exclusively bound the pSer261 peptide: TNKS-1 (poly [ADP-ribose] polymerase tankyrase-1) and PIN1 

(peptidyl-prolyl cis-trans isomerase NIMA-interacting 1). TNKS-1 binds to telomeric protein TRF1 and poly-

(ADP-ribosyl)ates it, resulting in telomeric elongation when overexpressed169. While it is difficult to 

determine why PD-1 would interact with a poly-(ADP-ribosyl)ate polymerase (PARP), it is also possible that 

the proline-rich region proximal to Ser261 resembles a tankyrase binding motif (TBM) that induces 

association with TNKS-1169,170. Further studies are necessary to determine whether TNKS-1 binding to 

pSer261 induces unique PD-1 function or is an experimental artifact. Interestingly, PIN1 has recently been 

implicated in driving tumor cell proliferation resulting in poor clinical outcome in multiple cancer types, 

including breast cancer and hepatocellular carcinoma171,172. PIN1 binds to phosphorylated serine or 

threonine residues adjacent to proline where it modifies protein function by promoting cis/trans 

isomerization of the peptide bond171–173. Since Ser261 is adjacent to a proline rich motif, it is possible that 

PIN1 binds to and sterically modifies PD-1 following serine phosphorylation, thereby altering PD-1 function. 

Additional studies are also necessary to determine the function of PIN1 in PD-1-mediated signaling.   

 

 

 

 

 

 

 

 

 

Figure 3.9: pSer261 peptide demonstrates unique binding activity. TMT ratios (TMT RA, y axis) of 
a) TINKS-1 and b) PIN1 pulled down in Jurkat cell lysates using PD-1 peptides (gray) or phospho-
peptides (red). Data are presented as means of n=2 ± SD. Statistical significance was measured using 
two-way ANOVA. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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In vivo PD-1-APEX2 proximity labelling using chimeric immune editing (CHIME) 

T cells experience a variety of cell states throughout the course of disease1. Specifically, naïve, activated, 

effector and exhausted subsets exhibit unique T cell responses and functions, which by extension are likely 

governed by altered signaling events1,48,147. Moreover, different immune cell subsets adopt distinct functions 

during pathogenesis despite signaling through similar immunoreceptors. PD-1 KO on Treg cells, for 

example, has been shown promote Treg immunosuppressive function demonstrated by ameliorated EAE 

and diabetes, whereas our studies have shown that PD-1 KO on CD8+ T cells enhances their effector 

functions in the tumor setting (Figure 3.1)174. For this reason, it would be useful to assess PD-1 signaling 

simultaneously in different immune cell subsets, specifically during disease pathogenesis.  

 

While we have utilized various proteomic methods to understand PD-1 signaling mechanisms, we have 

mainly relied on in vitro methods that do not fully recapitulate the environment experienced by immune cells 

throughout the course of disease. We appreciate that cell-to-cell communication, for example, between 

antigen presenting cell (APCs) and T cells, as well as exposure to excreted factors, such as cytokines, 

chemokines and metabolites, influence signaling patterns in vivo175. For this reason, we asked whether we 

could perform proximity labeling experiments in mice expressing PD-1-APEX2 in order to capture PD-1 

signaling events in vivo. A method designed in the Sharpe lab known as chimeric immune editing (CHIME) 

provides an in vivo murine system to perturb genes in naïve T cells, B cells as well as macrophages and 

DCs176. In this approach, an irradiated mouse is reconstituted with edited Lin- SCA1+ c-Kit+ (LSK) cells 

from a donor mouse176. This method bypasses the pre-activation step necessary for transducing T cells in 

vitro and generates mice expressing specific gene edits only within the immune compartment176. Recent 

work has shown that expressing APEX2 fused to CaV1.2 channels in mouse hearts allows for efficient biotin 

labelling in isolated cardiomyocytes, confirming that APEX2 functions ex vivo in live tissues177.  Based on 

these findings, we hypothesized that utilizing CHIME for over-expression of PD-1-APEX2 in the immune 

compartment of mice would allow us to investigate PD-1 signaling dynamics during disease. 
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To test this hypothesis, we first transduced LSK cells from PD-1 KO donor mice with the murine PD-1-

APEX2 vector driven by an human phosphoglycerate kinase (PGK) promoter (Figure 2.1S) and injected 

these PD-1-APEX2 transduced LSK cells into irradiated recipient mice (Figure 3.10a). After 8 weeks of 

immune compartment reconstitution, the spleens and inguinal lymph nodes (iLNs) of the mice expressing 

the PD-1-APEX2 vector were harvested and analyzed via flow cytometry (Figure 3.10a). We found that the 

iLN and the spleen of these mice showed robust expression of PD-1 on all immune compartments surveyed 

compared to PD-1 KO control mice (Figure 3.10b). After confirming expression of PD-1-APEX2 in vivo, we 

harvested whole spleens from PD-1-APEX2-CHIME mice and incubated them ex vivo with biotin phenol 

media, treated with or without H2O2 and quenched, as described in Chapter 2.4. We then processed the 

spleens into single cell suspensions and lysed the cells for Western blotting analysis to assess labelling 

efficiency. Remarkably, splenocytes treated with H2O2 displayed significantly more labelling than those 

without H2O2 (Figure 3.10c). While these splenocytes were not further processed for mass spectrometry 

analysis, we believe these methods would be useful in the future for studying immune cells during disease 

pathogenesis. Specifically, isolating and labelling whole tumors, splenocytes following LCMV infection or 

the CNS during EAE infection would be very insightful not only for understanding signaling variations in 

immune cell subsets at different time points, but also for assessing differences in various T cell states. More 

importantly, in vivo proximity labelling would allow for the comparison of particular PD-1 mutant constructs, 

including PD-1 ITIM and ITSM mutants as well as serine mutants, during disease pathogenesis.   

 

Figure 3.10: In vivo PD-1-APEX2 proximity labelling. a) Schematic of CHIME with PD-1-APEX2 
overexpression in PD-1 KO mice. b) Representative PD-1 expression (blue) in the immune compartment 
of PD-1-APEX2 chimeric spleen and iLN compared to PD-1 KO control mice (gray). c) Western blot 
analysis of whole splenocytes from PD-1-APEX2-CHIME mice probed with streptactin-HRP to assess 
labelling efficiency.  
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3.3 Discussion  

Our comprehensive analysis of PD-1 mutant in vivo models, phosphorylation alterations in TCR-mediated 

signaling pathways, protein localization dynamics and binding interactions on the cytoplasmic tail of PD-1 

have yielded novel insights regarding the specific functions of the ITIM and ITSM, as well as identified 

uncharacterized phosphorylation sites on PD-1 (Figure 3.11). We have confirmed that the ITSM recruits 

SHP2 and, to a lesser extent, SHP1 as mediators of PD-1 inhibition that dephosphorylate TCR-related 

signaling components to attenuate T cell function (Figure 3.3a-b and Figure 3.6a-b). Our data also provide 

evidence suggesting that the ITIM may be involved in activating T cell degradation machinery as well as 

receptor localization at the immune synapse, both of which are novel functions for this motif that have not 

been characterized (Figure 3.3c-g, j-l and Figure 3.7a-c). The distinct functions of the ITIM and ITSM likely 

explain the differences observed in tumor growth kinetics in ITIM and ITSM mutant mice (Figure 3.1a-b). 

Moreover, we have identified novel serine phosphorylation sites in the cytoplasmic tail of PD-1 that may 

retain residual signaling function (Figure 3.8 and Figure 3.9). These findings provide new information about 

PD-1 signaling mechanisms that could be exploited for therapeutic benefit and extended to ITIM- and ITSM-

containing immunoreceptors for which signaling remains unclear.  

 

Our analyses of TCR effector pathways impacted by mutation or loss of PD-1 suggest that each motif 

preferentially regulates specific signaling proteins (Figure 3.2). However, these phosphorylation events 

need to be more closely examined since proteins contain multiple activating and inactivating 

phosphorylation sites that may be preferentially targeted by PD-1-recruited phosphatases and kinases. 

Specifically, we aim to study AKT-pT308 using phospho-flow cytometry to further confirm our RPPA findings 

and determine if this phosphorylation site is targeted by the ITSM. Still, these findings highlight distinct 

signaling outcomes governed by either the ITIM or ITSM, which we have determined translates to 

differential disease response in PD-1 mutant mice. Decreased tumor burden and increased survival 

observed in PD-1 ITSM mutant mice comparable to PD-1 KO mice confirms that the ITSM is the 

predominant regulator of PD-1-mediated inhibition in this setting, which depends on enhanced function of 

effector T cells (Figure 3.1).  
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Figure 3.11: Hypothetical PD-1 signaling model. a) Schematic depicting the hypothetical functions of 
each PD-1 signaling motif summarized from data outlined in Chapter 3.2. ITIM and related protein 
mediators are depicted in yellow, ITSM and related protein mediators are depicted in blue and pSer261 
and related protein mediators are depicted in green. Solid lines and arrows originating from proteins 
depict strong associations with PD-1 while dotted lines and arrows depict less robust associations with 
PD-1. Descriptions of the potential functions of each PD-1 phospho-site are listed adjacent to the 
phospho-site in reference. Schematic created using BioRender.  
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However, ITSM mutant mice do not fully recapitulate phenotypes observed in PD-1 KO mice, signifying a 

role for the ITIM or other potential signaling motifs. Using both proximity labelling and peptide-pulldown 

proteomics, we found that the ITIM exclusively associates with proteins involved in ubiquitination and 

proteasomal degradation. PD-1-mutant-APEX2 proximity labelling revealed diminished recruitment of Cbl-

b, UBASH3A and UBASH3B to the ITIM-mutant, while these associations were increased in ITSM-mutant 

cells upon PD-1 ligation, suggesting that the ITIM governs recruitment of these proteins (Figure 3.3j-l). 

Additionally, phospho-peptide pulldown experiments identified UBASH3B and, to lesser extent, Cbl-b and 

UBASH3A binding to phosphorylated ITIM peptides (Figure 3.7a-c). Given these findings, we hypothesize 

that the ITSM is responsible for inactivating proteins through phosphatase recruitment, while the ITIM 

recruits proteins that ubiquitinate and degrade target proteins inactivated by the ITSM. Cbl-b is an E3-ligase 

that negatively regulates T cell activation signals by inducing the proteasomal degradation of Src family 

kinases, including ZAP70, following the TCR signaling cascade155,157. Moreover, mice deficient in Cbl-b 

have been shown to be resistant to PD-1-mediated suppression while PD-L1 silencing in DCs blocked 

upregulation of Cbl-b, insinuating that PD-1 may regulate Cbl-b function178,179. On the other hand, studies 

have shown that Cbl-b binds to and induces the proteasomal degradation of PD-1 and furthermore, Cbl-b 

deficient mice experience more rapid tumor growth180. For these reasons, PD-1 and Cbl-b function remains 

unclear.  

 

In addition, UBASH3B and UBASH3A are both negative regulators of T cell activation and contain a 

ubiquitin-associated (UBA), c-terminal histidine phosphatase (PGM domain) and SH3 domain, which 

interacts with Cbl-b. The PGM domain of UBASH3B exhibits greater activity than the PGM domain of 

UBASH3A and has been linked to ZAP70 dephosphorylation, in line with Cbl-b function154,155,158. 

Interestingly, ZAP70 recruitment is also the most depleted in ITIM mutant cells compared to WT and ITSM 

mutants, while ZAP70 dephosphorylation is more impaired in ITSM mutant compared to ITIM mutant CD8+ 

T cells (Figure 3.2i and Figure 3.3h). PD-1 ligation induces ZAP70 dephosphorylation, presumably through 

SHP2 activation, but it is possible that UBASH3B regulates this dephosphorylation and degradation15,30. 

The true mechanism of ZAP70 dephosphorylation upon PD-1 ligation requires further experimentation for 
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clarification, as ZAP70 may also be indirectly inactivated through CSK inhibition of LCK. Alternatively, 

UBASH3A is associated with TCR and CD3 subunit turnover as well as endocytic recycling of membrane 

receptors156,181. Our PD-1-APEX2 time course experiments showed an enrichment of pathways involved in 

membrane trafficking and clathrin-mediated endocytosis in PD-L1-treated, suggesting a potential role for 

PD-1-mediated UBASH3A function in receptor turnover (Figure 2.1i-j). These mechanisms align with PD-1 

pS-ITIM association with WASH and AP-2 complex proteins discussed below. While single deletion of either 

UBASH protein displays mild phenotypic alterations, deletion of both proteins results in hyperactive T cell 

responses linked to autoimmunity, suggesting a potential compensatory mechanism in singly deleted 

mice158. Still, the preferential functions of UBASH3B and UBASH3A may account for recruitment differences 

between the ITIM and ITSM observed in PD-1-mutant proximity labelling experiments (Figure 3.2j-k). 

Together, these data support a potential role for the ITIM in recruiting ubiquitin-mediated degradation 

machinery with ZAP70 phosphatase function to attenuate T cell activity (Figure 3.3j-l). 

 

We also observed both ITIM and ITSM phospho-peptides associating with CK1, an inhibitory kinase that 

promotes NFAT localization in the cytoplasm through phosphorylation165. From our results, it is unclear 

which motif governs this association, further emphasizing the need to repeat these pulldown experiments 

with more replicates. Still, while the dephosphorylation of PLCg likely prevents calcineurin-mediated 

dephosphorylation of NFAT and its subsequent translocation to the nucleus, recruitment of CK1 may 

simultaneously phosphorylate NFAT molecules that have already been targeted by calcineurin (Figure 3.4d 

and 3.5g)17,114. This proposed mechanism, as well as the multiple mechanisms postulated for ZAP70 

dephosphorylation described above, introduce the notion that PD-1 not only prevents further TCR-mediated 

signaling from occurring but also reverses activation events that have already occurred following TCR-

ligation.   

 

This inactivation and degradation model aligns with phenotypic observations of tumor growth in the ITIM- 

and ITSM-mutant mice described above (Figure 3.1). Inactivation of TCR effector proteins by the ITSM is 

sufficient to attenuate T cell function14,15,19,48. Conversely, when the ITSM is mutated, TCR-effector proteins 

are not inactivated and therefore, TCR and costimulatory signaling remain intact, resulting in decreased 
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tumor burden (Figure 3.1a-b). For this reason, degradation machinery recruited by the ITIM is incapable of 

identifying and marking proteins for degradation if they are not previously inactivated by ITSM effector 

proteins. Furthermore, tumor-bearing ITIM-mutant mice resemble WT mice since the ITSM continues 

functioning to inactivate TCR signaling mediators. However, ITIM housekeeping proteins in ITIM-mutant 

mice may not be sequestered to promote degradation of the inactivated TCR effector proteins. Future 

studies are necessary to evaluate this hypothetical model. Specifically, proteomic analysis of the 

ubiquitinome in the presence or absence of PD-1 ligation in ITIM and ITSM mutant mice would unveil 

changes in protein ubiquitination status potentially governed by the ITIM182,183. Additionally, genetic KO 

studies of Cbl-b and UBASH proteins compared to ITIM mutants would verify the specific regulators of ITIM-

mediated signaling.  

 

We also identified a novel phospho-serine upstream of the pY-ITIM (Figure 3.5b). Both the pS-ITIM and 

pY-ITIM display redundancy in protein binding to Cbl-b and UBASH3A observed in phospho-peptide 

pulldowns (Figure 3.7b-c), suggesting that these two phosphorylation sites depend on one another for 

protein binding. Still, the pS-ITIM exclusively bound unique proteins to a greater extent than the pY-ITIM 

(Figure 3.8). WASH complex and AP-2 adaptor proteins mediate actin cytoskeletal dynamics and receptor 

turnover at the immune synapse, respectively121,166–168. WASHC2A and WASHC3, among additional WASH 

complex proteins we identified (data not shown), act as components of the WASH complex, which functions 

to activate the Arp2/3 complex that regulates branched F-actin nucleation to drives receptor internalization, 

T cell receptor signaling and T cell activation (Figure 3.8a-b)121,166. WASH KO in T cells reduces receptor 

trafficking, proliferation and effector function, similar to PD-1-mediated inhibition166. These findings correlate 

with the dephosphorylation of CARMIL2, which associates with the Arp2/3 complex, upon PD-1 ligation, 

implying that PD-1 is disrupting actin cytoskeletal rearrangements that drive optimal T cell signaling (Figure 

3.4e and Figure 3.5h)18,95.  

 

Moreover, pS-ITIM strongly associated with AP-2 complex proteins AP2A1 and AP2B1, among additional 

AP-2 complex proteins we identified (Figure 3.8c-d and data not shown). AP2 adaptor proteins link cargo 

to the clathrin-coated pit to mediate clathrin-dependent endocytosis in T cells, similar to receptor 
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internalization driven by the WASH complex166,168. In B cells, AP2 adaptor proteins bind to the YxxO motif, 

where x is any amino acid and O is a bulky hydrophobic amino acid such as leucine or isoleucine167. The 

ITIM sequence VDYGEL also resembles this motif where leucine is the bulky hydrophobic residue adjacent 

to glycine and glutamic acid. It is possible that phosphorylation of pS-ITIM facilitates binding of pY-ITIM to 

AP2 complex proteins to induce PD-1 receptor internalization or to interfere with ongoing clathrin-mediated 

endocytosis at the immune synapse. These findings align with our data identifying membrane trafficking 

and clathrin-mediated endocytosis pathways enriched in PD-L1-treated APEX2 time course experiments 

and also in PD-1 mutant APEX2 experiments, where protein recruitment to the ITIM mutant was diminished 

(Figure 2.1i and Figure 3.2). It is also worth noting that WASH and AP-2 mechanisms resemble TCR 

inactivation processes mediated by Cbl-b and UBASH3A/B proteins recruited by the pY-ITIM155,156,178,181.   

 

These pS-ITIM data introduce a second hypothesis for lack of tumor control in ITIM mutant mice. Given the 

redundancy in protein binding to the pS-ITIM and pY-ITIM, it is possible that double mutation of these 

residues is required to fully abolish ITIM function, resulting in a stronger T cell activation phenotype 

compared to that observed in single PD-1 pY-ITIM mutant mice (Figure 3.1a-b). Single mutation in the pY-

ITIM in proximity proteomic studies showed diminished recruitment of immune synapse proteins, including 

TCR components and effectors, to the ITIM, supporting that membrane trafficking machinery may be 

impaired (Figure 3.3c-h). Simultaneous mutation of the pS-ITIM to a neutral glycine or alanine reside could 

further abrogate this function, leading to severe disruption of immune synapse formation and inhibition of T 

cell activation. It would be interesting to assess whether doubly mutated pY-ITIM and pS-ITIM mice are 

able to control tumor growth better than singly mutated pY-ITIM mice. In addition, proximity-phospho 

proteomic analysis of pY-ITIM, pS-ITIM and pY-ITSM will be crucial for determining which motif regulates 

dephosphorylation of actin cytoskeletal proteins, specifically F-actin regulators such as CARMIL2, observed 

in both of our proximity phospho-proteomic experiments (Figure 3.4f and Figure 3.5h). Together, these data 

suggest that serine phosphorylation adjacent to the ITIM interferes with actin polymerization and endocytic 

processes at the immune synapse and this membrane remodeling likely contributes to PIEZO1 activation 

outlined in Chapter 2.  
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A second novel serine phosphorylation site discovered using proximity phospho-proteomics also displayed 

unique binding capabilities in our phospho-peptide pulldown analysis. PD-1 pSer261 had limited binding to 

the majority of pulled-down proteins, but exclusively bound TNKS-1 and PIN1 compared to other PD-1 

phospho-motifs (Figure 3.9). PD-1 pSer261 is adjacent to proline residues, which facilitate the binding of 

PIN1 to phospho-serine and -threonine residues. Exploring this interaction further may unveil novel PD-1 

function as PIN1 is known to facilitate confirmational changes that lead to regulation of protein interaction, 

catalytic activity, phosphorylation status, subcellular location and protein stability, all of which are affected 

by PD-1-mediated inhibiton17,48,171,172. Further experimentation is also necessary for analyzing the 

association between TNKS-1 and PD-1, as TNKS-1 is a DNA binding protein that may only associate with 

the pSer261 peptide by virtue of its similarity to tankyrase binding sites169,170.  

 

Overall, our findings continue to support the hypothesis that the ITSM recruits effector proteins that dampen 

TCR- and CD28-mediated signal transduction while the ITIM regulates actin cytoskeletal dynamics, 

receptor turnover and protein degradation. Moreover, the potential function of the ITIM in controlling 

clustering at the immune synapse observed in previous studies and our proximity labeling experiments may 

in fact be governed by the phospho-serine site adjacent to ITIM, which exhibits robust association with 

membrane trafficking proteins19. pSer261 may be also involved in protein recruitment that sterically alters 

the cytoplasmic tail of PD-1. Whether PIN1 association with PD-1 results in a novel PD-1 function is yet to 

be determined. To validate the significance of observed trends with large spread between replicates or with 

single replicates, we aim to repeat these experiments with a larger number of replicates to establish more 

concrete conclusions.  

 

Technically, we found that our proximity phospho-proteomic results were reproducible across species and 

confirmed the legitimacy of our bead-based system to drive strong activating and inhibitory signals through 

TCR/CD28 and PD-1, respectively. Given the accuracy with which proximity phospho-proteomics 

recapitulated characterized TCR and PD-1 signaling mechanisms, we aim to perform these studies in ITIM 

and ITSM mutant cell lines, as there would be much utility in determining how the two tyrosine 

phosphorylation motifs affect signaling in addition to recruitment kinetics. We recognize that key 
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phosphorylation events were not detected in our preliminary analyses using this novel proteomic method. 

Global phospho-proteomics requires a significant amount of protein to capture the limited amount of 

phosphorylation occurring within a cell. As a result, identifying phosphorylation events within a smaller, 

enriched population of proteins is more difficult. We believe phosphorylation of the PD-1 ITSM, for example, 

was not captured due to limiting amount of protein input. This is supported by comparing our murine and 

human proximity phospho-proteomic trials where greater initial input of enriched proteins in the murine trial 

yielded significantly more phosphorylation events compared to the human trial (487 murine versus 128 

human). Still, we believe this technique will be extremely useful for analyzing phosphorylation events over 

time using various PD-1 mutant constructs. 

 

Finally, we appreciate that our studies have not explained how PD-1 signaling may differ among various 

immune cell subsets, namely Treg cells. Interestingly, ongoing work in the Sharpe lab has discovered that 

ITSM mutant mice experience alleviated EAE symptoms compared to PD-1 KO mice, which is unexpected 

given phenotypic similarities observed in PD-1 KO and ITSM mutant models184 (manuscript under revision). 

It is possible that ITSM mutant Tregs are more suppressive than PD-1 KO Treg cells, uncoupling ITSM 

function from global PD-1 KO184,185 (manuscript under revision). This notion is supported by work from the 

Sharpe lab demonstrating that PD-1 deficiency in Treg cells leads to activated Treg cells with potent 

immunosuppressive function in the context of EAE and diabetes174.  Since differential signaling outcomes 

arise on distinct immune cell subsets in vivo, PD-1-APEX2 proximity labeling in vivo and ex vivo may aid in 

identifying key PD-1 regulatory mechanisms during disease pathogenesis. We have shown that PD-1-

APEX2-CHIME mice express PD-1-APEX2 on various immune cell subsets and the APEX2 labelling probe 

is capable of biotinylating whole splenocytes (Figure 3.10b-c), setting the stage for such experiments. 

These studies can be performed in numerous disease models to investigate specific signaling events that 

elucidate PD-1 function in pathogenic organs and tumors containing various immune cell subsets.  

 

In summary, we find that the ITIM and ITSM motifs indeed govern distinct functions in T cells due to their 

differential control of tumor growth and recruitment of specific signaling mediators (Figure 3.11a). Our in 

vivo studies confirm that the differential functions of the ITIM and ITSM play a significant role in regulating 
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disease pathogenesis in the context of cancer and ongoing studies are focused on determining the function 

of the ITSM in Treg cells (manuscript under revision). We believe the ITSM recruits effector phosphatases 

and kinases that dampen TCR-mediated signaling, while the ITIM governs protein degradation in response 

to ITSM inactivation of TCR effector proteins. Finally, we have discovered novel serine phosphorylation 

sites on the cytoplasmic tail of PD-1 that may regulate unique PD-1 functions. In conjunction with pY-ITIM, 

the pS-ITIM may regulate membrane trafficking and receptor turnover through actin cytoskeletal 

rearrangements that alter immune synapse formation. PD-1 pSer261 may promote conformational changes 

driven by PIN1 that regulate uncharacterized PD-1 function, such as protein interaction, subcellular location 

or protein stability. Together, we believe these findings will continue to inform our understanding of PD-1 

function on various immune cell subsets and may translate to targeted immunotherapies in cancer and 

autoimmunity.  

 

 

3.4 Materials and methods 

Mice  

WT C57BL/6 mice were obtained from The Jackson Laboratory. WT FoxP3GFP reporter and Pdcd1-/- 

FoxPGFP mice have been previously reported. ITSM and ITIM mutant mice were generated by gene 

targeting in Bruce 4 C57BL/6 ES cells. Constructs were generated such that the tyrosine residue was 

replaced with a phenylalanine in the ITSM (Y248F) and ITIM (Y223F). The targeting vector contained frt 

sites on either side of a selection cassette containing neomycin (neo) under control of the PGK. Linearized 

vector DNA was electroporated into Bruce 4 C57BL/6 ES cells and the resulting neomycin-resistant ES 

cells screened for the ITSM or ITIM mutation by PCR, Southern blotting and Sanger sequencing. ES cells 

carrying the ITSM or ITIM mutation were injected into albino B6 blastocysts. Chimeric mice were bred with 

WT C57BL/6 mice that gave rise to progeny carrying the PD-1 ITSM or ITIM mutation. Progeny were bred 

with C57BL/6 Flpe mice to remove the neomycin gene, which was flanked by frt sites.  

 

Sanger Sequencing was used to validate the ITSM and ITIM mutant mice. Spleens from PD-1 WT, ITSM 

and ITIM mutant mice were harvested and DNA extracted using the Qiagen DNeasy kit. A primer pair was 
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generated (F- GTTCTGTGCCTGGGCAGCT, R- GGTGCTCTCTGTGGAGGGTC) and ordered from 

Integrated DNA Technologies (IDT) that amplified a 500 bp product including the sites of predicted mutation. 

The product was amplified using these primers from IDT technology and gel purification was conducted 

using the QIAquick Gel Extraction kit (Qiagen). Amplified, purified product was sequenced by Sanger 

Sequencing at the HMS Biopolymer facility.  

 

Mice used in these studies were between 8-12 weeks of age. Age- and sex-matched animals were used 

for all experiments. All mice were maintained in a pathogen-free facility and used according to Harvard 

Medical School and NIH guidelines. Harvard Medical School is accredited by the American Association of 

Laboratory Animal Science.  

 

Tumor Experiments  

MC38 colorectal carcinoma or B16-OVA melanoma cell lines were used for in vivo tumor studies. MC38 

cells were cultured in DMEM media with 10% FBS, 1% penicillin/streptomycin and 20 μg/ml gentamicin. 

B16-OVA cells were cultured in DMEM media with 10% FBS and 1% penicillin/streptomycin. OVA-

expressing cells were selected by addition of Puromycin to the media. 1x106 MC38 cells or 3x105 B16-OVA 

cells, as indicated in text, were injected into mice subcutaneously, and mice were monitored for tumor 

growth every 2 days starting day 3-5 post tumor injection. Animals were sacrificed if tumor size was 

>2000mm3, tumors became ulcerated or weight loss was > 20%.  

For cellular analysis of TILs, tumors were harvested on day 10 post tumor cell injection. Tissue was digested 

with collagenase A (Sigma-Aldrich #10103586001) and DNase 1, resuspended in 30% Percoll (diluted in 

PBS) and underlaid with 70% Percoll to generate a gradient that was centrifuged at 805 RCF for 20 min 

(no brake). Immune cells were harvested from the interface between 30% and 70% Percoll and 

resuspended in buffer (PBS with 1 % FBS and 2 mM EDTA) for staining for flow cytometry analyses. Cells 

were surface stained with CD45.2 (BioLegend clone 104), CD3e (BD Biosciences clone 145-2C11), CD4 

(BioLegend clone RM4-5), and CD8b (BioLegend clone Ly-3) antibodies at a 1:100 dilution and with 

LIVE/DEAD Fixable Near-IR Dead Cell Stain kit (Thermo Fisher Scientific, 1:600) for 45 min in the dark on 
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ice. Samples were washed twice with MACS buffer (PBS-/-, 1% FBS, 2mM EDTA) and fixed and 

permeabilized with FoxP3/Transcription Factor Staining Buffer Set Kit (eBioscience).  Cells were stained 

with FoxP3, granzyme B, perforin, TNFa and IFNg (BioLegend, 1:100) for 1 h in the dark on ice and washed 

twice with MACS buffer. Fixed and stained samples were run on the BD FACSymphony and analyzed using 

FlowJo software.  

RPPA Analysis 

Spleens and cervical lymph nodes were harvested from PD-1 WT, KO, ITIM and ITSM mutant mice and 

naïve CD8+ T cells were isolated using MACS isolation (Miltenyi). Naïve CD8+ T cells were stimulated 

overnight in RPMI media supplemented with 10% FBS, 1% penicillin/streptomycin, 1% HEPES and 0.1% 

BME in 6-well plates coated with 4µg/mL of CD3/CD28 crosslinking antibodies (BioXCell). Stimulated CD8+ 

T cells isolated from three mice per genotype were pooled, centrifuged at 453 RCF and counted to 

determine total number of CD8+ T cells per genotype. Cells were then plated at a concentration of 100k 

cells per well in round bottom 96-well plates. TCR-PD-L1 beads were co-cultured with CD8+ T cells for 24 

h at a cell to bead ratio of 1:4 (Chapter 2.4). Following bead treatment, cells were collected and pooled by 

genotype and bead treatment. Cells were centrifuged at 453 RCF, washed 2X with PBS and lysed in RIPA 

buffer. Lysates were treated with 4X Laemmli Sample Buffer (Bio-Rad), as suggested by MD Anderson 

RPPA Core. Protein quantification was performed using BCA assays and this information was provided 

with the samples when shipped on dry ice to MD Anderson for RPPA analysis, where cell lysates were 

serially diluted two-fold for 5 dilutions (undiluted, 1:2, 1:4, 1:8; 1:16) and arrayed on nitrocellulose-coated 

slides in an 11x11 format to produce sample spots. Sample spots were then probed with 422 unique 

antibodies by a tyramide-based signal amplification approach and visualized by DAB colorimetric reaction 

to produce stained slides. Stained slides were scanned on a Huron TissueScope scanner to produce 16-

bit tiff images and QC tests were performed for each antibody staining. Sample spots in tiff images were 

identified and their densities quantified by Array-Pro Analyzer. Relative protein levels for each sample were 

determined by interpolating each dilution curve produced from the densities of the 5-dilution sample spots 

using a "standard curve" (SuperCurve) for each slide (antibody).  SuperCurve is constructed by a script in 

R, written by Bioinformatics.  Relative protein levels are designated as log2 values. All relative protein level 
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data points were normalized for protein loading and transformed to linear values, which are designated 

"Normalized Linear.” Normalized linear values were used for generating bar graphs. 

 

Phospho-flow cytometry 

Naïve CD8+ T cells were isolated from spleens of PD-1 WT, KO, ITIM and ITSM mutant mice using negative 

selection MACS isolation (Miltenyi). Naïve CD8+ T cells were stimulated for 48 h on 96-well U-bottom plates 

coated with 4µg/mL anti-CD3 and anti-CD28 crosslinking antibodies. Cells were then rested in RPMI media 

supplemented with 10% FBS, 1% penicillin/streptomycin, 1% HEPES and 0.1% BME in 96-well V-bottom 

plates for 4 h prior to restimulation. CD3/CD28 IgG control beads or PD-L1 beads were added at a cell:bead 

ratio of 1:4 for the specific timepoints: 10, 30 and 60 min. Cells were spun for 20 s at 726 RCF to remove 

media and cell/bead mixtures were immediately fixed in 2% PFA at room temperature for 10 min. One 

volume of PBS was added to each well and cells were again centrifuged at 800 RCF for 2 min. Cells were 

then washed twice with MACS buffer (PBS-/-, 1% FBS, 2mM EDTA) and centrifuged at 800 RCF for 2min. 

90% ice-cold methanol was slowly dropped onto the cells and mixed for permeabilization. MeOH-permed 

cells were stored in the -80 freezer prior to use or left on ice for 20 m to complete permeabilization. One 

volume of MACS buffer was added on top of the MeOH and centrifuged at 800 RCF for 2min. Wells were 

washed once more with MACS buffer and stained with pERK (CST, clone 197G2), pS6 (CST, clone 

D57.2.2E), pAKT (CST, clone D9E) and pZap70 (BD Biosciences clone 69E4) antibodies diluted 1:50 for 1 

h at room temperature in the dark. Stain was washed off with MACS buffer and samples were resuspended 

and run on the BD LSRII or BD FACSymphony.  

 

PD-1 mutant APEX2 proximity labelling 

ITIM and ITSM PD-1-APEX2 constructs were designed such that tyrosine phosphorylation residues were 

mutated to phenylalanine to maintain structural integrity of the PD-1 cytoplasmic tails using the same vector 

as WT PD-1-APEX2 described in Chapter 2.4 (Figure 2.S1a). Cloning was performed by GenScript. Jurkat 

cells were lentivirally transduced with PD-1 mutant APEX2 constructs as described in Chapter 2.4. PD-1 

mutant APEX2-expressing cells were incubated with biotin phenol, treated with mIgG1k control or PD-L1 

beads for 5 and 20 min, labelled with H2O2 and processed as described in Chapter 2.4. 
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Phospho-peptide pulldowns  

Phospho-peptide pulldowns were adapted from previously described methods186. Desthiobiotin-tagged 

peptides containing free N-terminal amine and C-terminal acid were synthesized by New England Peptide 

with greater than 90% purity. Peptide sequences are as follows:  

ITIM (Desthiobiotin-SGSGVPVFSVDYGELDFQW) 

pY-ITIM (Desthiobiotin-SGSGVPVFSVD(pY)GELDFQW) 

pS-ITIM (Desthiobiotin-SGSGVPVF(pS)VDYGELDFQW) 

ITSM (Desthiobiotin-SGSGCVPEQTEYATIVFPS) 

pY-ITSM (Desthiobiotin-SGSGCVPEQTE(pY)ATIVFPS) 

S-261 (Desthiobiotin-SGSGTIVFPSGMGTS(pS)PARRGSADGPR) 

pS-261 (Desthiobiotin-SGSGTIVFPSGMGTSSPARRGSADGPR) 

 

Streptavidin magnetic beads (Pierce, #88817) were rinsed twice with lysis buffer (50mM EPPS pH 7.5 

buffer with 150mM NaCl, 1% NP-40, and 1mM DTT). Desthiobiotin-tagged peptides were dissolved in 

DMSO to obtain 10mg/mL stocks.   Four molar equivalents of peptides or naked desthiobiotin (16mmol) 

were added to the washed streptavidin beads.  The beads were rotated overnight at 4oC for maximum 

binding.  The next morning beads were washed 3X with lysis buffer described above followed by three 

additional washes with lysis buffer containing 1mM sodium orthovanadate and Complete EDTA-free 

Protease Inhibitor (Millipore Sigma, #11873580001).  The beads were further split for a total of 16 samples 

with 2 biological replicates for each pull-down condition with 2mmol loading capacity. 

 

While on ice, two Jurkat cell pellets were lysed with 800µL ice cold lysis buffer containing 1mM sodium 

orthovandate and protease inhibitors for duplicate conditions.  The lysates were shredded by centrifuging 

through Qiashredder (Qiagen, #79656) at 20,817 RCF for 5 min in a 4oC. A BCA assay was performed to 

measure protein concentration.  The more concentrated lysate was diluted to protein concentration that 

was equivalent for both lysates.  Subsequently, 1mg of protein was added to each sample of peptide-loaded 

streptavidin beads.  The beads were rotated with the lysate overnight at 4oC.  While in the cold room, the 
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beads were washed twice with 300µL of ice-cold lysis buffer and transferred to new tubes then washed two 

additional times with lysis buffer.  Desthiobiotin-tagged peptides and bound proteins were eluted with 50µL 

of 4mM biotin in 200mM EPPS pH 8.5 for 10 min at 37oC.  This elution step was repeated 2 additional times 

for a total of 3 washes with a total volume of 150µL.  The eluted proteins were reduced with 1.5µL of 0.5M 

DTT for 30min at 60oC with gentle shaking (1000 RPM) using the Eppendorf ThermoMixer C (Orbital 

Shakers).  The tubes were cooled to room temperature and cysteine residues were alkylated with 15µL 

0.2M iodoacetamide for 30min at room temperature in the dark.  The alkylation reactions were quenched 

with 1.5µL of 0.5M DTT. 

 

An SP3 clean-up was performed to remove detergent and remaining alkylation reagents187. Briefly, fresh 

SP3 beads were prepared by combining 400µL of two types of Sera-Mag beads (GE Healthcare, 

#45152105050250 and #65152105050250) and the storage buffer was removed by magnetic separation.  

The SP3 beads were rinsed once with 400µL HPLC-grade water and resuspended in 400µL HPLC-grade 

water.  To each sample, 10µL of SP3 beads were added and gently mixed by pipetting.  An equal volume 

of ethanol (150µL) was added to each sample, gently mixed by pipetting, and incubated for 5min at 25 oC 

with shaking at 1000 RPM.  The supernatant was removed and the SP3 beads were washed three times 

with 540µL of 80% ethanol.  While still adhered to the SP3 beads, proteins were digested and further 

processed as described in the APEX protocol. 

 

Proximity phospho-proteomics 

Human and murine PD-1-APEX2 proximity labelling time course experiments were performed as described 

in Chapter 2.4 up to the TMT labelling step. After TMT labeling and quenching, peptides were acidified with 

formic acid and dried down to near completion in a speed vac. Peptides were then re-suspended in 200 µl 

1% formic acid and 0.1% tri-fluoro acetic acid (TFA) and purified via C18 reversed phase chromatography 

over Sep-Pak cartridges (Waters, #WAT054960). Gravity flow was used to bind peptides C18 matrix, which 

were washed 3X with a full column volume with 1% formic acid only. Peptides were then eluted in 95% 

acetonitrile 1% formic acid and dried down to near completion in a speed vac and re-suspended in 50 µl 
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Fe-NTA binding buffer (0.1% trifluoroacetic acid, 80% acetonitrile; included in High-SelectTM Fe-NTA 

Phosphopeptide Enrichment Kit, Thermo Scientific #A32992). 

 

To create a micro Fe-NTA enrichment column, a small C18 matrix plug was inserted into a pipette tip after 

punching out a small amount of C18 matrix from a C18 EmporeTM solid phase extraction disk (Sigma-

Aldrich, #66883-U), creating a one disk STAGE-tip as widely used in mass spectrometry188. The tip was 

washed and conditioned with 100 µl of neat acetonitrile, followed by addition of Fe-NTA matrix. For this, 10 

µl of re-suspended Fe-NTA bead slurry from a High-SelectTM column (see above) was added into the 

STAGE-tip. To prevent the beads from drying, bead storage buffer was passed carefully through the micro-

enrichment tip by air pressure with a cut-off pipettor tip. Beads were washed by passing 70 µl of Fe-NTA 

binding buffer through the micro phospho-enrichment tip twice, and re-suspended peptides in Fe-NTA 

binding buffer were added to Fe-NTA beads with a fine pipette tip. Re-suspension of Fe-NTA beads in the 

micro enrichment column was repeated every ten minutes for a total binding time of 30 minutes, minimizing 

contact of peptide solution with the walls of the enrichment tip to improves phospho-peptide enrichment. 

After 30 min of binding, the peptide solution was passed through the micro enrichment tip into a clean 

collection tube and collected together with 3 washes with 70 µl Fe-NTA binding buffer, a single wash with 

70 µl ultrapure water and 50 µl of neat acetonitrile. The combined flowthrough and washes were dried down 

in a speed vac to completion for subsequent bench-top fractionation of non-phospho peptides and MS 

analysis by alkaline reversed phase chromatography (PierceTM High pH Reversed Phase Peptide 

Fractionation Kit, Thermo Scientific #84868) with a modified elution scheme as described preiously103. 

 

After binding to Fe-NTA beads, peptides were eluted with 25 µl of Fe-NTA elution buffer (ammonia solution 

in ultrapure water, pH 11.3; elution buffer provided with High-SelectTM kit) two times followed by elution with 

50 µl neat acetonitrile. Beads turned dark brown after elution. Ammonia and acetonitrile eluates were 

collected directly in a single glass insert for MS autosampler vials, dried down to completion in a speed vac 

and dried phospho-peptides were re-suspended in 6µl 1% formic acid for subsequent µHPLC injection and 

MS analysis.  
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Mass spectrometry methods 

Data were collected on an Orbitrap Fusion Lumos instrument (ThermoFisher Scientific) with a Multi Notch 

MS3 method using a scan sequence of MS1 orbitrap scans (resolution 120,000; mass range 400-2000 Th), 

MS2 scans after collision-induced dissociation (CID, CE=35) in the ion trap with varying injection times144. 

For phospho-peptide analysis, a multi-stage activation method was used with a neutral loss of 97.9763/z. 

Quantitative information was derived from subsequent MS3 scans (orbitrap, resolution 50,000 at 200 Th) 

after high-energy collision induced dissociation (HCD). Peptides were ionized by electrospray after HPLC 

separation with a MS-coupled Proxeon EASY-nLC 1200 liquid chromatography system (Thermo Fisher 

Scientific) using 75 µm inner diameter nanocapillaries with PicoTip emitters (NewObjective # PF360-75-10-

CE-5) packed with C18 resin (2.6 µm, 150Å, Thermo Fisher Scientific). Fractionated peptides were 

separated over 3 and 4 h gradients with increasing concentrations of acetonitrile from 0% to 95% in 0.125% 

formic acid. For phospho-peptide analysis, peptides were resuspended in 1% formic acid without 

acetonitrile prior to nano LC injection and separated over 120 and 60 min gradients with 50% injected each 

as low amounts of material did not permit efficient fractionation. Injection times for phospho-peptides varied 

with up to 600ms for MS2 and 1000ms for MS3. A modified ANOVA score (“ModScore”) as described 

previously was used to calculate localization confidence in phosphorylated residue position in the quantified 

phospho-peptides. MaxModscores of >13 correspond to confident localization of the phosphorylated 

residue position189.  

 

Chimeric immune editing (CHIME) and in vivo proximity labelling  

Femurs, tibias, hips, and spines were isolated from WT C57BL/6 mice donor mice, crushed, and red blood 

cells were lysed using Ammonium-Chloride-Potassium (ACK) Lysing Buffer (Gibco)-lysed. LSK were 

enriched with a CD117 MACS isolation kit and then sorted to purity. The LSK cells were spin transduced 

with murine WT PD-1-APEX2 lentiviral constructs on a Retronectin-coated plate. LSK cells were then 

transferred intravenously into irradiated WT C57BL/6 mice recipients. Mice were monitored over 8 weeks 

during the reconstitution of the immune compartment. After 8 weeks, immune cells were isolated from iLNs 

and spleens of chimeric mice and stained for lineage markers as well as PD-1 to assess PD-1-APEX2 

expression. Following confirmation of PD-1-APEX2 expression, whole spleens were harvested from 
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chimeric mice and incubated in biotin phenol media for 2 h. H2O2 was added to whole spleens for 1 min 

and quenched with buffers as described in Chapter 2.4. Chimeric spleens not exposed to H2O2 were used 

as negative controls. Quenched spleens were processed into single cell suspensions, lysed with RIPA 

buffer and prepared for Western blotting analysis.  Western blots were probed with Streptactin-HRP to 

assess labelling efficiency.  
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Conclusions and future directions 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 



 96 

4.1 Summary  

While PD-1 blockade therapy has revolutionized cancer treatment for a myriad of patients, a significant 

subset of patients does not respond or show long lasting remission4,23–27. To date, our understanding of 

PD-1 signaling remains unclear despite the importance of PD-1 as a therapeutic target1,17,23,48. Developing 

a better understanding of the mechanisms driving PD-1-mediated inhibition may pave the way for the 

discovery of new therapeutic targets for cancer treatment.  

 

In this thesis, we relied on proteomic methodology to study intracellular signaling mechanisms driving PD-

1-mediated inhibition following PD-L1 ligation. We developed an unbiased proximity labelling platform that 

allowed us to study membrane dynamics and protein localization changes proximal to PD-1 in real time 

(Figure 2.1a-b)102,143. Remarkably, we discovered that PD-1 associates with the mechanosensitive ion 

channel PIEZO1 over time following PD-1 ligation (Figure 2.1d). We validated the functional relevance of 

this association using a variety of powerful in vitro and in vivo tools. Using TIRF live cell imaging and flow 

cytometry to monitor the activity of a fluorescent PIEZO1 reporter, we determined that PD-1 and PIEZO1 

indeed colocalize at the immune synapse and this colocalization results in PIEZO1 inhibition (Figure 2.2e-

f). PIEZO1 co-IP experiments showed an increased association between PD-1 and PIEZO1 following PD-

L1 ligation using trigger peptide analysis (Figure 2.S5b). We also observed an increase in ubiquitin ligase 

proteins WWP1 and WWP2 associating with PIEZO1 upon PD-1 ligation, suggesting that PD-1 induces the 

degradation of PIEZO1 (Figure 2.S5c-e). We then developed a tamoxifen-inducible, CD8+ T cell-specific 

PIEZO1 KO mouse to determine the role of PIEZO1 in controlling tumor growth (Figure 2.3a and Figure 

2.S8a-b). We found that PIEZO deficiency in CD8+ T cells was sufficient to impair antitumor immunity, 

resulting in increased tumor growth kinetics and fewer activated and cytotoxic CD8+ TILs in the TME (Figure 

2.3b-i and Figure 2.S10). This impaired tumor growth could not be reversed by PD-1 blockade (Figure 2.3j-

n). Interestingly, mice with PIEZO1 deficient CD8+ T cells exhibited high Slamf6 and low TIM-3 expression, 

while WT mice treated with PIEZO1 agonist displayed higher TIM-3 expression compared to Slamf6, 

implying that PIEZO1 activity regulates exhausted CD8+ T cell subpopulations (Figure 2.3f,i and Figure 

2.4g). Conversely, we found that treating WT mice with PIEZO1 agonist in vivo improved CD8+ T cell 

effector functionality (Figure 2.4). Remarkably, when mice harboring PD-1 blockade-unresponsive B16.F10 
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tumors were treated with the PIEZO1 agonist Yoda1 in combination with PD-1 blockade, we observed 

improved tumor control and overall survival compared to single therapy or vehicle and isotype controls 

(Figure 2.4h-k)126. Overall, these findings confirm the legitimacy of proximity labelling in identifying novel 

mechanisms for immune cell receptor signaling and new potential therapeutic targets for cancer patients.  

 

While PD-1-APEX2 proximity labelling discovered PIEZO1 as a major target of PD-1-mediated inhibition, 

we also sought to identify novel mediators of PD-1 function by determining the distinct functions of tyrosine 

phosphorylation motifs on the cytoplasmic tail of PD-148. We generated mice singly mutated in PD-1 ITIM 

and ITSM sequences to assess the role of each motif in responding to tumors in vivo (Chapter 3.4 Mice). 

In alignment with previous in vitro findings using ITIM and ITSM mutant CD4+ T cells, we found that mice 

harboring a mutation in the ITSM governed the majority of PD-1-mediated function, which was marked by 

improved tumor clearance, survival and CD8+ T cell function, comparable to PD-1 KO mice (Figure 3.1a-e, 

h-l)14,48,148. However, mutation in the ITIM motif did not control tumor growth or significantly improve CD8+ 

T cell function or infiltration in the TME, similar to WT mice (Figure 3.1a-e, h-l). Still, ITSM mutant mice did 

not fully recapitulate phenotypes exhibited by PD-1 KO mice (Figure 3.1a,c,e,h-i). For this reason, we 

employed various proteomic techniques to define the role of each motif in mediating PD-1 function102,103,186. 

Furthermore, our optimization of in vivo and ex vivo PD-1-APEX2 proximity labelling may aid in identifying 

the source of observed phenotypic differences in various disease contexts (Figure 3.10)176. 

 

Our assessment of downstream signaling pathways revealed varying phosphorylation outputs in pS6, 

pERK, pAKT, mTOR and ZAP70 pathways among PD-1 WT, KO, ITSM and ITIM mutant CD8+ T cells, 

suggesting that each motif uniquely regulates specific signaling arms of the TCR cascade (Figure 

3.2)9,14,15,17,30,48,49,148,152. To determine how these pathways are preferentially regulated by specific 

mediators, we performed PD-1-mutant-APEX2 proximity labelling and PD-1 phospho-peptide pulldowns. 

We determined that the ITSM strongly recruits SHP2 and to a lesser extent SHP1 and CSK, suggesting 

that the ITSM mediates PD-1 function through activation of inhibitory phosphatases and kinases, in line 

with previous reports (Figure 3.5a-b and Figure 3.6a-b,e)14,19,30. Interestingly, we observed less PD-1 

colocalization with TCR components overall in ITIM mutant cells, as well as recruitment of ubiquitin ligase 
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proteins Cbl-b, UBASH3B and UBASH3A, suggesting that the ITIM may play a role in receptor clustering 

and protein degradation (Figure 3.3c-h, j-l and Figure 3.7a-c) 19,154,192,155–158,178,181,190,191. Moreover, using 

proximity phospho-proteomics, we identified novel phospho-serine sites on the cytoplasmic tail of PD-1 

(Figure 3.4f and Figure 3.5a,c). Using phospho-peptide pulldowns to assess the binding behavior of each 

phospho-serine site, we found that pS-ITIM strongly associated with actin cytoskeletal nucleating WASH 

proteins and AP-2 adaptor proteins involved in clathrin-mediated endocytosis, suggesting that this 

phospho-serine adjacent to pY-ITIM may be involved in destabilizing the immune synapse (Figure 3.8a-

d)121,166–168. In addition, pSer261 associated with PIN1, a prolyl isomerase that may induce conformational 

changes to confer uncharacterized PD-1 function, such as altering signal transduction, gene transcription 

or protein stability (Figure 3.9b)172,173. Together, these findings not only confirm previous reports in the 

literature, but strongly suggest that PD-1 retains novel functions, specifically governed by the ITIM and 

phospho-serine sites, that require further investigation.   

 

In summary, we believe these findings have substantially increased our understanding of PD-1-mediated 

signaling and strongly encourage future analysis, as many questions about these proposed mechanisms 

remain. In particular, the mechanism by which PD-1 inhibits PIEZO1 activity and the fate of PIEZO1-

mediate Ca2+ influx requires further examination. In addition, the specific roles of the PD-1 ITSM, ITIM, pS-

ITIM and pSer261 need to be verified and the function of identified PD-1 binding partners requires 

clarification. Interestingly, the necessity of actin cytoskeletal dynamics and receptor clustering at the 

immune synapse for PIEZO1 function and recruitment of cytoskeletal-related proteins by PD-1 may provide 

a motif through which these findings converge18,90,105,121,127.  

 

4.2 Outlook on PD-1 and PIEZO1 function 

PD-1 impairs F-actin cytoskeletal dynamics to inhibit PIEZO1 

Mechanosensors translate force into biological signals59,62,63,124. Like all signaling pathways, molecular 

mechanisms must be in place to positively and negatively regulate these signals to ensure the cell functions 

properly193. For this reason, mechanosensitive signal transduction likely encounters inhibitory machinery to 

counter its activity124. However, these mechanisms are not well established63,124. Our studies are the first 
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to demonstrate an endogenous mechanism by which mechanically-mediated signaling is inhibited by 

coinhibitory receptor function. We believe PD-1 ligation interferes with actin-cytoskeletal machinery 

tethering PIEZO1 within the cell membrane, thereby preventing its activation following TCR ligation18,90,127. 

Our proximity labelling experiments identified PD-1 association with endocytic machinery and membrane 

trafficking proteins, suggesting that PD-1 disrupts receptor clustering and stability at the immune synapse 

(Figure 2.1i-j)18,105,168. This hypothesis is supported by proteins identified in PD-1 phospho-peptide 

pulldowns. WASH complex and AP-2 adaptor proteins were specifically recruited to the pS-ITIM (Figure 

3.8a-d)121,166–168. The WASH complex mediates F-actin nucleation to promote optimal TCR signaling and 

receptor turnover, while AP-2 adaptor proteins similarly govern clathrin-mediated endocytosis at the 

immune synapse121,166–168. It is possible that these proteins are sequestered by PD-1 following PD-L1 

ligation to inhibit F-actin polymerization, thereby abolishing the actinomyosin contractile ring that promotes 

TCR recycling and likely provides force to gate PIEZO1 in an open conformation84,94,127,194. The necessary 

function of the pS-ITIM in regulating cytoskeletal dynamics may also be reflected in PD-1-mutant-proximity 

labelling experiments, where PIEZO1 recruitment to PD-1 was not significantly impaired with single pY-

ITIM or pY-ITSM mutations (Figure 3.3h). Perhaps, the pS-ITIM is required for PIEZO1 recruitment to PD-

1. 

 

To assess the role of pS-ITIM in PD-1 signaling, mutation of this serine site to an inactive glycine or alanine 

residue will be important for characterizing pS-ITIM function in T cells. Generating pS-ITIM singly mutated 

cells or in combination with a pY-ITIM mutation will determine if the pS-ITIM functions independently of pY-

ITIM or is necessary for pY-ITIM function. In addition, to determine the precise mechanism by which PD-1 

inhibits PIEZO1, it will be necessary to assess various functions of the actinomyosin cytoskeleton. Genetic 

KO studies of WASH complex and AP-2 adaptor proteins would determine if loss of these proteins results 

in phenotypic similarities to PIEZO1 deficiency that cannot be rescued by PD-1 blockade. Proximity 

phospho-proteomic studies in Jurkat cells examining PD-1 ligation at different time points using PD-1 

mutant pY-ITSM, pY-ITIM and pS-ITIM and combination mutant APEX2 constructs may also unveil changes 

in phosphorylation of cytoskeletal components induced by PD-1 ligation over time. Additionally, 

experiments using cytoskeletal disrupting agents, including the inhibitor of actin polymerization cytochalasin 
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D and myosin II inhibitor blebbistatin, in XLGenEPi Jurkat cells in the presence of TCR/CD28 ligation would 

determine whether actinomyosin contractile forces are responsible for activating PIEZO1195,196.  

 

PD-1 recruits ubiquitin ligases to degrade PIEZO1  

Moreover, our findings suggest that PD-1 may induce the proteasomal degradation of PIEZO1 through 

activation of NEDD4-like HECT E3 ubiquitin-protein ligases WWP1 and WWP2107,108. While WWP1 has 

been shown to negatively regulate T cell activity through degradation of TGFb signaling components and 

T cell homeostasis protein LKLF, the outcome of WWP2 ubiquitination is more diverse107,133. WWP2 activity 

promotes cell survival by targeting negative AKT regulator PTEN and EGR2, a transcription factor involved 

in T cell activation-induced cell death130,132. However, WWP2 in macrophages also targets TRIF to attenuate 

TLR3-mediated innate immune and inflammatory responses131. Still, if PIEZO1 is indeed a target of WWP1 

and/or WWP2, PIEZO1 degradation would impair T cell activity based on our findings demonstrating 

PIEZO1 loss in CD8+ T cells impairs functionality (Figure 2.3b-i, Figure 2.S10?).  

 

Interestingly, we have also observed strong association of WWP1 with ITIM mutant cells that was not 

observed in ITSM mutant cells, but also not observed in PD-1 WT cells. Since we observed an association 

of pS-ITIM with WWP2 (data not shown), it is possible that the pY-ITIM and pS-ITIM coordinate feedback 

mechanisms that control the binding of PD-1 ITIM to specific proteins. In addition, WWP1 and WWP2 have 

been reported to complex with one another to regulate the balance of transcription factor p73 and its isoform 

to control cell survival197. WWP2 alone degraded p73, but this function was switched when phosphatase 

PPM1G induced complexing between WWP1 and WWP2, promoting the degradation of the p73 isoform197. 

Perhaps the role of WWP1 and WWP2 is mediated by phosphatases SHP1/2 to regulate its targeting of 

PIEZO1. Nevertheless, the overlap between PD-1 and PIEZO1 associating with WWP1 and WWP2 

provides an additional mechanism by which PD-1 may mediate the degradation of PIEZO1.  

 

Repeating PIEZO1 co-IP experiments with proteasome inhibitors and assessing the ubiquitination status of 

PIEZO1 in the presence or absence of PD-1 ligation would be useful in determining if PD-1 induces PIEZO1 

degradation, while also examining the location of potential ubiquitination sites on PIEZO1. In addition, 
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developing WWP1, WWP2 and WWP1/2 double knockout Jurkat cells lines using nucleofection of Cas9 

and optimized sgRNAs would allow for the assessment of PIEZO1 surface expression and ubiquitination in 

the presence or absence of PD-1 ligation. These experiments would determine if WWP1 and WWP2 E3 

ligases are responsible for promoting the proteasomal degradation of PIEZO1, and potentially other TCR-

related proteins, and can be repeated in primary murine or human CD8+ T cells.  Monitoring phosphorylation 

of WWP1 and WWP2 following PD-1 ligation in SHP1/2 WT and KO cells would also determine if SHP1/2 

regulate WWP1 and WWP2 function. Lastly, since the pS-ITIM has exhibited function in binding cytoskeletal 

and ubiquitin ligase machinery, it would be telling to evaluate PIEZO1 function and association with PD-1 

in a doubly mutated pY-ITIM/pS-ITIM cell line, as described above.  

 

PIEZO1-mediated Ca2+ flux activates calpain proteases to modulate F-actin 

While we have demonstrated that PIEZO1 is a major target of PD-1-mediated inhibition, questions remain 

regarding the precise role of PIEZO1 activity in CD8+ T cells. In particular, why is PIEZO1-induced Ca2+ 

influx necessary for T cell function among numerous CRAC and voltage-gated ion channels expressed in 

T cells? CRAC channel activation, specifically through ORAI1, is well characterized in T cells and occurs 

upon TCR ligation through PLCg generation of inositol triphosphate (IP3)114,116,117,121. IP3 binds receptors in 

the  endoplasmic reticulum (ER), which empties Ca2+ stores and induces the translocation of stromal 

interaction molecule 1 (STIM1) to ORAI1, resulting in channel activation and extracellular Ca2+ 

influx114,116,117,121. This process occurs in seconds and persists to induce NFAT localization to the nucleus 

and subsequent gene transcription121,127. It is important to note that ORAI channels do not localize at the 

immune synapse and have been shown to form dense cap-like structures distal to the TCR198. Thus, the 

precise mechanisms by which sustained actin polymerization and Ca2+ influx form a positive feedback loop 

to promote stability at the immune synapse and continued gene transcription are unclear121,127. Given our 

observation that PIEZO1 activity is induced upon TCR and CD28 ligation, it is likely that actinomyosin 

contractile forces at the immune synapse stimulated by TCR ligation gate PIEZO1 in an open conformation 

(Figure 2.2e-f)84,90. Subsequent Ca2+ influx by PIEZO1 in turn activates calpain proteases that continue to 

modify F-actin to maintain stable contact at the immune synapse through F-actin retrograde flow, which 

can persist on the order of minutes to hours64,90,95,121,127. In this way, PIEZO1-mediated Ca2+ influx may 
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govern cytoskeletal dynamics that stabilize the immune synapse to promote optimal TCR signaling, which 

promotes PLCg and CRAC channel activity.   

 

This hypothesis emphasizes the importance of localization for Ca2+ transporters and effector proteins such 

that specific regions of protein localization may determine the differential signaling outputs of Ca2+ influx 134. 

To confirm that calpains are indeed effectors of PIEZO1-mediated Ca2+ influx, calpain activity assays should 

be performed in PIEZO1 WT and KO CD8+ T cells ligated with TCR-control and TCR-PD-L1 beads, as well 

as PIEZO1 agonist Yoda1. In addition, to uncouple PIEZO1-mediated Ca2+ influx from CRAC channel-

mediated Ca2+ influx, CRAC channel and PLCg inhibitors, as well as PIEZO1 agonists and antagonists, 

would serve as useful tools for probing the activity of each pathway under varying stimulation conditions199. 

Readouts for these experiments may include phospho-flow cytometry, Ca2+ flux assays with cell permeable 

Ca2+ dyes or Western blotting analysis of phosphorylated proteins (Chapter 2.4). These studies would also 

determine if PIEZO1-mediated Ca2+ influx influences downstream effector pathways in addition to 

cytoskeletal dynamics, as we observed increases in ERK phosphorylation following PD-1 agonism (Figure 

2.S6c-d). 

 

PIEZO1 activity impacts CD8+ T cell fate  

Our studies have revealed alterations in Slamf6 and TIM-3 expression in CD8+ TILs depending on the mode 

of PIEZO1 regulation (Figure 2.3f,I and Figure 2.4g). PIEZO1 KO CD8+ TILs exhibited a more progenitor-

exhausted phenotype marked by Slamf6 expression, while PIEZO1 agonized CD8+ TILs displayed a more 

terminally exhausted phenotype marked by TIM-3 expression and granzyme B expression122,123. The simple 

explanation for this observation is that PIEZO1 is necessary for T cell activation where it responds to force 

generated by actin cytoskeletal rearrangements to promote strong coupling between the TCR and MHCI/II 

at the immune synapse84,90,95. For this reason, loss of PIEZO1 may result in suboptimal T cell activation 

that, in turn, impairs downstream gene transcription for acquisition of effector functions. However, previous 

reports of calpain function may provide a more specific explanation for differences observed in TCF1-

mediated gene transcription137–139,141. Calpain proteases have been shown to bind and degrade B-catenin, 

which is a co-activator of TCF1 genes137–139,141. It is possible that PIEZO1-mediated activation of calpain 
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induces b-catenin degradation, impairing the expression of TCF1 genes, including Slamf6, and promoting 

TIM-3 upregulation. Alternatively, calpain proteases may not be activated when PIEZO1 function is lacking, 

thereby allowing for the association of b-catenin with TCF1 to maintain Slamf6 expression. Similarly, PD-1 

has been shown to protect an early TCF1+ CD8+ T cell subset in chronic viral infection, suggesting that PD-

1-mediated inhibition of PIEZO1, similar to PIEZO1 KO in CD8+ T cells, correlates with increased Slamf6 

expression 142.  

 

This hypothesis is also supported by data demonstrating that CRAC channels do not regulate TCF1 gene 

expression117, suggesting a unique function for PIEZO1 Ca2+ influx. Persistent cytoskeletal forces described 

above may sustain PIEZO1 activity long enough to modify specific gene transcription73,124.  Studies 

examining the localization and expression of b-catenin at the protein level in PIEZO1 WT, KO or PIEZO1-

agonized CD8+ T cells would be necessary to determine if PIEZO1 activity induces b-catenin export from 

the nucleus and degradation. These experiments could also be performed in the presence or absence of 

calpain inhibitors or with genetic KO of calpains to confirm that calpain activity is indeed necessary for b-

catenin degradation200. In addition, complementary single cell RNA-sequencing analysis of PIEZO1 WT 

and KO CD8+ TILs may provide useful information regarding the abundance of transcripts relating to TCF1 

gene expression, as well as other alterations in gene expression. It would be interesting to study the kinetics 

of gene expression throughout the course of disease by harvesting CD8+ TILs from CD8+ PIEZO1 WT and 

KO mice at various time points, for example on days 5, 10, 15 and 20 following tumor implantation.  

 

External force may govern unique PIEZO1 activity  

Lastly, many studies have characterized PIEZO1 response to external forces in the absence of intracellular 

actin cytoskeleton regulation66,77,79,115,201. We also observed increases in CD8+ T cell signaling with 

exposure to cyclical hydrostatic pressure alone (Figure 2.S6g-i). In addition, PIEZO1-agonized CD8+ T cells 

exhibit increased ERK phosphorylation in the absence of TCR stimulation (Figure 2.S6c-d). Notably, 

PIEZO1 agonist Yoda1 functions as a gating modifying to wedge PIEZO1 in its open conformation, 

obviating the need for actin-mediated activation113. Therefore, it is important to determine if force-from-lipid 

translates to unique T cell functions compared to force-from-filament described in this thesis (Figure 1.2)83. 
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Exposing PIEZO1 WT and KO CD8+ T cells to various sources of external pressure, including, cyclical 

hydrostatic pressure and shear flow, should be performed to probe this question further. Specific readouts 

to consider are signaling pathway analysis using phospho-flow cytometry or Western blotting, RNA-

sequencing analysis to study transcriptional alterations, cytokine production analyses using CBA assays, 

immune-cell receptor expression using flow cytometry and metabolic rewiring using the Seahorse metabolic 

flux assay (Agilent).   

 

4.3 Hypothetical model of PD-1 signaling motifs 

PD-1 ITSM recruits SHP1, SHP2 and CSK to mediate inhibitory signaling  

Prior to the signaling studies outlined in this thesis, PD-1 was reported to contain two tyrosine 

phosphorylation motifs that propagate inhibitory signals as well as a ubiquitin binding motif that regulates 

PD-1 surface expression and degradation48,52. Our data has substantially added to the repertoire of 

signaling capabilities exhibited by PD-1. We have confirmed that the ITSM chiefly recruits effector 

phosphatases and kinases to dampen T cell activity. Specifically, SHP2 and to a lesser extent, SHP1 and 

CSK associate with the ITSM (Figure 3.5a-b and Figure 3.6a-b,e). Our studies suggest that SHP2 is the 

primary mediator of PD-1 signaling. Still, the function of SHP1 association has not been clarified. It is 

possible that SHP1 activation is a compensatory mechanism for SHP2. However, its recruitment to the 

cytoplasmic tail is observed in tandem with SHP2, suggesting that it governs a distinct role. While previous 

studies have attempted to reconcile the different functions of SHP1 and SHP2 in relation to PD-1-mediated 

inhibition, no unified model has emerged14,19.  

 

Studies examining catalytic-dead constructs of SHP2 and SHP1 would be useful in assessing the target 

proteins associated with each phosphatase. Catalytic-dead constructs lacking phosphatase activity would 

be less likely to impair T cell viability and function, given the necessity of each phosphatase for T cell 

function. In particular, phospho-proteomic studies in T cells expressing SHP1/2 mutants in the presence or 

absence of PD-1 ligation may unveil the particular proteins targeted by each phosphatase. Similarly, a 

catalytic-dead CSK mutant would aid in determining what proteins are specifically inactivated via 

phosphorylation following PD-1 ligation. Comparing these results with phospho-proteomic studies 
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performed on PD-1 ITIM, ITSM and phospho-serine mutants would verify the role of the ITSM in mediating 

these signaling events.  

 

Proteomic methodology unveils novel PD-1 function  

While our studies confirmed the necessity of the ITSM in recruiting effector phosphatases SHP1/2 and 

kinase CSK, we also identified multiple unique binders of the ITIM. These findings introduce various 

mechanisms by which the ITIM functions on PD-1, which previous studies have been unable to 

characterize. Moreover, identification of the novel phospho-serine site upstream of the ITIM suggests that 

this motif is necessary for optimal ITIM function. We found that the pY-ITIM peptide strongly associates 

with UBASH3B and, to a lesser extent, UBASH3A and Cbl-b, while mutation of the ITIM most notably 

diminished association with these proteins compared to mutation of the ITSM (Figure 3.3j-l and Figure 3.7a-

c). Together, Cbl-b and UBASH3A/B comprise ubiquitin ligase machinery that has been reported to 

negatively regulate T cell activation signals through proteasomal degradation. Still, mutation in the pY-ITIM 

alone is not sufficient for reversing PD-1-mediated inhibition. Thus, it is possible that pY-ITIM degrades 

proteins that are inactivated by pY-ITSM mediators described above, implying that the ITIM depends on 

ITSM function. This inactivation-degradation hypothesis has been postulated above for PD-1 dual 

regulation of PIEZO1 where interference in actin cytoskeletal rearrangements inhibits PIEZO1 and 

recruitment of WWP1 and/or WWP2 promotes the degradation of PIEZO1. To further study this model, 

proteomic ubiquitin profiling could be used to assess differences in protein ubiquitination between ITIM and 

ITSM mutant cells treated with a proteasome inhibitor in the presence or absence of PD-1 ligation182,183. 

Demonstrating that ITIM mutant cells lack ubiquitinated proteins observed in WT cells would verify that the 

ITIM indeed regulates protein degradation.  

 

Our PD-1 mutant proximity labelling studies suggest that overall protein recruitment to PD-1 is attenuated 

with a mutation in the ITIM (Figure 3.3c-l). It is also important to note that the pY-ITIM peptides bind less 

efficiently to proteins that strongly associate with pS-ITIM, suggesting that both phosphorylation events are 

necessary for optimal ITIM function (Figure 3.8). Generating a pY-ITIM and pS-ITIM doubly mutated cell 

line as well as a singly mutated pS-ITIM cell line would aid in studying receptor clustering dynamics 
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mediated by PD-1 at the immune synapse, and also would determine if the pS-ITIM functions independently 

of pY-ITIM. TIRF live cell imaging of PD-1 WT, pY-ITSM, pY-ITIM, pS-ITIM and pY/pS-ITIM mutant cells 

ligated with CD3 and CD28 crosslinking antibodies in the presence or absence of PD-L1 ligation would 

illustrate PD-1 clustering dynamics in real time.  

 

PD-1 proximity phospho-proteomics identified the phosphorylation of pSer261 on the cytoplasmic tail of 

PD-1 following ligation. Subsequent PD-1 phospho-peptide pulldowns of pSer261 identified a strong 

association of this peptide with PIN1 and TNKS-1 compared to unphosphorylated peptide controls and 

other PD-1 signaling motifs. While it is difficult to link PD-1 to TNKS-1, a PARP protein, PIN1 has been 

reported to regulate various mechanisms, including protein stability, degradation, localization and 

transcription factor activity, that may contribute to PD-1 function171–173. In addition, PIN1 has been implicated 

in driving tumorigenesis in breast and gynecological cancers through the regulation of various signaling 

pathways172. Specifically, PIN1 has been shown to regulate proteins in the AKT and MAPK pathways, which 

are both inhibited upon PD-1 ligation17,172. Whether PIN1 negatively or positively regulates these signaling 

pathways in T cells has not been determined. For this reason, genetic KO studies of PIN1 in T cells along 

with complementary studies mutating pSer261 to glycine or alanine on PD-1 could unveil novel PD-1 

function. Experiments surveying alterations in signaling pathways, protein stability, gene transcription and 

cell cycle progression would be necessary for characterizing the function of PIN1 and PD-1 in T cells. 

 

PD-1 mutant in vivo models highlight distinct PD-1 functions 

We have shown that mice harboring an inactivating mutation in the PD-1 ITSM control tumor growth and 

promote CD8+ T cell function similar to PD-1 KO mice, while ITIM mutant mice phenotypically resemble WT 

mice (Figure 3.1). Still, noticeable differences between PD-1 KO and ITSM mutant mice and as well subtle 

differences between ITIM mutant and WT mice are apparent (Figure 3.1). Moreover, PD-1 WT, KO, ITSM 

and ITIM mutant CD8+ T cells exhibit differences in TCR signaling pathway regulation (Figure 3.2). These 

observations confirm that the ITSM and ITIM control separate PD-1-mediated functions and imply that 

additional signaling motifs may contribute top PD-1-mediated inhibition. For this reason, ongoing studies in 

the Sharpe lab will assess phenotypic alterations in ITIM/ITSM doubly mutated mice (DM). DM mice will be 
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examined in both cancer and autoimmune disease models to assess how these mice respond to disease 

pathogenesis compared to ITIM and ITSM mutant mice, as well as PD-1 WT and KO controls. PD-1 DM T 

cells can also be isolated and studied in vitro for residual signaling function using phospho-flow cytometry 

and RPPA analysis in repeated experiments. These analyses will be particularly interesting given our 

identification of novel phospho-serine sites on the cytoplasmic tail of PD-1. Noteworthy phenotypes 

observed in PD-1 DM mice can be correlated with complementary studies examining the function of PD-1 

phospho-serine sites described above to characterize the unknown functions of PD-1. Moreover, if the PD-

1 DM mouse retains residual PD-1 function, it would be interesting to generate a mouse containing 

mutations in the ITIM and ITSM, as well as pS-ITIM and pSer261 to determine if this mouse more closely 

recapitulates full PD-1 KO. These mouse models would not only be useful for studying the effects of PD-1 

mutation in CD8+ T cells, but in other T cells, as well. In particular, investigating the function of PD-1 

mutation in Treg cells would be interesting since ongoing work in the Sharpe lab has demonstrated that 

ITSM mutant mice experience alleviated EAE symptoms compared to PD-1 KO mice (data not shown.)  

 

In addition, we, along with other groups, have demonstrated the success of ex vivo PD-1-APEX2 proximity 

labelling177. We believe utilizing PD-1-APEX2 proximity labelling and incorporating various PD-1 mutations 

in the APEX2 construct would be useful for studying PD-1 signaling mechanisms in immune cell subsets 

throughout the course of disease.  Since many of the proposed studies above involve genetic KO of 

identified hit proteins, the CHIME gene editing method could serve as a very useful and efficient tool for 

determining the physiological relevance, for example, of WWP1 and WWP2 in regulating the degradation 

of PIEZO1, as well as the function of WASH and AP-2 complex proteins in PD-1-mediated inhibition, 

obviating the need to generate mouse models176. If CHIME experiments prove interesting, genetic mouse 

models can be considered for further experimentation.  

 

Finally, we recognize that the completed and proposed experiments outlined in this thesis focus primarily 

on PD-L1 ligation of PD-1. However, PD-L2 is another well-characterized ligand of PD-12,33–35.  The 

differential expression and structure of PD-L2 compared to PD-L1 imply that PD-L2 may regulate distinct 

mechanisms that drive PD-1-mediated inhibition2,202. For this reason, we recommend exploring the in vitro 
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signaling platforms and in vivo models described in this thesis to determine if PD-L2 induces unique PD-1 

signaling dynamics.    

 

4.4 Concluding remarks 

As has been emphasized above, further studies are necessary to answer remaining questions about PD-1 

signaling. Still, we believe this body of research has made significant strides in improving our understanding 

of PD-1-mediated inhibition. The data discussed in this thesis highlight four significant implications. First, 

mechanosensation by PIEZO1 is required for optimal CD8+ T cell function, suggesting that this molecule 

may serve as a potential target for immunotherapy. Second, PD-1 ligation inhibits PIEZO1 activity, 

suggesting that T cells, among other cell types, possess novel endogenous mechanisms to counter 

mechano-mediated signaling. Third, tyrosine and serine phosphorylation sites on the cytoplasmic tail of 

PD-1 exhibit unique binding behavior, suggesting that uncharacterized signaling mechanisms of PD-1 exist 

and require further examination. Fourth, proteomic methodology is extremely valuable for studying immune 

cell receptor signaling and should be applied to receptors for which signaling remains unclear. Overall, the 

findings in this thesis further clarify the diverse mechanisms by which PD-1 functions to attenuate T cell 

signaling. 
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Figure 2.S1: PD-1-APEX2 construct design and cell line optimization. a) Design of human and 
murine PD-1-APEX2 constructs. hPGK denotes the human phosphoglycerate kinase promoter. b) PD-
1-APEX2 expression in Jurkat cells measured by flow cytometry compared to unstimulated, non-
lentivirally transduced Jurkat cells. c) Labelling efficiency of PD-1-APEX2 probe via Western blot stained 
with Ponceau to assess protein loading and probed with streptactin-HRP.  
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Figure 2.S2: PD-L1-TCR and TCR-control Dynabead optimization. Tosyl-activated Dynabeads 
coated with various ratios of crosslinking-CD3/CD28 antibodies and recombinant murine PD-L1 or 
human IgG1k (hIgG1k) control ligand (x-axis) were incubated with murine CD8+ T cells for 48 h to assess 
expression of a) CD8b, b) CD44, c) PD-1, d) granzyme B, and percentage of e) live cells via flow 
cytometry. Cell culture supernatants were collected to assess concentrations of excreted cytokines f) 
IL-2, g) IFNg and h) TNFa using CBA assay. The x-axis denotes specified protein ratios where “T” 
represents the combined percentage of TCR components CD3 and CD28 while the latter number 
represents percentage of murine PD-L1 or hIgG1k on the beads.  
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(Figure 2.S2 Continued) Increasing concentrations of beads coated with 60% PD-L1 and 40% TCR 
components selected from the previous assay were incubated with primary murine CD8+ T cells for 48 
h to assess expression of i) CD8b, j) CD44, k) PD-1, l) granzyme B and percentage of m) live cells via 
flow cytometry. Cell culture supernatants were collected to assess levels of excreted cytokines n) IL-2, 
o) IFNg, p) TNFa using CBA assay. Data are presented as means of n=5 biological replicates ± SD. 
Statistical significance was assessed between control and PD-L1 groups using two-way ANOVA 
analysis. ns, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.  
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Figure 2.S3: APEX2 proximity labelling identifies PIEZO1 as target of murine PD-1. TMT ratios 
over time (min) of a) SHP2, b) PIEZO1, c) SHP1, d) CD3z, e) CD28, f) ZAP70, g) CD3d, h) CD3e and i) 
CD3g following stimulation of murine PD-1-APEX2 with murine PD-L1 (mPD-L1) or control hIgG1k 
beads. Data are represented as means ± SD from two independent experiments using two-way ANOVA 
analysis comparing PD-L1 and control hIgG1k bead-treated groups. Only significant differences are 
indicated. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 2.S4: Additional PD-1-APEX2 findings. TMT ratios over time (min) of a) CD3d, b) CD3e, c) 
CD3g and d) ZAP70 following stimulation of PD-1-APEX2 with TCR-PD-L1 or TCR-control mIgG1k 
beads. Data are presented as means from three independent experiments ± SD. Statistical significance 
was assessed using two-way ANOVA analysis comparing TCR-PD-L1 and TCR-control mIgG1k bead-
treated groups. Only significant differences are indicated. * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. e) Hierarchical one-way clustering of the averaged TMT ratios of all identified proteins 
calculated from three independent experiments. 
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Figure 2.S5: PIEZO1 IP and PD-1 trigger peptide analysis. a) Two-way hierarchical clustering of 
PIEZO1 IP conditions in quadruplicate using ACACA normalized values. b) PD-1 peptide sequence used 
for triggering and peptide quantifications from three replicates in each condition. Samples were 
normalized to negative control. Data are presented as means of n=13 ± SD. Statistical significance was 
assessed using one-way ANOVA analysis. c) Volcano plot depicting p value versus effect size between 
PD-L1-TCR and TCR-control conditions from PIEZO1 IP. Data presented as means of n=4 ± SD. 
Statistical significance was assessed using Student’s multiple unpaired t tests. Scaled TMT ratios of d) 
WWP2, e) WWP1, f) RICTOR and g) CD28. Data are represented means of n=4 ± SD. Statistical 
significance was assessed between TCR-PD-L1 and TCR-control conditions using Student’s unpaired t 
test. ns, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.  
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Figure 2.S6: PIEZO1 modulation alters CD8+ T cell Ca2+ influx and signaling. Murine CD8+ T cells 
stained with Fluo-4 and restimulated with TCR-PD-L1 or TCR-control beads in the presence or absence 
of PIEZO1 agonist Yoda1 (5µM) or antagonist GsMTx-4 (2.5 µM) and assessed for a) percentage of 
bound Ca2+ over time (s) and b) mean fluorescence intensity (MFI). Data presented as means of n=6 
timepoints ± SD. Statistical significance was assessed using one-way ANOVA analysis. Frequencies of 
c) pERK, e) pAKT after 10 min and f) pS6 after 30 min analyzed using phospho-flow cytometry. Data 
presented as means of n=3-4 biological replicates ± SD. Statistical significance was measured using 
Student’s unpaired t test.  
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(Figure 2.S6 Continued) Western blotting analysis of OT1 CD8+ T cells pretreated for 5 min with 5uM 
DMSO, Yoda1 or GsMTx-4 and restimulated for 20 min with PD-L1 or control beads to assess protein 
levels of pERK and NFAT using b-actin as loading control. MFI of g) pERK, h) pLCg and i) pS6 following 
20 min exposure to static or cyclical hydrostatic pressure and analyzed using phospho-flow cytometry. 
Data are presented as means of n=5 ± SD. Statistical significance was measured using Student’s 
unpaired t test. ns, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 2.S7: XLGenEPi inducible expression in Jurkat cells. a) XLGenEPi plasmid map. b) 
Electroporated and blasticidin-selected XLGenEPi Jurkat cells incubated with a dose titration of 
doxycycline (25-200ng/mL) for 24 h and treated with 10µM Yoda1 immediately prior to flow cytometric 
analysis. Number on plots indicates frequency.  
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Figure 2.S8: E8i-Cre-ERT2 PIEZO1 KO is specific to CD8+ T cells. a) Schematic of E8i-Cre-ERT2 
Piezo1flx/flx mouse model. b) Relative fold change of PIEZO1 expression in Cre+ and Cre- CD8+ T cells 
following 8 doses of 100mg tamoxifen using qPCR and TaqMan probes recognizing specific Piezo1 
floxed regions. Data are presented as means of n=6 ± SD. Statistical significance was assessed using 
Student’s unpaired t-test. c) Ratio of bound/unbound Ca2+ and fold change of Ca2+ influx in non-treated 
versus Yoda1-treated CD8+ T cells from Cre+ and Cre- mice stained with Indo-1 following tamoxifen 
dosing. Data are presented as means of n=3 ± SD. Statistical significance was assessed using Student’s 
unpaired t-test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. d) Flow cytometric analysis comparing 
Cre expression using an eGFP reporter in Cre+ or Cre- murine CD8+, CD4+, CD11b+ and CD11c+ 
splenocytes following in vivo tamoxifen treatment. e) Flow cytometric analysis comparing Cre expression 
using an eGFP reporter in Cre+ or Cre- murine CD8+, CD4+ and B220+ splenocytes following in vitro 4-
OH tamoxifen treatment. Numbers on plots indicate frequencies.  
 
 
 



 132 

 
 
 
 
 

Figure 2.S9: E8i-Cre-ERT2 Piezo1flx/flx CD8+ T cells show minimal phenotypic alterations at 
baseline. CD8+ T cells isolated from spleens of Cre+ and Cre- E8i-Cre-ERT2 Piezo1flx/flx mice were 
stimulated for 24 h with increasing doses of anti-CD3/CD28 crosslinking antibodies (0-10 ug/mL, x-axis) 
and assessed for frequencies of a) live cells, b) PD-1, c) CTLA-4, d) CD44, e) CD62L, f) granzyme B, 
g) Ki-67 and h) IFNg/TNFa. Cytometric bead array assays were performed on the supernatants of 
stimulated Cre+ and Cre- CD8+ T cells to assess concentrations (pg/mL) of i) IFNg, j) TNFa and k) IL-2. 
Data are presented as means of n=3-4 ± SD. Statistical significance was assessed using Student’s 
unpaired t-test. Only significant differences are indicated. * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. 
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Figure 2.S10: Flow cytometric analysis of tumor bearing E8i-Cre-ERT2 Piezo1flx/flx mice. CD8+ TIL 
frequencies or counts of a,d) CD3e, b,e) total CD4+ T cells, c,f) CD8+/CD4+ ratio (counts), g,j) CD69, h,k) 
CTLA4, i,l)  CD69, m,p) granzyme B, n,q) Slamf6 and o,r) TIM-3 isolated from Cre+ and Cre- mice 
bearing MC38 or B16-OVA tumors on day 15. Data are presented as means of n=18-26 ± SD from three 
independent experiments. Statistical significance was measured using Student’s unpaired t-test. * 
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 2.S11: E8i-Cre-ERT2 Piezo1flx/flx reporter expression. a) Cre expression measured by eGFP 
and b) Cre activity measured by TD-tomato frequencies in CD8+ T cells isolated from the spleen of MC38 
and B16-OVA tumor bearing mice at day 15. Data are presented as means of n=22-34 ± SD from four 
independent experiments. Statistical significance was measured using Student’s unpaired t-test. * 
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 2.S12: Individual tumor growth curves of E8i-Cre-ERT2 mice. Individual tumor growth curves 
from data depicted in Figure 2.3k-l of Cre+ and Cre- E8i-Cre-ERT2 PIEZO1flx/flx mice treated with PD-1 
blockade or isotype control and bearing a) MC38 or b) B16-OVA tumors.  
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Figure 2.S13: Proteomic analysis of E8i-Cre-ERT2 Piezo1flx/flx CD8+ TILs. a) Volcano plot depicting p 
value versus effect size between CD8+ TILs isolated from Cre+ and Cre- mice on day 15 post B16-OVA 
tumor implantation. Data are presented as means of n=2-3 ± SD. Statistical significance was assessed 
using Student’s multiple unpaired t tests. 
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Figure 2.S14: PIEZO agonism influences TIL phenotypes in WT mice. Tumor volume (mm3) 
measured over time (days) for a) trial 1 and b) trial 2 of WT mice bearing MC38 tumors and treated with 
Yoda1 (7.5 mg/kg). Data are presented as means of n=4-8 ± SD.  Statistical significance was assessed 
using 2-way ANOVA analysis. CD8+ TIL frequencies of c) Slamf6 and d) TIM-3 assessed by flow 
cytometry. CD4+ TIL frequencies of CD4+ e) Tcon (FoxP3-) f) Treg (FoxP3+), g) Treg perforin and h) 
Tcon perforin assessed by flow cytometry. Number of i) CD8+  j) Treg and k) Tcon cells recovered from 
the draining lymph node and assessed by flow cytometry. Data are presented as means of n=6-12 ± SD 
from one or two independent experiments. Statistical significance was assessed using Student’s 
unpaired t test. ns, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 2.S15: PIEZO1 agonism does not significantly affect tumor cell viability. a) MC38 and b) 
B16-OVA tumor cells treated in vitro with increasing doses of Yoda1 (0.5-25µM) and assessed for 
viability percentages using near-IR live dead staining and flow cytometric analysis. Data are represented 
means of 6 technical replicates ± SD. Western blotting analysis of c) MC38 and d) B16-OVA tumor cells 
treated in vitro with increasing doses of Yoda1 (1-50µM) for 24 h and assessed for levels of pERK and 
pAKT using b-actin as a loading control. 
 
 


