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ABSTRACT 54 

 55 

Both epidemiologic and cellular studies in the context of autoimmune diseases have established 56 

that protein tyrosine phosphatase non-receptor type 22 (PTPN22) is a key regulator of T cell 57 

receptor (TCR) signaling. However, its mechanism of action in tumors and its translatability as a 58 

target for cancer immunotherapy have not been established. Here we show that a germline variant 59 

of PTPN22, rs2476601, portended a lower likelihood of cancer in patients. PTPN22 expression 60 

was also associated with markers of immune regulation in multiple cancer types. In mice, lack of 61 

PTPN22 augmented antitumor activity with greater infiltration and activation of macrophages, 62 

natural killer (NK) cells, and T cells.  Notably, we generated a novel small molecule inhibitor of 63 

PTPN22, named L-1, that phenocopied the antitumor effects seen in genotypic PTPN22 knockout. 64 

PTPN22 inhibition promoted activation of CD8+ T cells and macrophage subpopulations toward 65 

MHC-II expressing M1-like phenotypes, both of which were necessary for successful antitumor 66 

efficacy. Increased PD1-PDL1 axis in the setting of PTPN22 inhibition could be further leveraged 67 

with PD1 inhibition to augment antitumor effects. Similarly, cancer patients with the rs2476601 68 

variant responded significantly better to checkpoint inhibitor immunotherapy. Our findings suggest 69 

that PTPN22 is a druggable systemic target for cancer immunotherapy.   70 
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GRAPHICAL ABSTRACT 71 

 72 

  73 
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INTRODUCTION 74 

 75 

Recent progress in cancer immunotherapy has revolutionized the management of several cancer 76 

types (1). Understanding the importance of T cells in anticancer immunity has provided the 77 

foundation for many therapeutic options including checkpoint inhibition and adoptive T cell 78 

approaches, e.g. chimeric antigen receptor T (CAR T) cell therapies (2-4). However, most patients 79 

either have a limited or no response to current immunotherapies, warranting the ongoing search 80 

for additional immunotherapy strategies.  81 

 82 

The fundamental process within T cells that links antigen recognition to cellular output is the T 83 

cell receptor (TCR) signaling cascade. Protein tyrosine phosphatase non-receptor type 22 84 

(PTPN22), a member of the PTP superfamily that is largely specific to immune cells, is a 85 

physiologic regulator of TCR signaling (5, 6). By dephosphorylating the activating tyrosine 86 

residues of Lck (Y394) and Zap70 (Y493), which are proximal kinases of the TCR signaling 87 

cascade, PTPN22 is able to subdue the activity of TCR signaling (7). In fact, numerous 88 

epidemiologic studies have established the association between a germline variant of PTPN22, 89 

C1858T (R620W; rs2476601), and autoimmune diseases (8-10). Accordingly, mouse studies 90 

have demonstrated that PTPN22 R619W (homologous to human R620W) is consistent with the 91 

loss-of-function phenotype seen in PTPN22 knockout (KO) mice (11, 12). Furthermore, studies 92 

have shown that adoptive transfer of T cells lacking PTPN22 (13, 14), genetic KO of Ptpn22 in 93 

mice (15), and PTPN22 R619W in mice (16) all yield enhanced antitumor immune responses. 94 

These findings provide the impetus for establishing PTPN22 as a translatable target for cancer 95 

immunotherapy. 96 

 97 

Herein, we show that individuals with the PTPN22 rs2476601 variant are at increased risk for 98 

autoimmune disease and also have a reduced incidence of cancers.  Using in vivo models, we 99 
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show that genetic ablation of PTPN22 leads to augmented antitumor immune responses. We also 100 

design and synthesize a novel small molecule inhibitor of PTPN22, named L-1, and show that 101 

pharmacologic inhibition of PTPN22 reproduces this phenotype. Furthermore, we demonstrate 102 

that both genetic and pharmacologic abrogation of PTPN22 enhances response to PD1 inhibition. 103 

Finally, cancer patients with the rs2476601 variant have significantly greater responses to 104 

checkpoint inhibitor immunotherapy. Mechanistically, inhibition of PTPN22 with L-1 confers both 105 

antigen-specific T cell and macrophage-mediated antitumor effects.  Our results establish a 106 

molecular target that is druggable and may enhance responses to current immunotherapies.  107 
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RESULTS 108 

 109 

PTPN22 is associated with immune regulation of cancers 110 

To first examine the potential role of PTPN22 in cancer development, we employed a large 111 

PheWAS database that explores relationships between the germline variant PTPN22 rs2476601 112 

and human disease phenotypes (17). Based on genotyped DNA biobanks and de-identified 113 

electronic health records from Vanderbilt University Medical Center’s BioVU, we found that the 114 

minor allele frequencies for rs2476601 were approximately 10% and 1.6% in the European 115 

(n=72,083) and African (n=14,414) ancestry populations, respectively. In the European ancestry 116 

population, we were able to recapitulate the previously reported risk-conferring associations 117 

between PTPN22 rs2476601 and classic autoimmune diseases, namely rheumatoid arthritis, 118 

systemic lupus erythematosus, and thyroid disorders (Figure 1A). Importantly, a striking risk-119 

preventive association between PTPN22 rs2476601 and multiple types of cancers was observed, 120 

mostly ranging 0.6-0.8 odds ratios for melanoma, gastrointestinal cancers, and central nervous 121 

system cancers. In the African ancestry population, the associations were present but less 122 

significant (Supplemental Figure 1A).  123 

 124 

To gain additional insight into the functional relevance of PTPN22 in cancers, we used The Cancer 125 

Genome Atlas database to assess the correlations between PTPN22 expression and cell type 126 

signatures across 11 cancer types. Using xCell (18), a gene-set based deconvolution algorithm 127 

providing scores for over 65 cell types, we found that across seven major cancer types examined, 128 

PTPN22 expression strongly correlated with scores for immune cell types and weakly correlated 129 

with scores for most other cell types (Supplemental Figure 1B). We then used a leukocyte-focused 130 

deconvolution algorithm based on linear support vector regression, CIBERSORT (19), to correlate 131 

immune cell subsets with PTPN22 expression. This analysis revealed that PTPN22 expression 132 

most highly correlated with T cell and inflammatory (M1) macrophage subsets, especially in 133 
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melanoma (Figure 1B). In inflamed cancer types, PTPN22 expression also correlated strongly 134 

with the expression of other markers of immune regulation (CD274, PDCD1, CTLA4, LAG3, 135 

HAVCR2) (Figure 1C). When stratifying by level of expression (top 20% vs. lower 80%), univariate 136 

survival analysis results were similar to other key immune markers, e.g. CD4, CD8A, PDCD1, 137 

and CTLA4 (Supplemental Figure 1C). Expression of PTPN22 was weakly correlated (0.142) with 138 

overall tumor mutational burden (Supplemental Figure 1D). Together, these results suggested 139 

that PTPN22 is involved in the negative regulation of anticancer immunity. 140 

 141 

Lack of PTPN22 augments anticancer immunity 142 

Building on these observations, we directly interrogated the role of PTPN22 in anticancer immune 143 

responses using PTPN22 KO mice (12). First, MC38 carcinoma cells in C57Bl/6 background were 144 

subcutaneously injected into wild-type (WT) or PTPN22 KO C57Bl/6 mice to compare tumor 145 

growth in syngeneic immunocompetent mice (Figure 2A). As expected, tumor growth, gross tumor 146 

sizes, and tumor weights were significantly lower in PTPN22 KO mice compared to WT mice 147 

(Figure 2, B and C). Characterizing the tumors by immunohistochemistry demonstrated 148 

significantly increased presence of CD4+ and CD8+ T cells within the tumors without relative 149 

increases in Foxp3+ T cells (Figure 2, D and E). Global immune-profiling of the tumors was 150 

performed using Cytometry by Time-of-Flight (CyTOF) (20) and analyzed by FlowSOM (21) and 151 

UMAP (22) algorithms, which identified a total of 16 immune cell subtypes (Supplemental Figure 152 

2A). Many cell types, including T cells, tumor-associated macrophage (TAM) subsets, and NK 153 

cells were increased in the PTPN22 KO tumors (Figure 2F). A more focused analysis of the same 154 

CyTOF dataset on 9 subtypes within the T cell population (Figure 2G), showed that among the 155 

subtypes that are increased, cytotoxic CD8+ T cells expressing granzyme B were increased to the 156 

greatest extent in the tumors from PTPN22 KO vs. WT mice. Further CyTOF profiling revealed 157 

that PTP22 KO tumors were infiltrated with a greater abundance of IFNγ-expressing cytotoxic T 158 

cell subsets and IL2-expressing helper T cell subsets (Supplemental Figure 2C). Significant 159 
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increases in both CD4+ and CD8+ T cells within the tumors were further confirmed by flow 160 

cytometry (Figure 2H). 161 

 162 

PTPN22 is a systemically druggable immunotherapy target 163 

To extend the translatability of these findings, we sought to test whether systemic inhibition of 164 

PTPN22 with a pharmacological agent is feasible and leads to a phenotype comparable to the 165 

genetic knockout. To identify PTPN22 inhibitors with the requisite pharmacological properties, we 166 

screened a small collection of drug-like molecules for PTPN22 inhibitory activity. We discovered 167 

a quinolone derivative (Core 1, Supplemental Figure 3A) that inhibits PTPN22 with an IC50 of 432 168 

± 45 µM. Through a structure-guided and fragment-based focused library approach, compound 169 

L-1 consisting of Core 1, which has an L-alanine linker and a biphenyl carboxylic group as the tail 170 

fragment, was identified as the most potent inhibitor of PTPN22 with an IC50 value of 1.4  ± 0.2 171 

µM, which represented nearly a 310-fold gain in binding affinity compared to the parent Core 1. 172 

Selectivity profiling revealed that L-1 exhibits >7-10-fold selectivity for PTPN22 over 16 similar 173 

PTPs (Supplemental Figure 3B). Further kinetic analyses revealed that L-1 is a competitive 174 

inhibitor for PTPN22 with a Ki value of 0.50 ± 0.03 µM (Supplemental Figure 3C). Since L-1 is 175 

fairly hydrophobic, we also developed a formulation utilizing an emulsifier, cremophor-EL, to 176 

improve its in vivo pharmacokinetic properties. Administration of L-1 intraperitoneally at 10 mg/kg 177 

yielded an average AUC of 4.55 µM·h and Cmax of 1.11 µM (Supplemental Figure 3D), which is 178 

more than twice of its Ki value.  179 

 180 

As observed in the PTPN22 KO model, treatment of WT mice with L-1 (Figure 3A) led to 181 

significantly reduced MC38 tumor growth compared to the vehicle-injected control group (Figure 182 

3B). We further tested the effect of L-1 on another syngeneic immunocompetent model of different 183 

genetic background, CT26 in Balb/c mice, which showed similar antitumor effects (Figure 3C). 184 

Deep profiling of both MC38 (Supplemental Figure 4A-C) and CT26 (Supplemental Figure 4D) 185 
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tumor immune infiltrates using CyTOF showed significantly enhanced presence of TAM, CD8+ 186 

and CD4+ T cell subtypes in L-1-treated tumors. Functional marker profiles within each of the 187 

immune cell subtype also were comparable between the PTPN22 KO and L-1-treated conditions 188 

in the MC38 tumor model (Supplemental Figure 5A). In both cases, systemic abrogation of 189 

PTPN22 generally led to higher expression of CD69, PD1, and LAG3 in T cells; CD40, CD69, and 190 

PD-L1 in the TAM subsets; and CD69 and granzyme B in the NK cells, indicating enhanced 191 

activation in these cell types. Similar changes were again observed in the CT26 model 192 

(Supplemental Figure 5B). Analysis of the MC38 tumors with immunohistochemistry visually 193 

confirmed that L-1 induced increased infiltration, with significant and near-significant numbers of 194 

CD8+ (p=0.049) and CD4+ T cells (p=0.056), respectively (Figure 3D). To test whether the effects 195 

of L-1 could be attributable to off-target effects, we treated MC38 tumors in WT and PTPN22 KO 196 

mice with either vehicle or L-1 injections. No significant differences in tumor growth were noted 197 

between vehicle and L-1 treated PTPN22 KO mice, suggesting that the L-1-mediated protective 198 

effects against tumor growth were PTPN22- and host-specific (Figure 3E). Collectively, these 199 

findings showed that PTPN22 is a druggable target for immunotherapy. 200 

 201 

Antitumor efficacy of PTPN22 abrogation is dependent on T cells 202 

To understand whether the protective effects incurred by PTPN22 abrogation are indeed 203 

dependent on T cells, we compared the tumor growth in PTPN22 KO mice upon CD4+ or CD8+ T 204 

cell depletion. As predicted, in the presence of depleting anti-CD8 antibodies, tumor growth was 205 

significantly accelerated (Figure 4A). CD4+ T cell depletion only mildly increased tumor growth 206 

rates. We also performed TCR sequencing and found that there was reduced TCR diversity in 207 

tumor-infiltrating T cells (Figure 4B) in line with a higher degree of clonality (Figure 4C) when 208 

PTPN22 is genetically or pharmacologically antagonized. Together, this suggested that the 209 

antitumor T cell response enhanced by inhibition of PTPN22 is an antigen-driven process that 210 

leads to productive clonal T cell expansion. However, since the TCR repertoire does not indicate 211 
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whether these clones are truly tumor-specific, we tested PTPN22 loss in another tumor model 212 

with a defined antigen, the lymphoma cell line EL4-OVA injected subcutaneously into syngeneic 213 

C57Bl/6J mice. Since EL4-OVA tumor growth appeared to be more variable, the rate of rejection 214 

was assessed instead. By day 35 from the day of tumor injection, PTPN22 KO mice had nearly 215 

double the rate of tumor rejection compared to WT mice (9/20 vs. 5/20) (Figure 4D). The OVA-216 

secreting nature of the tumor was then exploited to determine whether the antitumor immune 217 

response is tumor-specific. Tetramer analysis demonstrated a trend in which PTPN22 KO mice 218 

had the highest number of SIINFEKL-specific tetramer positive CD8+ T cells within the tumor 219 

draining lymph nodes (Figure 4E). Since naïve antigen-specific T cell responses against the EL4-220 

OVA model is known to be limited without prior vaccination (23, 24), we then compared the degree 221 

of antigen-specific responses seen in the PTPN22 KO vs. WT mice using a peptide vaccination 222 

strategy. Indeed, when WT and PTPN22 KO mice were vaccinated with SIINFEKL peptides, 223 

PTPN22 KO mice generated significantly greater numbers of antigen-specific CD8+ T cells (Figure 224 

4F).  225 

 226 

Phosphorylation of PTPN22-specific phospho-sites corresponds with markers of activation in 227 

CD8+ T cells 228 

Since the infiltration of granzyme B+ CD8+ T cells into tumors was most prominently enhanced in 229 

the PTPN22 KO mice, and PTPN22 is responsible for removing activating tyrosine 230 

phosphorylation in Lck and Zap70, we hypothesized that the phosphorylation states of PTPN22-231 

specific tyrosine residues, Lck Y394 and/or Zap70 Y493, may correlate with markers of activation 232 

within CD8+ T cells. To determine the states of key phosphorylation sites along the TCR signaling 233 

cascade simultaneously with multiple lineage and functional markers at the single cell level, we 234 

developed and validated a CyTOF panel for phospho-immune profiling of CD8+ T cells 235 

(Supplemental Figure 6A-C). Using this CyTOF panel, we first phospho-profiled CD8+ T cells from 236 

MC38 tumor-bearing mouse spleens. The spleen was selected to explore correlations among the 237 
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markers assayed since there would be wider dynamic ranges. In the resulting correlation matrix 238 

(Supplemental Figure 6D), we first observed that among the TCR signaling phospho-sites, Zap70 239 

Y493, Lck Y394, LAT Y226, MEK1 S298 and p38 MAPK Y182 were highly correlated; CD247 240 

Y142, Lck Y505 and ERK Y204 were less correlated. Among the functional markers, strongest 241 

correlations were noted between granzyme B and Ki67, and between the checkpoint markers. Of 242 

all phospho-sites, Zap70 Y493, LAT Y226, MEK1 S298, and p38 MAPK Y182 correlated most 243 

strongly with the activation markers. We then sought to verify these correlations using an 244 

independent set of samples. Since many of the antibody clones were generated specifically to 245 

human epitopes, we phospho-profiled CD8+ T cells to obtain a comparable correlation matrix 246 

using de-identified peripheral blood samples from patients with hepatocellular carcinoma naive to 247 

immunotherapy (Supplemental Figure 6E). Overall, correlations were generally weaker in the 248 

human dataset. However, the most appreciable correlations were among Zap70 Y493, Lck Y394, 249 

LAT Y226 and p38 MAPK Y182, similar to what was observed in mice. The highest correlation 250 

between phospho-sites was seen between the two PTPN22-specific sites Zap70 Y493 and Lck 251 

Y394. Among the functional markers, correlation between granzyme B and Ki67 was again the 252 

strongest. Furthermore, consistent with the mouse dataset, Zap70 Y493, Lck Y394, and p38 253 

MAPK Y182 were highly correlated with granzyme B and Ki67 among all phospho-sites. These 254 

findings together support the direct link between activation of tumor-killing CD8+ T cells and 255 

activation of phosphorylated PTPN22-specific sites downstream of both the classical (i.e. Zap70-256 

LAT-MEK1) and the alternative pathways (i.e. Zap70-p38 MAPK (25, 26)), for TCR signal 257 

transduction. 258 

 259 

Enhanced TCR phospho-profiles in tumor-infiltrating CD8+ T cells associate with activated and 260 

exhausted phenotypes 261 

Next, to understand (i) whether the changes in the TCR signaling phospho-profiles in the CD8+ T 262 

cells within the tumor microenvironment are in fact different between WT and PTPN22 KO, and 263 
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(ii) whether these changes are specific to a particular functional state of CD8+ T cells, we phospho-264 

profiled tumor-infiltrating leukocytes from MC38 tumors using CyTOF. We clustered the dataset 265 

into 16 differentiation states of CD8+ T cells (Supplemental Figure 6F) and discovered that the 266 

phosphorylation levels among all assayed TCR signaling phospho-sites increased in coordination 267 

with memory and “exhausted” (the expression of checkpoint markers) phenotypes (Figure 4G). 268 

When comparing between WT and PTPN22 KO, the most significant difference among all 269 

phospho-sites was the PTPN22-specific Lck Y394. Higher levels of phosphorylation in PTPN22 270 

KO were noted early in the CD8+ T cell programming, being detected in early activated and central 271 

memory subtypes. These results suggested that the lack of PTPN22 and thus, increased activity 272 

of Lck, leads to enhanced TCR signal transduction and T cell activation. This in turn may foster 273 

augmented effector T cell functions and differentiation toward memory and exhaustion states 274 

upon antigen recognition. This interpretation was consistent with the significantly increased 275 

infiltration of granzyme B+ T cells and checkpoint marker-expressing T cells in the MC38 tumors 276 

from PTPN22 KO and L-1-treated mice (Figure 2G, Supplemental Figure 4C). To further confirm 277 

that L-1 leads to PTPN22-specific phosphorylation changes, we treated mice for 3 days with L-1, 278 

as well as a structurally related but inactive compound L-17 (i.e. L-1 lacking the carboxylate group 279 

on the quinolone core, IC50 for PTPN22 >100 µM, Supplemental Information), via subcutaneous 280 

pumps and performed phospho-flow cytometry on splenocytes fixed immediately upon harvest 281 

given the short half-life of L-1. Indeed, CD8+ T cells exhibited higher phosphorylation levels at 282 

Lck Y394 and Zap70 Y493 upon treatment with L-1, but not L-17 (Supplemental Figure 6G). 283 

 284 

The state of T cell exhaustion is a nuanced characterization. Expression of checkpoint markers 285 

occurs downstream of T cell activation and does not necessarily indicate terminal exhaustion (27, 286 

28). To determine whether the lack of PTPN22 promotes terminal exhaustion, we assayed for the 287 

transcriptional factors Tbet (a marker of non-terminal exhaustion) and eomesodermin (EOMES, 288 

a marker more indicative of terminal exhaustion), in the tumor-infiltrating CD8+ T cells (27, 28). 289 
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Interestingly, while the proportion of Tbethi CD8+ T cells was higher in the MC38 tumors from 290 

PTPN22 KO than WT, the proportions of EOMES+ and EOMES+TbethiCD8+ T cells were not 291 

significantly different (Supplemental Figure 7A). This was observed also in L-1-treated CT26 292 

tumors (Supplemental Figure 7B).  293 

 294 

Efficacy of PTPN22 inhibition is also mediated by tumor-associated macrophage subpopulations 295 

Since PTPN22 inhibition enhanced the activation of TAMs in addition to T cells, we sought to 296 

discern whether they are necessary contributors to L-1 efficacy. Given that TAM populations were 297 

represented by F4/80 expression, we tested the effect of L-1 with or without anti-F4/80 antibody. 298 

Interestingly, treatment of MC38 tumors with anti-F4/80 diminished the efficacy of L-1 (Figure 5A). 299 

This was in the setting of approximately 30-40% reduction of F4/80+ cells infiltrating tumors 300 

(Figure 5B). We then profiled the tumors with a CyTOF panel of antibodies that included markers 301 

to better phenotype macrophages (MHC-II [IA/IE], CD80, CD86 to define M1-like phenotype, i.e. 302 

pro-inflammatory; CD206 to define M2-like phenotype, i.e. anti-inflammatory) (29). Consistent 303 

with their known phenotypic significance, the expression of MHC-II, CD80, and CD86 strongly 304 

correlated with each other, whereas CD206 was inversely correlated with those markers (Figure 305 

5C). The resulting TAM clusters were then annotated into subpopulations of M1-like and M2-like 306 

TAMs based on their expression profiles (Figure 5D). Most notably, among the TAM clusters, we 307 

found that L-1 treatment significantly reduced the abundances of only the CD206+ M2-like clusters 308 

with low MHC-II, CD80, and CD86 expression (“M2_IV”, “M2_V”, “M2_VI”) (Figure 5E). 309 

Furthermore, these changes were associated with significantly higher presence of T cells. 310 

Surprisingly, the effect of L-1 on enhancing the infiltration of multiple T cell subpopulations was 311 

suppressed with the subtotal depletion of F4/80 even when M2_IV, M2_V, and M2_VI 312 

abundances were low. This suggests that the T cell-promoting effects of PTPN22 inhibition may 313 

also require F4/80+ TAM subpopulations that are not M2_IV, M2_V, or M2_VI.  314 

 315 
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To directly interrogate the regulatory role of PTPN22 expressing TAMs on T cell function, we 316 

magnetically selected TAMs (F4/80+) from OVA-expressing MC38 tumors either in WT or PTPN22 317 

KO mice and co-cultured them with CD8+ OT-I or CD4+ OT-II T cells enriched from spleens from 318 

OT-I or OT-II mice, respectively, at 1:10 and 1:1 TAM:T cell ratios. The MC38-OVA model was 319 

selected for facilitating T cell responses specific to the ova-expressing tumor cells while 320 

preserving the underlying MC38-associated biology. After 72 hours of co-culture with TAMs, 321 

compared to controls with T cells only, CD8+ OT-I T cells were generally suppressed in number 322 

and function (CD69, IL2, IFNγ, and Granzyme B expression), and CD4+ OT-II T cells were 323 

similarly suppressed in number and function (CD69, IL2, and IFNγ expression) (Supplemental 324 

Figure 8). However, we found that the number of CD8+ OT-I cells was significantly less 325 

suppressed when cultured with tumor-derived PTPN22 KO TAMs than with WT TAMs 326 

(Supplemental Figure 8A). There were also trends toward higher numbers of OT cells when 327 

cultured with PTPN22 KO TAMs. These were accompanied by trends toward higher proliferative 328 

states by CFSE assay. Most notably, IFNγ expression was significantly higher in CD8+ OT-I T 329 

cells when cultured with a higher number of TAMs and even more so when cultured with PTPN22 330 

KO TAMs (Supplemental Figure 8B). In CD4+ OT-II T cells, CD69 expression was also 331 

significantly higher when cultured with more TAMs and PTPN22 KO TAMs when compared to WT 332 

TAMs (Supplemental Figure 8C). These results further support our findings that PTPN22 333 

abrogation reprograms TAMs to be less suppressive of cancer-specific T cells and importantly, 334 

enhances T cell function and activation depending on the T cell subset (IFNγ in CD8+ and CD69 335 

in CD4+).  336 

 337 

Furthermore, to understand how T cells may influence TAM populations, we performed CyTOF 338 

profiling of tumors from the T cell depletion study (in the cohort shown on Figure 4A). Consistent 339 

with the results from other experiments, MC38 tumors in PTPN22 KO mice exhibited a significant 340 

increase in M1-like TAMs and reduction in M2-like TAMs compared to WT (Supplemental Figure 341 
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9A). Upon CD8+ depletion, however, this effect was significantly suppressed. Interestingly, CD4+ 342 

depletion, which eliminated both helper T cells and regulatory T cells, was associated with 343 

enrichment of M1-like TAMs. Taken together, these data support a positive feedback loop 344 

between CD8+ T cells and M1-like TAMs to enhance their antitumor function. 345 

 346 

Finally, since NK cells were also enriched upon PTPN22 abrogation, we evaluated NK cell 347 

depletion in L-1 treated mice. However, L-1 efficacy was not reduced following NK cell depletion 348 

using an anti-NK1.1 antibody (Supplemental Figure 9B). 349 

 350 

Targeting PTPN22 is non-redundant with and augments anti-PD1 therapy 351 

Since PTPN22 abrogation leads to higher expression of PD1 and Tbet in CD8+ T cells along with 352 

higher expression of PD-L1 in TAMs, we hypothesized that checkpoint inhibition would 353 

reinvigorate the Tbethi CD8+ T cells and act against the PD1-PD-L1 axis in the tumor 354 

microenvironment (30) to further enhance the tumor-resistant phenotype of PTPN22 KO mice. 355 

Indeed, when mice were treated with anti-PD1 therapy, the tumor-resistant effects seen in the 356 

PTPN22 KO was augmented significantly (Figure 6A). Furthermore, when PD1 inhibition was 357 

tested in combination with L-1 and compared against either L-1 only or anti-PD1 only, the 358 

combination arm was superior to any of the monotherapy arms in both MC38 and CT26 models 359 

(Figure 6B). Finally, we explored the potential clinical impact of PTPN22 in anticancer immunity 360 

by comparing the responses to checkpoint immunotherapy in cancer patients with or without the 361 

PTPN22 rs2476601 variant as a case-control study, comprised of similar patient characteristics 362 

in both groups (Table 1). Compared with matched control patients, a significant enhancing effect 363 

of checkpoint inhibitor immunotherapy was seen in patients with the PTPN22 rs2476601 variant 364 

(Figure 6) without significant differences in immune-related adverse events (Table 2). Interestingly, 365 

patients with the greatest responses to checkpoint immunotherapy in the control group had 366 
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received multiple checkpoint inhibitors, whereas comparable responses could be observed in the 367 

setting of single checkpoint inhibition for patients in the variant group (annotated in Figure 6).  368 
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DISCUSSION 369 
 370 

Our study establishes two key concepts: (i) small molecule inhibition of PTPN22 is a feasible 371 

approach to improving cancer immunotherapy, the demonstration of which is critical for realizing 372 

the potential of PTPN22 as a target for cancer immunotherapy, and that (ii) systemic inhibition of 373 

PTPN22 exerts antitumor immune effects by modulating T cells and in concert with TAMs. 374 

PTPN22 was previously shown to have T cell regulatory function. Consistent with our findings, 375 

adoptive cell therapy studies demonstrated that CD8+ T cells lacking PTPN22 are superior in 376 

clearing established tumors (13, 14) via multiple mechanisms, including the enhanced capacity 377 

to overcome TGFβ-mediated immunosuppression by increased IL-2 production as well as 378 

improving effector and memory functions. During this study period, another group also published 379 

T cell-dependent findings in syngeneic tumors that are consistent with ours in the context of 380 

genetic abrogation of PTPN22 (15). The use of catalytically inert Ptpn22227S/227S knock-in mouse 381 

models in this study further demonstrated that the loss of PTPN22 phosphatase activity is critical 382 

for enhancing antitumor responses. Functionally, we show that upon PTPN22 abrogation, T cells 383 

acquire higher phosphorylation levels at PTPN22-specific sites in association with increased 384 

memory states and expression of the pro-immune cytokines IL-2 and IFNγ, the cytolytic molecule 385 

granzyme B, the activation marker CD69, and the checkpoint marker PD1. While these findings 386 

indicate improved activation of T cells, the role of PD1 is to provide negative regulatory feedback 387 

during activation (31). Our results have shown that the increased expression of PD-1 as a 388 

regulatory feedback mechanism to pharmacologic PTPN22 inhibition, together with increased T-389 

bethi, which represents a non-terminally exhausted state, can be additionally exploited by anti-390 

PD1 therapy to yield even greater enhanced antitumor effects. These findings provide the 391 

rationale to expand the translational implications of targeting PTPN22 in cancer immunotherapy. 392 

 393 
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The role of PTPN22 in innate immune cells have remained less clear, but there is evidence that 394 

lack of PTPN22 promotes polarization of macrophages toward a pro-inflammatory M1 phenotype 395 

(32), increases monocytic secretion of pro-inflammatory cytokines (33), and increases CD40 396 

expression in dendritic cells (leading to higher proliferation of co-cultured CD4+ T cells) (34). Our 397 

findings identify a mechanism by which PTPN22 inhibition reprograms TAMs to be more antitumor 398 

M1-like and specifically T cell-enhancing, and shows a co-dependency with the presence of CD8+ 399 

T cells in the tumor microenvironment. One potential mediator may be CD8+ T cell-driven IFNγ, 400 

which was increased upon PTPN22 abrogation and co-culture with PTPN22 KO TAMs, since 401 

IFNγ polarizes macrophages toward M1-like phenotype, i.e. classical activation (35). Thus, our 402 

results further extend prior observations, and also show for the first time that PTPN22 inhibition 403 

can exert antitumor immune effects through TAMs and their interactions with T cells. This is 404 

particularly provocative given that systemic inhibition of PTPN22 would simultaneously reap the 405 

benefits of enhancing T cell function and reprogramming the TAM compartment to be less 406 

immunosuppressive, whereas other T cell-oriented approaches, e.g. CAR T cell therapies, would 407 

not alter TAMs. 408 

 409 

PTPs have historically been considered poor targets for drug development given the highly 410 

conserved and positively charged PTP active sites. However, accumulating evidence has 411 

increasingly challenged the notion that PTPs are not viable drug targets (36-38). Our results 412 

provide a proof-of-concept that PTPN22 can be targeted both specifically and with robust in vivo 413 

biological activity using a small molecule inhibitor. By using L-1 which specifically targets the 414 

active site of PTPN22, our study further bolsters the previously observed importance of PTPN22 415 

phosphatase activity in regulating antitumor immune responses (15). Based on our findings, we 416 

propose that successful development of small molecule inhibitors of PTPN22 would provide a 417 

novel class of immunotherapies and excite new combination strategies to be explored.  418 

 419 
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With regards to the relatively common rs2476601 variant of PTPN22, an important study has 420 

previously demonstrated that the variant leads to the degradation and decreased expression of 421 

PTPN22 in lymphocytes as an underlying mechanism for their hyperresponsiveness (34). This 422 

interpretation is in line with our findings that antitumor immune responses are augmented in the 423 

setting of PTPN22 loss in mice and the presence of rs2476601 variant in humans. Our clinical 424 

observations are additionally supported by the results of separate analyses showing a decreased 425 

risk of non-melanoma skin cancers and improved responses to anti-PDL1 inhibitor atezolizumab 426 

in patients with rs2476601 (in which hyper/hypothyroidism was the only the significantly increased 427 

treatment-related adverse effect) (15). Taken together, these findings suggest that exploring the 428 

utility of the variant as a predictive or prognostic biomarker in oncology, i.e. investigating whether 429 

patients who possess the variant would require fewer cancer screening procedures or respond 430 

differently to cancer immunotherapy, would be worthwhile.   431 

 432 

In summary, small molecule inhibition of PTPN22 is a compelling cancer immunotherapeutic 433 

approach. Our study provides the proof-of-concept using a lead compound, demonstrating the 434 

potential translatability of this target. Since PTPN22 regulates the antitumor roles of both T cells 435 

and macrophages, we postulate that inhibitors of PTPN22 will serve as a unique modality of 436 

cancer immunotherapy with wide-ranging immunomodulatory effects, especially when used in 437 

combination with other immunotherapeutic approaches.  438 
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METHODS 439 

 440 

Cell lines 441 

MC38 (Kerafast) and MC38-OVA (gift from Dr. Charles Drake) were cultured in DMEM 442 

supplemented with 1% L-glutamine containing 10% FBS, 0.1mM non-essential amino acids, 1mM 443 

sodium pyruvate, 100U/mL penicillin/streptomycin, and 10mM HEPES (Life Technologies). EG7 444 

(ATCC) and Jurkat E6-1 (ATCC) were cultured in RPMI supplemented with glutamine containing 445 

10% FBS, 100U/mL penicillin/streptomycin. Culture medium for EG7 also contained 10mM 446 

HEPES and 400g/ml geneticin G418. Cell line authentication by STR DNA profiling was done at 447 

the Johns Hopkins Genetic Resources Core Facility. All cell lines were tested for mycoplasma 448 

and were negative. 449 

 450 

Animal Models 451 

WT C57Bl/6J, OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J), OT-II (B6.Cg-Tg(TcraTcrb)425Cbn/J), 452 

Balb/cJ, and PTPN22 KO (B6.Cg-Ptpn22tm2Achn/J) mice were purchased from JAX and bred in-453 

house. For syngeneic immunocompetent mouse models, aged-matched 8-12 week old female 454 

mice were injected with MC38 (2.5x105) or EL4-OVA (2.5x105 for rejection and 5x105 for treatment) 455 

or CT26 (5x105) subcutaneously in the right hind limb. PD1 inhibition therapy were performed with 456 

200g/mouse anti-PD1 antibody (clone: RMP1-14, BioXCell) and compared against matched 457 

isotype (clone: 2A3, BioXCell). For L-1 treatment experiments, L-1 was dissolved in DMSO and 458 

was diluted to 10% (v/v) DMSO and 5% (v/v) cremophor-EL (Sigma) in PBS to be administered 459 

intraperitoneally at 10mg/kg/dose. Alternatively, L-1 was administered via subcutaneously 460 

implanted osmotic pumps filled with L-1 in DMSO:PBS:cremophor-EL formulation with the volume 461 

ratio of 2:2:1 in Alzet pumps (Cat# 2002 or 1007D) appropriate for the duration of the experiment. 462 

Vehicle injections contained 10% DMSO and 5% cremophor-EL in PBS. In vivo depletion 463 
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antibodies were purchased from Bioxcell, diluted in sterile PBS, and were administered 464 

intraperitoneally at 200µg per mouse twice weekly (anti-CD8: 2.43; anti-CD4: GK1.5; anti-NK1.1: 465 

PK136; anti-F4/80: Cl:A3-1). 466 

 467 

Human Peripheral Blood Samples  468 

Baseline samples from four de-identified patients with hepatocellular carcinoma treated at the 469 

Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins were identified from the Johns 470 

Hopkins Liver Cancer biobank. Blood was collected in two BD Vacutainer CPT – Cell Preparation 471 

Tube with Sodium Heparin (BD Biosciences) and processed within two hours of collection. Tubes 472 

were centrifuged at room temperature for approximately thirty minutes at 1800 Relative 473 

Centrifugal Force (RCF). PBMCs were aspirated and pooled into a separate 50mL conical and 474 

washed with RPMI medium. PBMCs were then counted and resuspended in AIM5 and 10% 475 

DMSO at a concentration of five million cells per vial. Cryovials were initially stored at -80C and 476 

transferred to liquid nitrogen for long term storage prior to staining. 477 

 478 

PheWAS and BioVU Database Analyses 479 

Description and methods related to BioVU database is provided on this website: 480 

https://victr.vumc.org/biovu-description/. The allele frequencies and association analysis of 481 

rs2476601 in the PheWAS_GWAS table were calculated using MEGA (Multi-Ethnic Genotyping 482 

Array) data. For case-controlled analysis to determine the association of the PTPN22 SNP variant 483 

rs2476601 with response to checkpoint immunotherapy, a total of 137 patients were evaluated 484 

between the SNP variant arm (n=68 patients) and the control (n=69 patients). Progression-free 485 

survival was compared with Kaplan Meier curves by log-rank test. Detailed methods are provided 486 

in Supplemental Information. 487 

 488 

TCGA  489 

https://victr.vumc.org/biovu-description/
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RNA sequencing (RNAseq) Level 3 RSEM normalized data from TCGA were accessed from the 490 

Broad Institute TCGA GDAC Firehose (http://ezid.cdlib.org/id/doi:10.7908/C16W9975) and log2-491 

transformed. As a measure of mutational burden, we used the log2-transformed number of non-492 

synonymous mutations per sample from the TCGA MC3 project (39). CIBERSORT scores for the 493 

TCGA samples were accessed from Thorsson et al. (40), and xCell scores were downloaded from 494 

the xCell web site (https://xcell.ucsf.edu/) (18). The Spearman’s correlation coefficients were 495 

reported for correlation of Ptpn22 expression and CIBERSORT or xCell scores and mutational 496 

burden. The Pearson’s correlation coefficients were reported for correlation of expression of 497 

Ptpn22 and immune regulation markers. Univariate survival analyses were generated from The 498 

Cancer Immunome Atlas (https://tcia.at/home) (41). 499 

 500 

PTPN22 small molecule inhibitor design, synthesis, and characterization 501 

All compound synthesis and characterization methods are provided in Supplemental Information. 502 

 503 

Antibodies 504 

All antibodies used for CyTOF and flow cytometry experiments are listed in Supplemental 505 

Information (Supplemental Methods Tables 2-7). 506 

 507 

CyTOF staining and data analysis 508 

All CyTOF staining and analysis were performed as previously reported (42). Briefly, 1.5x106 cells 509 

from each tumor were plated in 96-well plates and washed once in PBS with 2mM EDTA. For all 510 

immune profiling assays, cells were incubated for 5 minutes at room temperature (RT) in 500nM 511 

104-110Pd (Sigma) in PBS for viability staining. Barcoding was performed by incubating samples in 512 

anti-CD45 antibodies (for immune cells) with or without anti-CD29 and anti-CD98 antibodies (for 513 

non-immune cells) conjugated to unique metal tags (43). After two washes in cell staining buffer 514 

(CSB, Fluidigm), samples were multiplexed. Samples were first stained with Fc block (2g/1-515 

http://ezid.cdlib.org/id/doi:10.7908/C16W9975
https://xcell.ucsf.edu/
https://tcia.at/home
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3x106 cells, BD Biosciences) for 10 minutes at RT, the surface stain cocktail for 30 minutes at RT, 516 

washed twice in CSB, and then fixed/permeabilized using Foxp3 staining kit (eBiosciences) 517 

according to the manufacturer’s instructions. Conjugation of all custom antibodies were performed 518 

as previously described (43). For phospho-profiling assays, cells plated in 96-well plates and were 519 

rested in serum-free RPMI for 2 hours at 37C in 5% CO2. Cells were moved to ice for incubation 520 

with 3.1mM H2O2 for 5 minutes in RT or anti-CD3 (1g/100L; 145-2C11 for hamster anti-mouse; 521 

OKT3 for mouse anti-human) for 15 minutes on ice followed by cross-linking secondary antibodies 522 

(goat anti-mouse IgG 1g/100L, ThermoFisher; mouse anti-hamster IgG 0.5g/100L, BD 523 

Biosciences) for 15 minutes on ice. Cells were then incubated at 37C for 5 minutes and fixed 524 

immediately in 1.6% paraformaldehyde (PFA, ThermoFisher). After centrifugation, cells were 525 

washed twice with CSB, Fc blocked (as detailed above for mouse samples; Purified Human Fc 526 

Receptor Binding Inhibitor for human samples, eBioscience) for 10 minutes at RT, stained for the 527 

surface markers for 30 minutes at RT, washed again with CSB, and permeabilized with 4C MeOH 528 

for 10 minutes on ice. Samples were again washed twice with CSB. For either application, the 529 

fixed/permeabilized samples were stained using the intracellular cocktail stain for 30 minutes at 530 

RT. After two additional washes, cells were stored in 1.6% fresh PFA in PBS until the day of 531 

acquisition up to 7 days. On the day of data acquisition, samples were stained with 1:1000 103Rh 532 

in Maxpar Fix/Perm solution (Fluidigm) for 30 minutes at RT for cell identification. After washing 533 

the samples in CSB, samples were washed with filtered double-distilled water and resuspended 534 

in normalization beads (EQ Beads, Fluidigm). All mass cytometry data were acquired at the 535 

University of Maryland School of Medicine Center for Innovative Biomedical Resources (CIBR) 536 

Flow Cytometry and Mass Cytometry Core Facility, Baltimore, Maryland or Johns Hopkins Mass 537 

Cytometry Facility. All acquired data were randomized and normalized using CyTOF software 538 

(v6.7, Fluidigm) and debarcoded by manual gating using FlowJo (v10.5, BD). Dead cells were 539 

removed by manual gating of cells doubly positive for 106Pd and 108Pd. Each processed sample 540 
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was exported as individual fcs files. For clustering analysis, a modified pipeline from Nowicka et 541 

al. (44)  was used in R (v3.5), employing FlowSOM (21) and UMAP (22) algorithms.  542 

 543 

Flow cytometry 544 

For each sample, 1.5x106 cells were plated in 96-well plates and washed with PBS containing 545 

2mM EDTA. Cells were Fc blocked for 10 minutes at 4C after which the samples were incubated 546 

in the surface staining cocktail for 30 minutes on 4C. For tetramer analysis, cells were first stained 547 

with H2Kb SIINFEKL tetramers (NIH Tetramer Core) for 45 minutes at RT. After washing three 548 

times with cell staining buffer, cells were stained with anti-CD8 antibody (1:100, clone: KT15, MBL 549 

International) for 30 minutes at 4C. For phospho-flow validation of clones and staining, the same  550 

stimulation and staining protocol detailed for mass cytometry was used. For transcriptional factors, 551 

cells were fixed/permeabilized using Foxp3 staining kit and stained intracellularly for 45 minutes 552 

at RT. Before data acquisition, cells were washed twice in cell staining buffer, and data was 553 

collected on CytoFLEX (Beckman). Gating strategy used to identify tumor infiltrating T cells is 554 

shown in Supplementary Information. For co-culture experiments, cells were stained with a 555 

cocktail including Fc block (2.4G2) and the following antibodies for 30 minutes at RT: CD3, CD4, 556 

CD8a, CD44, CD69. Cells were fixed and permeabilized using a Cytofix/Cytoperm solution (BD 557 

Biosciences) for 30 minutes at RT. After a series of washes, cells were then stained with an 558 

intracellular cocktail consisting of the following antibodies for 30 min at RT: Granzyme B, IFNγ, 559 

and IL2. All data was collected on a BD CytoFlex flow cytometer. 560 

 561 

Immunohistochemistry 562 

All samples were formalin fixed paraffin embedded and slides were prepared according to 563 

standard histological procedures. Immunohistochemistry for CD4, CD8, and Foxp3 was 564 

performed at the Johns Hopkins Oncology Tissue Services on a Ventana Discovery Ultra 565 

autostainer (Roche Diagnostics). Briefly, slides were dewaxed and rehydrated, and epitope 566 
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retrieval was performed using Ventana Ultra CC1 buffer (Roche Diagnostics) at 96°C for 64 567 

minutes. Primary antibody for CD4 (1:1000, clone: ab183685, Abcam), CD8 (1:125, clone: 4SM16, 568 

ThermoFisher), or Foxp3 (1:75, clone: D6O8R, Cell Signaling Technologies) was applied at 36°C 569 

for 60 minutes, followed by application of rabbit anti-rat linker antibody (1:500, Vector Labs) at 570 

36°C for 32 minutes, anti-rabbit HQ detection system, or  anti-rabbit HQ detection system with 571 

Discovery AMP Multimer (Roche Diagnostics), respectively. Chromomap DAB IHC detection kit 572 

(Roche Diagnostics) was used. Counterstaining was done with Mayer’s hematoxylin. Slides were 573 

dehydrated and mounted with coverslips. 574 

 575 

TCR sequencing 576 

Harvested MC38 tumors were stored in FFPE and subsequently cut into scrolls for sequencing 577 

using the immunoSeq assay (Adaptive) at survey depth. Shannon’s Entropy and clonality were 578 

quantified as previously described (45). 579 

 580 

Co-culture experiments 581 

Tumors from mice inoculated with MC38-OVA cells were harvested and enzymatically dissociated 582 

into single-cells and enriched for F4/80+ cells using a positive selection kit (Miltenyi). F4/80+ cells 583 

were then plated at 100,000 cells per well on a 96-well plate. Spleens were harvested from OT-I 584 

and OT-II mice and dissociated into single-cells through a 40um strainer. These cells were then 585 

enriched for CD8+ T-cells (from the OT-I splenocytes) and CD4+ T-cells (from the OT-II 586 

splenocytes) using a negative selection kit (Miltenyi). CD8+ T-cells and CD4+ T-cells were then 587 

stained with CFSE (Thermo Fisher) at a final concentration of 80uM. Following CFSE staining, 588 

CD8+ T-cells and CD4+ T-cells were added to the wells containing F4/80+ cells at 2 different 589 

concentrations, either 200,000 or 1,000,000 cells per well. Control wells were also included using 590 

1,000,000 cells per well of CD4+ T-cells and CD8+ T-cells co-cultured with mouse T-activator 591 

CD3/CD28 Dynabeads (Invitrogen). All wells included 50ng/mL of IL-2 and were incubated at 37C 592 
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and 5% CO2 for 72 hours. In the final 2.5 hours of this incubation, a Brefeldin-A solution 593 

(Biolegend) was added at a concentration of 5ug/mL to each well. Following the final 2.5-hour 594 

incubation, the Dynabeads were removed magnetically prior to staining for flow cytometry. 595 

 596 

Statistical analysis 597 

For differential analysis of the CyTOF datasets, linear mixed modeling was used. Unless 598 

otherwise noted, unpaired two-tailed t-tests was used to test differences between two groups and 599 

one-way ANOVA for more than two groups. A p-value less than 0.05 was considered significant. 600 

Statistical analysis for significant differences in the tumor growth curves were conducted using 601 

regression analyses based on nonlinear regression (exponential growth curves). Univariate 602 

survival analyses were performed with log-rank tests.  603 

 604 

Study approval 605 

All mice husbandry, experiments, and euthanasia were performed in accordance with Johns 606 

Hopkins IACUC approved protocols. The evaluation of banked human peripheral blood 607 

mononuclear cells (PBMCs) was performed in accordance with the protocols approved by the 608 

Johns Hopkins Institutional Review Board (IRB). All peripheral blood specimens were obtained 609 

with written patient consent (IRB number CIR00051274).   610 
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FIGURES 757 
 758 

 759 
Figure 1. PTPN22 is associated with a negative regulatory role in the immune response 760 
against cancer. (A) A volcano plot showing the results from the analysis using phenome-wide 761 
association studies (PheWAS) from the Vanderbilt BioVU database (n=72,083). Each dot 762 
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represents association between Ptpn22 rs2476601 and a disease diagnosis. Horizontal dashed 763 
line marks FDR-adjusted p-value of 0.05. (B) Correlations between Ptpn22 expression and 764 
immune cell types deconvolved by CIBERSORT across 11 cancer types from the Cancer 765 
Genome Atlas (TCGA) are shown as a heatmap. (C) Correlation between Ptpn22 and immune 766 
regulatory markers across 11 cancer types from TCGA are shown as a heatmap. Abbreviations: 767 
bladder cancer, BLCA; breast cancer, BRCA; colon adenocarcinoma, COAD; glioblastoma 768 
multiforme, GBM; head and neck squamous cell cancer, HNSC; hepatocellular carcinoma, LIHC; 769 
lung adenocarcinoma, LUAD; lung squamous cell carcinoma, LUSC; pancreatic ductal 770 
adenocarcinoma, PAAD; prostate adenocarcinoma, PRAD; skin melanoma, SKCM.  771 
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 772 
Figure 2. PTPN22 KO confers protection against MC38 tumor growth in association with 773 
enhanced immune infiltration. (A) Schematic of the mouse tumor model used. 2.5x105 cells 774 
were injected subcutaneously in the right hind limb for tumor growth measurements 2-3 times a 775 
week through 21 days after injection. (B) MC38 tumor growth was compared between WT (blue 776 
circles) and PTPN22 KO (red squares) (n=10-11 per arm, ***p<0.001, nonlinear regression). 777 
Pictures on the adjacent panel shows gross morphology of the two representative tumors from 778 
each arm. (C) Weights of the MC38 tumors on the day of the harvest (day 21) from WT and 779 
PTPN22 KO mice (n=15-16). (D and E) Immunohistochemistry analysis of the tumors compares 780 
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CD4+ and CD8+ cells and Foxp3+ cells infiltrating the tumors (scale bar: 100µm). Positive stain 781 
was quantified using HALO software (n=11-13 per arm). Foxp3+ density is represented as a 782 
proportion of T cell density (sum of CD4+ and CD8+ densities) *p<0.05, ***p<0.005, two-tailed 783 
unpaired t-tests. (F and G) Immune subsets and T cell subsets are represented as % of live cells 784 
(WT vs. PTPN22 KO, mean + s.e.m., n=8, *p<0.05, **p<0.01, ***p<0.005). UMAP plot from 785 
CyTOF analysis of the immune profile is shown. Detailed annotations of cell types are shown in 786 
Supplemental Figure 2A. (H) Conventional flow cytometry was performed to validate CyTOF 787 
findings showing increased CD8+ T cells and CD4+ T cells within the MC38 tumors in PTPN22 788 
KO mice compared to WT (n=4). *p<0.05 and ***p<0.005, one-tailed unpaired t-tests. 789 
Abbreviations: checkpoint markers, Ckpt; dendritic cells, DC; granulocytic myeloid-derived 790 
suppressor cells/tumor associated neutrophils, G-MDSC/TAN; granzyme, Gz; monocytic myeloid-791 
derived suppressor cells/myeloid cells, M-MDSC/MC; monocytes, MC; natural killer cells, NK; 792 
natural killer T cells, NKT; tumor-associated macrophages, TAM; cytotoxic T cells, Tc; helper T 793 
cells, Th; regulatory T cells, Treg.  794 
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 795 
 796 

Figure 3. Treatment with a novel small molecule inhibitor of PTPN22, L-1, phenocopies 797 
PTPN22 KO. (A) Schematic of the L-1 treatment of MC38 and CT26 tumor model. Starting day 3 798 
of injection, L-1 is administered intraperitoneally twice daily for five consecutive days per week for 799 
two weeks and once daily for five consecutive days per week for one week. Structure of L-1 is 800 
illustrated. (B and C), Tumor growths of MC38 in C57/Bl6J and CT26 in Balb/cJ were compared 801 
between vehicle (blue circles) and L-1 (red squares) treatment groups (***p<0.001, nonlinear 802 
regression). Mean ± s.e.m. (n=9-10 per arm). (D) Immunohistochemistry analysis of the MC38 803 
tumors shows CD4+ and CD8+ cells infiltrating the tumors (scale bar: 100µm). Positive stain was 804 
quantified using HALO software, and the results are shown as mean ± s.e.m. (n=10-13 per arm). 805 
*p<0.05, one-tailed unpaired t-tests. (E) To assess potential off-target effects of L-1, starting day 806 
3 of injection, WT or PTPN22 KO mice are given either vehicle (VEH) or L-1 intraperitoneally. 807 
Tumor growth curves for WT VEH (blue inverted triangles), WT L-1 (red triangles), PTPN22 KO 808 
VEH (green squares) and PTPN22 KO L-1 (purple circles). Mean ± s.e.m. (n=4-5 per arm) 809 
(**p<0.01;***p<0.005, nonlinear regression; not significant between PTPN22 KO VEH and 810 
PTPN22 KO L-1).  811 
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 812 
 813 
Figure 4. Antitumor effects of PTPN22 inhibition is mediated by CD8+ T cells.  (A) Tumor 814 
growths were compared across six groups: WT or PTPN22 KO mice treated with isotype, anti-815 
CD4, or anti-CD8 antibodies (n=4-5). Representative of 2 independent runs. *p<0.05, ***p<0.005, 816 
nonlinear regression. (B and C) TCR repertoires for T cells infiltrating MC38 tumors were 817 
compared for WT vs. PTPN22 KO and VEH vs. L-1 treatments by TCRseq based on Shannon’s 818 
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Entropy and sample clonality (n=4-5). *p<0.05. (D) Tumor resistance experiment with EG7 tumors: 819 
2.5x105 cells were injected subcutaneously in the right hind limb, and tumor persistence was 820 
assessed on day 35. The frequency of tumors rejected in WT and PTPN22 KO mice are displayed 821 
(n=20). (E) SIINFEKL tetramer+ CD8+ T cells in the tumor draining lymph nodes from EG7 tumor-822 
bearing mice are compared by flow cytometry using one-way ANOVA followed by pairwise 823 
Tukey’s test (n=9), *p<0.05. (F) SIINFEKL tetramer+ CD8+ T cells from the spleens of vaccinated 824 
mice (n=5), *p<0.05, ***p<0.005, one-way ANOVA followed by pairwise Tukey’s test. (G) 825 
Phosphorylation intensities (mean metal intensities) for each of the indicated phospho-site, 826 
stratified by the subtype of CD8+ T cells, comparing MC38 tumor-infiltrating CD8+ T cells from 827 
WT and PTPN22 KO mice (n=5). Results of linear mixed modeling for differential analyses of the 828 
phosphorylation levels are shown as FDR-adjusted p values: *<0.1, ***<0.005. Detailed 829 
annotations of CD8+ T cell clusters are shown on Supplemental Figure 7. Abbreviations: central 830 
memory subtype, CM; effector memory subtype, CM; effector subtype, Eff; “exhausted” subtype 831 
(positive expression of checkpoint markers), EX.   832 
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 834 
Figure 5. Remodeling of F4/80+ TAM compartment mediates the antitumor efficacy of L-1. 835 
(A) Two independent replicate runs testing the effects of VEH vs. L-1 with or without anti-F4/80 836 
on MC38 tumor growth are shown (n=3-5 for run 1 [left] and n=5 for run 2 [right]). p-values: *<0.05, 837 
***<0.005, nonlinear regression. (B-E) CyTOF analysis of the F4/80+ populations in the MC38 838 
model. B shows the extent of anti-F4/80 depletion observed within the tumors. p-value ***<0.005 839 
only for the anti-F4/80 effect based on two-way ANOVA. C shows correlations among phenotypic 840 
markers relevant to TAMs within the TAM data subset. D is an hierarchically-clustered expression 841 
heatmap of annotated TAM clusters. E displays the proportion of TAM and T cell subpopulations 842 
within the tumors across the 4 groups (n=5-10), p-value *<0.05, **<0.01, ***<0.005 by one-way 843 
ANOVA.  844 
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Figure 6. Targeting PTPN22 synergizes anti-PD1 therapy. (A) Tumor growth experiment 847 
testing the effects of a single 200µg dose (day 8) of anti-PD1 therapy against MC38 tumors in WT 848 
and PTPN22 KO mice. Growth curves are shown for four groups: WT or PTPN22 KO mice treated 849 
with isotype antibody (WT ISO or PTPN22 KO ISO) or PD1 antibody (WT anti-PD1 or PTPN22 850 
anti-PD1) (n=5), p-value ***<0.005, nonlinear regression. (B and C) combination of PTPN22 851 
inhibitor L-1 with or without anti-PD1 therapy (n=9-10) in MC38 (B) or CT26 (C) models, p-values: 852 
*<0.05, **<0.01, ***<0.005, nonlinear regression. (D) Response to checkpoint immunotherapy in 853 
patients with rs2476601 or WT Ptpn22 from the BioVU database. “Combination Therapy” (gray 854 
dot) refers to a combination of the indicated immunotherapy with a non-immunotherapeutic drug. 855 
Inset: Kaplan-Meier curves comparing PFS. 856 
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Table 1. Patient Demographics  

Characteristic 
All Patients      

(N = 137) 
rs2476601 SNP        

(N = 68) 

Control 
Group          

(N = 69) 

 Age at treatment - yr        

    Mean ± SD 62.6 ± 11.0 62.1 ± 12.1 63.5 ± 9.1 

    Median (range) 64 (31-86) 63 (31-86) 65 (33-80) 

 Sex - no (%)       

    Female 47 (34) 31 (46) 16 (23) 

    Male 90 (66) 37 (54) 53 (77) 

 Race or ethnic group - no (%)       

    White 131 (96) 67 (99) 64 (93) 

    Black 3 (2) 0 3 (4) 

    Unknown 3 (2) 1 (1) 2 (3) 

 Primary diagnosis - no. (%)       

    HNSCC 9 (7) 4 (7) 5 (7) 

    Melanoma 42 (31) 21 (31) 21 (31) 

    NSCLC 37 (27) 19 (28) 18 (26) 

    SCLC 9 (7) 3 (4) 6 (9) 

    RCC 17 (12) 7 (10) 10 (14) 

    Urothelial 8 (6) 6 (9) 2 (3) 

    Other 15 (11) 8* (10) 7 (10) 
*3 of the 8 Patients categorized as "other" contained two primaries. All 3 patients had lung as atleast one of 
their primaries. 2 of the 4 patients contained two lung primaries 
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Table 2. Adverse Events 

Event 
All 

Patients      
(N = 137) 

rs2476601 
SNP        

(N = 68) 

Control 
Group          

(N = 69) 

Patients with ≥ 1 adverse events noted during treatment - no (%) 101 (75) 52 (77) 49 (71) 

Patients  ≥ 2 adverse events noted during treatment - no (%) 66 (48) 33 (49) 30 (44) 

Most common adverse events noted during treatment - no       

    Colitis 10 6 4 

    Diarrhea 5 3 2 

    Dyspena 11 7 4 

    Electrolyte Imbalance (Hypo-calcemia,-kalemia,-natremia) 6 1 5 

    Fatigue 22 11 11 

    Fever 6 3 3 

    Hepatitis 6 2 4 

    Hypophysitis 8 5 3 

    Hypothyroidism 10 6 4 

    Pain 8 5 3 

    Pneumonitis 7 3 4 

    Rash 10 5 5 

    Weight loss 6 5 1 

 Adverse event resulting in discontinuation of treatment - no (%) 30 (22) 18 (26) 12 (17) 

    Colitis  9* 6*  3 

    COPD 2 2 0 

    Diabetes mellitus 1 1 0 

    Dyspena 1 1 0 

    Gastritis 1 1 0 

    Hepatitis 4 2 2 

    Hypophisitis 2* 1 1* 

    Hypopituitarism 1 0 1 

    Limbic encephalitis 1 1 0 

    Mucositis 1 1 0 

    Neutropenia 1 1 0 

    Pneumonitis 4* 1 3* 

    Rash 1 0 1 

    Tachycardia 1 0 1 
* 1 case in which therapy was resumed after AE was under control 
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