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Defining mechanisms of tumor immunity 

 

Abstract 

Tumor immunotherapy, including immune checkpoint blockade (ICB), has led to dramatic clinical 

benefit in a variety of cancers. Yet many patients do not respond to ICB or do not have durable 

benefit. There is an urgent need to identify combination partners for ICB. 

 

To discover new immunotherapy targets we created CHIME: CHimeric IMmune Editing, a 

CRISPR-Cas9 bone marrow delivery system to rapidly evaluate gene function in innate and 

adaptive immune cells in vivo without ex vivo manipulation of mature lineages. We used this 

system to perform an in vivo pooled genetic screen and identified Ptpn2 as a negative regulator 

of CD8+ T cell-mediated responses to LCMV Clone 13 viral infection. We found that Ptpn2 acted 

as a novel regulator of the differentiation of the Tim-3+ exhausted subpopulation through its role 

in attenuating type 1 interferon (IFN-I) signaling. Consistent with this, Ptpn2-deletion in CD8+ T 

cells enhanced Tim-3+ anti-tumor responses and improved tumor control. Deletion of Ptpn2 

throughout the immune system resulted in complete clearance of immunogenic MC38 tumors and 

improved PD-1 ICB responses to less immunogenic B16 tumors. These findings demonstrate that 

increasing the Tim-3+ exhausted subpopulation can improve tumor control and highlight Ptpn2 as 

an immunotherapy target. 

 

Additionally, we investigated an orthologous mechanism of resistance: priming of T cell responses 

to tumors. Endogenous retrovirus (ERV) expression and production of IFN-I are known to inflame 

poorly infiltrated tumors. Through an in vitro screen in cancer cells for chemical compounds that 
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induced expression of ERVs and IFN-I, LSD1 was identified as a negative regulator of IFN-I 

expression through its role in demethylation of ERV loci and the RISC complex. Knockout of LSD1 

increased dsRNA stress and subsequent production of IFN-I, through enhanced production and 

decreased degradation of ERVs. This led to increased T cell infiltration in poorly immunogenic 

tumor models, decreased tumor growth, and synergistic effects with PD-1 ICB. 

 

Our studies enable future discovery of immunotherapy targets using the CHIME system and 

delineate two new mechanisms of resistance to tumor immunity. Together they suggest that cell-

intrinsic screens can uncover novel mechanisms of resistance and approaches to overcome 

resistance to improve tumor immunity. 
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“Nothing in the world is worth having or worth doing unless it means effort, pain, difficulty… I 
have never in my life envied a human being who led an easy life. I have envied a great many 
people who led difficult lives and led them well.” 
—Teddy Roosevelt 
 
 
 
“A ship in harbor is safe — but that is not what ships are built for.” 
— John A. Shedd 
 
 
 
“Two roads diverged in a wood, and I— 
I took the one less traveled by, 
And that has made all the difference.” 
—Robert Frost 
 
 
 
“First they came for the socialists, and I did not speak out—because I was not a socialist. 
Then they came for the trade unionists, and I did not speak out— because I was not a trade 
unionist. 
Then they came for the Jews, and I did not speak out—because I was not a Jew. 
Then they came for me—and there was no one left to speak for me.” 
—Martin Niemöller 
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Chapter 1: Introduction 

Parts of this chapter are published: 

*LaFleur, M.W.*, Muroyama, Y*, Drake, CG* and Sharpe, AH*. Inhibitors of the PD-1 Pathway in 
Tumor Therapy. J. Immunol. 2018; 200(2):375-383. PMID 29311378 
 
*Represents co-first or co-senior author 

 

Cancer immunotherapy recently has become the fourth pillar of cancer treatment1,2. However, the 

idea of using the immune system against cancer is not a new one. The correlation was first 

established and harnessed in the late 1800’s by Wilhelm Busch, Friedrich Fehleisen, and William 

Coley where they purposefully inoculated patients with bacteria to treat their tumors, but with 

variable efficacy3–5. Jensen and Loeb subsequently had the first demonstration of a species-

specific rejection of tumors following transplantation6,7. Further work showed that 

methylcholanthrene (MCA)-induced tumors had decreased reimplantation potential compared 

with spontaneous tumors8, which was hypothesized to be due to antigenic differences. This 

hypothesis was elaborated upon through a set of elegant experiments showing that: (1) 

immunization with non-cancerous tissue could not protect against tumor rechallenge, (2) MCA-

induced tumors in different mice likely had some shared antigens, (3) it is possible to uncouple 

antigenicity from carcinogenicity, and (4) the MCA carcinogenesis process likely leads to 

mutations which increase the antigenicity of these tumors compared with spontaneously arising 

tumors9. These findings led to the idea of immune surveillance-that the immune system could 

eliminate immunogenic cancer cells before they were clinically noticeable10, which was first 

hypothesized by Paul Ehrlich11. This was further supported by clinical data showing that 

immunocompromised patients had a higher incidence of clinically apparent tumors12. To 

determine the immune effectors responsible for tumor immunosurveillance, Osias Stutman 

performed MCA carcinogenesis experiments in nude mice and did not find a role for T cells in 

changing tumor incidence13. However, these studies were confounded by the incomplete loss of 
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T cells and presence of NK cells in these mice14; subsequent studies using IFN!, Perforin, and 

Rag2 deficient mice firmly demonstrated that the immune system could control tumor growth15–17. 

The discovery of the first tumor antigen recognized by T cells18 together with the aforementioned 

studies helped form the basis of the immunoediting theory19. Thus, it became clear that although 

the immune system could recognize, surveil, and edit tumor cells, tumor immunity was insufficient 

to prevent clinically apparent tumors. This led to the idea that the immune system may be actively 

inhibited by tumors and work by James Allison demonstrated that blockade of the negative 

regulatory molecule CTLA-4 on T cells could induce anti-tumor responses20. Future work led to 

the identification of many additional coinhibitory molecules21–24, including PD-125, which was also 

demonstrated to have a potent effect on anti-tumor responses26–31. 

 

This work has been successfully translated to the clinic both for prognostic and therapeutic 

approaches. Jerome Galon demonstrated that patient stratification according to T cell infiltration 

was more predictive than traditional staging32. Attempts to harness the immune system against 

cancer through vaccination33–35, recombinant cytokines36,37, and engineered T cells38 led to mostly 

modest effects on tumor growth. However, in 2010 the first clinical trial with CTLA-4 blockade in 

metastatic melanoma led to an increase in median overall survival39. This then led to a flurry of 

clinical trials with CTLA-4 and PD-1 immune checkpoint blockade40,41, and FDA approval of anti-

CTLA-4, anti-PD-1 and anti-PD-L1 antibodies for cancer therapy. Two orthologous approaches 

also have gotten FDA approval recently for lymphoma and melanoma, respectively, CAR T cell 

therapy42 and oncolytic virus therapy43. Overall, the past century of basic science research on 

how the immune system works and interacts with cancer has paved the way for a variety of clinical 

approaches that have dramatic effects on cancer patient response rates and survival. 
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Section 1: Tumor immunity-mechanisms of evasion from T cells 

The immune response to tumors involves a complex interplay of multiple cell types from the innate 

and adaptive immune lineages44. When a tumor grows and acquires mutations transitioning from 

a premalignant lesion to a clinically apparent tumor, it must mold its microenvironment to support 

its growth45,46. This includes local stromal cells, vasculature, immune cells, and nerve cells44. At 

some point during development, tumor cell death will occur allowing for the liberation of proteins, 

a subset of which will be processed and presented as antigens47. The type of cell death (necrosis, 

apoptosis, etc.) is crucial in dictating the immune response to the tumor48. The antigens liberated 

can be mutated antigens, differentiation antigens, endogenous retroviral antigens, tissue-

restricted antigens, or post-translationally modified antigens49,50. These antigens are endocytosed 

by cross-presenting dendritic cells (DCs) which migrate to the tumor-draining lymph node to 

initiate a T cell response51. However, in the absence of a danger signal these DCs will be 

tolerogenic and thus not initiate a productive immune response52,53. In this context, type 1 IFNs 

can license the DCs to be mature antigen presenting cells and enhance expression of 

costimulatory ligands such as B7.1/B7.254–56. This IFN-I dependent licensing is essential for the 

proper priming of CD8+ T cell responses to tumors57. The source of type 1 IFN can come from a 

variety of cell types including DCs or tumor cells themselves following sensing of cytosolic DNA 

or other danger signals58–63. Tumors can modulate sensing of cytosolic DNA and natural innate 

ligands, and subsequent production of interferons via epigenetic suppression of ERVs and editing 

of double-stranded RNAs via RNA-specific adenosine deaminase 1 (Adar1)64–69. 

 

Upon reaching the tumor draining lymph node (tdLN), DCs will present antigens to CD4+ and 

CD8+ T cells to activate T cells and their differentiation into effector T cells that recognize the 

tumor antigens51,70. The DCs will provide three signals to properly activate the T cells: signal 1 

(TCR activation), signal 2 (costimulation through CD28), and signal 3 (IFN-I or IL-12)71. Through 

mechanisms not currently known, the microbiome is also able to modulate the priming of anti-
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tumor T cell responses72,73. The tumor also modulates this interaction through recruitment of T-

regulatory cells, which decrease the stimulatory potential of DCs and can produce cytokines to 

directly suppress effector T cells74,75. Following activation and differentiation in the tdLN, the 

effector T cells will exit the lymph node and enter the bloodstream where they will encounter a 

variety of suppressive mechanisms in the vasculature induced by the tumor such as 

downregulation of integrins and expression of PD-L176. The trafficking of effector T cells is in part 

due to sensing of the tumor-expressed chemokines CXCL9 and CXCL10 and is dependent on 

expression of the receptor CXCR377. The effector T cells can then interact with tumor cells via 

MHC-I: TCR interactions78. Upon extravasating from the blood and entering the tumor, effector T 

cells can have their migration into the tumor core restricted via physical and chemokine signals 

produced by tumor-associated stromal cells79,80. Tumor cells attempt to evade T cell recognition 

via loss of antigen or global downregulation of MHC19,81,82. Tumors also can evade immunity 

through cell-extrinsic factors such as recruitment of immunosuppressive cells including T-

regulatory cells and suppressive myeloid cells or through the production of soluble mediators 

which can directly suppress T cell responses83. In addition, tumors can outcompete T cells for 

metabolic intermediates such as glucose, thereby impairing effector T cell responses84. One 

important line of defense for the tumor is expression of coinhibitory ligands to suppress effector T 

cell responses via engagement of their coinhibitory receptors, which ultimately can lead to T cell 

dysfunction or exhaustion24. 
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Section 2: T cell exhaustion 

T cell exhaustion is the process by which CD8+ T cells progressively lose the ability to produce 

the cytokines IL-2, TNFα, and IFNγ, lose proliferative capacity, lose cytotoxic function, and 

eventually undergo apoptosis85. This was first described in 1993 through comparison of anti-viral 

CD8+ T cells responding to LCMV Armstrong (acute infection) versus LCMV Clone 13 (chronic 

infection)86. There is a difference of two amino acid point mutations in the viral glycoprotein and 

RNA polymerase protein between the Armstrong and Clone 13 strains that leads to the disparate 

infection outcomes without affecting the peptides that are presented87–89. Thus, these models 

allow a direct comparison of antigen-specific T cells in different microenvironments and can 

improve our understanding of human chronic viral infection, such as HIV90–92 and HCV93,94. Further 

characterization has demonstrated that there is a hierarchy in terms of loss of functional 

capabilities with cytotoxic function and IL-2 lost first, then TNFɑ production, and last IFN!	

production95. Despite this progressive loss of function, we know that the exhausted cells play a 

key role in controlling viral infection, as depletion of exhausted CD8+ T cells increases viral titers 

in SIV96,97. Furthermore, molecular profiling showed that there were transcriptional changes 

between effector CD8+ T cells responding to LCMV Armstrong and LCMV Clone 13 as early as 

day 8 in effector-related, metabolic, and epigenetic-associated genes98–100. These changes were 

exacerbated at day 30 in comparison to memory cells which create polyfunctional cytokines and 

rapidly respond following rechallenge. 

 

Exhaustion represents a unique differentiation state, supported by ATAC-seq profiling of naive, 

effector, memory, and exhausted T cells101. Functional studies show that exhausted T cells 

responding to LCMV Clone 13 can be rescued at early time points after infection, if transferred to 

a mouse responding to LCMV Armstrong, indicating at early time points the state is not yet fixed. 

However, at later time points the exhausted T cells are not able to be rescued102. To determine 

the factors driving the exhausted state, transfer studies were performed to determine if this 
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process is driven by antigen. Indeed, exhausted T cells were shown to be antigen-addicted and 

transfer of LCMV peptide-specific cells to a host responding to a mutated virus lacking that peptide 

were not able to persist103. Furthermore, recent work demonstrated that the transcription factor 

Tox is a master regulator of the exhausted cell state and is induced following TCR signaling104–

106. This is supported by earlier work implicating NFATc1, another transcription factor downstream 

of the TCR, in the establishment of exhaustion107. In addition, the role of the LCMV Clone 13-

induced microenvironment was assessed for its capacity to affect the T cell response to a 

bystander infection that normally leads to robust T cell memory. Indeed, LCMV Clone 13 infection 

impaired formation of bystander memory T cell responses due to the presence of chronic 

inflammatory cytokines, including IFN-I108. These studies led to further work investigating the role 

of IFN-I during the development of exhaustion. Two groups showed that blockade of IFN-I 

impaired the formation of exhausted T cells109,110. Thus, these studies demonstrate that both 

chronic TCR signaling and inflammation dictate formation of the exhausted T cell state. 

 

Given this loss of functional capacity and a similar dysfunction of T cells in tumors, there is great 

interest in defining mechanisms that induce exhaustion and manipulating pathways to reverse it. 

Exhausted T cells express multiple coinhibitory receptors in a Blimp1-dependent manner111,112. 

One of the first genes examined in this process was the coinhibitory receptor, PD-1. The 

importance of the PD-1 pathway in regulating chronic viral infection was first described using the 

chronic LCMV infection model in mice113,114, and rapidly extended to human chronic viral infections 

(HIV, hepatitis C virus, hepatitis B virus)115–118. Persistent antigen encounter and TCR signaling 

stimulate high and sustained PD-1 expression, while inflammatory stimuli upregulate and sustain 

PD-L1 expression113. The PD-1 pathway plays a major role in regulating T cell exhaustion, since 

blockade of PD-1/PD-L1 during chronic viral infection can enhance CD8+ T cell responses and 

reduce viral burden113,119. However, this increased functionality is only transient as PD-1 pathway 

blockade does not durably reprogram exhausted T cells epigenetically120. Moreover, PD-1 is not 
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absolutely required for induction of the T cell exhaustion program; PD-1 prevents early 

overstimulation of T cells and excessive T cell death during chronic LCMV infection. In contrast, 

PD-1 plays a crucial role in the maintenance stage of the exhaustion program; the absence of 

PD-1 signaling results in accumulation of terminally exhausted T cells121. Thus, PD-1 preserves 

exhausted T cells from terminal exhaustion and maintains partially exhausted T cells in a 

dysfunctional state from which they can be reinvigorated. 

 

During chronic LCMV infection, two distinct populations of antigen-specific dysfunctional T cells 

can be distinguished based on their PD-1 expression levels and responses to PD-1 

blockade119,122–124. T cells with intermediate levels of PD-1 (PD-1int) also are Slamf6+, CXCR5+, 

Tcf7+, T-bethi, Eomeslo, and CD39int 123–127. This subpopulation is dysfunctional but can be 

reinvigorated, whereas T cells with high PD-1 expression (PD-1hi) are terminally exhausted and 

cannot be reinvigorated122. PD-1hi cells also are Tim-3+, T-betlo, Eomeshi, and CD39hi. PD-1int cells 

are found primarily in secondary lymphoid organs whereas the PD-1hi cells predominate in non-

lymphoid tissues. PD-1int cells have a better ability to proliferate and produce polyfunctional 

effector cytokines compared to PD-1hi cells, and can convert into PD-1hi cells, which have higher 

cytotoxic function and reduced proliferative potential. These findings have been extended to 

demonstrate that the PD-1int cells define a progenitor exhausted subpopulation responsible for the 

major proliferative burst and conversion into the terminally exhausted subpopulation following PD-

1 blockade123,124. Given their distinct functions and responses to checkpoint blockade there is 

great interest in understanding how these subpopulations are formed and how their balance is 

controlled. Although terminally exhausted cells derive from progenitor exhausted cells, there is no 

evidence to suggest that terminally exhausted cells can revert back to the progenitor subset123,124. 

In terms of their formation, we know that the transcription factors Eomes, Id2, and Runx3122,124,128 

promote the formation of the terminally exhausted subpopulation, while Tbet, Tcf7, and Bcl6 

enhance the formation of the progenitor exhausted subpopulation122,123,129. TCR stimulation, as 
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well as IL-2, IL-21, IL-12, and type 1 interferon (IFN-I) also promote formation of the terminally 

exhausted subset during LCMV infection129–131. We are just beginning to understand the factors 

regulating the formation, maintenance, and developmental trajectory of exhausted T cells. 

 

The many similarities between T cells responding to LCMV Clone 13 viral infection and tumors, 

including T cell coinhibitory receptor expression, sustained antigen, and loss of T cell effector 

function, led a variety of groups to examine whether exhaustion was also occurring in tumors. 

Transcriptional analysis of melanoma-infiltrating T cells showed an enrichment for exhaustion 

related genes, such as PD-1, Lag3, CTLA-4, 2b4, CD160, and Tox132. Furthermore, studies in 

mice showed that CD8+ T cells expressing multiple coinhibitory receptors had decreased effector 

function compared with single expressors133,134. Work with murine genetic models showed that T 

cell dysfunction was present in tumors and driven by antigen, similar to the LCMV Clone 13 

model135. Single-cell-RNAseq profiling of tumor-infiltrating T cells revealed that there were unique 

drivers of exhaustion and the coinhibitory gene module compared with the activation module. 

Through this work GATA3, Blimp1, and c-Maf were implicated as transcription factors driving the 

exhausted T cell state in tumors136,137. These results implied that exhausted T cells might also 

have unique epigenetic states and led to work showing that tumor-infiltrating T cells exhibited two 

distinct states which could be defined epigenetically138. Additional studies showed that these 

subpopulations could be marked with TCF1 and Tim-3 and exhibited parallel functionalities to the 

exhausted subpopulations characterized in LCMV Clone 13129. These findings were extended to 

human patients where several groups identified exhausted subpopulations in tumors 

characterized by the markers TCF1 and Tim-3139–141. One study showed that the presence of the 

PD-1int progenitor subpopulation was predictive of response to PD-1 blockade140. In contrast, 

another study found that the PD-1hi population was predictive of response to PD-1 blockade, 

indicating further work is needed to clarify which population is predictive of PD-1 ICB141. Multiple 

other groups confirmed the presence of these exhausted subpopulations in tumors and performed 
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additional mechanistic analysis in murine models. They demonstrated the requirement for the 

transcription factor Tcf7 for formation of the progenitor subpopulation in tumors and defined the 

core exhaustion signature conserved between viral infection and tumors, as well as differences 

induced by the different microenvironments127,142,143. Additional work showed that this state could 

be driven by both the tumor microenvironment as well as persistent antigen144–146. High levels of 

potassium in the TME are capable of suppressing effector function while maintaining stemness144. 

Tox was recently identified as the master regulator of the exhausted state, and required for the 

dysfunctional state observed in tumors145,146. 

 

Thus, consistent with the LCMV Clone 13 model, the progenitor exhausted subpopulation in 

tumors has increased longevity, polyfunctional cytokine production, and is not cytotoxic. The 

terminal exhausted subpopulation in tumors has decreased longevity, increased IFN!	production, 

and is the primary cytotoxic subpopulation. In addition, the progenitor subpopulation is the primary 

responsive population to PD-1 ICB and converts into the terminally exhausted subpopulation to 

replenish the pool of cytotoxic T cells. Collectively these studies demonstrate that the exhausted 

state and subpopulations in chronic viral infection and tumors are very similar and that the 

progenitor subpopulation is necessary for long-term tumor control. 
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Section 3: Functional genomics 

The use of functional genomics and screening have taught us a lot about vulnerabilities and 

mechanisms of resistance in tumor cells147–149. Chemical compound-based screens were one of 

the first techniques employed and led to the discovery of Ibrutinib, Trametinib, Dasatinib, and 

Erlotinib150. However, these approaches are limited by the technical necessity to perform them in 

vitro and the limited number of proteins that are targetable with small molecules. Eventually, the 

use of RNA interference was employed for defining tumor-intrinsic mechanisms of evasion147,148. 

However shRNA technology is limited by high off-target effects and incomplete effects on protein 

reduction151. To circumvent these issues, targeted endonucleases such as TALEN and ZFPs have 

been used152,153. However, they are limited by poor modularity, making screening difficult. 

 

The first clustered regularly interspaced short palindromic repeat (CRISPR) was discovered in 

1987154. In 2005, it was realized that the intervening sequences of the CRISPR repeats were 

complementary to foreign elements155. This work led to the hypothesis that these repeats serve 

as an RNA interference-based immune system156. In 2007, CRISPR were shown to serve as a 

bacterial immune system against viruses157. Further, it was shown that a Cas9-crRNA complex 

was responsible for mediating DNA cleavage to protect against viruses158–160. This led to the 

hypothesis that CRISPR-Cas9 systems could be programmed to target and cut DNA sites of 

interest. In 2012, this was formally demonstrated using CRISPR-Cas9 targeting to cut plasmid 

DNA161. This work was then adapted and used to edit mammalian cells in vitro162. Given the 

improved modularity and complete effects on protein reduction, CRISPR-based screening had a 

lot of technical advantages over other technologies. Thus, CRISPR-based screening became a 

mainstay for performing in vitro screens, particularly for cancer cells163,164.  

 

Given the power of these approaches there is great interest in using functional genomics for 

identifying therapeutic targets in immune cells. However, the complex nature of the immune 
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system and technical difficulties in delivering Cas9 and guide RNAs into cells has limited these 

approaches. One approach used a lentiviral vector to deliver Cas9 and multiple gRNAs to model 

malignancies in the hematopoietic system165. The creation of the Cas9 mouse facilitated studies 

in a variety of fields including immunology because the delivery of the large Cas9 protein was no 

longer a limiting factor166. These approaches also have been adapted for editing of immune cells 

for in vitro and in vivo screens167–172. A pooled shRNA screen was used to define regulators of 

CD8+ T cells in the TME167. A similar shRNA-based approach was used in vitro to determine 

regulators of anti-viral responses in vivo168. In vitro-based CRISPR screens also have been 

conducted for regulators of LPS production by DCs169 and for T cell proliferation171,172. Recently, 

the first in vivo CRISPR screen in immune cells was performed to model hematopoietic 

development in vivo170. These technologies have not just been used for screening but also for 

modulating immune cells to increase functionality in the setting of viral infection and tumors173–175. 

Moreover, CAR T cell therapies with gene knockouts such as PD-1 are being investigated176–178. 

Overall, these powerful approaches will facilitate the discovery of new therapeutic targets in the 

immune system and improve next-generation CAR T cell therapies for cancer. 
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Section 4: Dissertation objectives 
 
Despite the initial successes of immunotherapy, a minority of patients experience long-term 

remissions41. There are thousands of clinical trials ongoing combining PD-1/CTLA-4 ICB with 

other therapies. Yet we have not found new immunologic agents that synergize with PD-1 and 

CTLA-4 ICB179. This demonstrates the need for a more rational approach to finding combination 

partners. 

 

In this thesis we investigate mechanisms of improving tumor immunity. In chapter 2, we describe 

the CHIME platform which enables CRISPR-based loss-of-function screening in immune cells in 

vivo in tumor and viral models. We perform a proof-of-concept screen and identify the 

phosphatase Ptpn2 as a negative regulator of antiviral T cell responses. In chapter 3, we 

characterize the role of Ptpn2 in regulating T cell exhausted subpopulations in viral and tumor 

models and show that Ptpn2 attenuates IFN-I signaling in these T cells. We further demonstrate 

that deletion of Ptpn2 in CD8+ T cells and the entire immune system induces clearance of 

immunogenic tumors and improves checkpoint blockade responses to less immunogenic tumors. 

In chapter 4, we perform an in vitro screen in tumor cells and uncover a role for the histone 

demethylase LSD1 in regulating dsRNA accumulation. We show that LSD1 regulates dsRNA two 

ways: (1) by repressing transcription of ERVs and (2) by increasing the stability of the RISC 

complex which degrades dsRNA. These studies demonstrate two novel mechanisms of 

overcoming inadequate anti-tumor immune responses. Furthermore, the strategy of using 

focused screening and the CHIME platform provide a framework for uncovering new mechanisms 

of enhancing tumor immunity. 
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Chapter 2: A CRISPR-Cas9 delivery system for in vivo screening of genes in the 
immune system 
 
This chapter is published: 

LaFleur, M.W., Nguyen, T.H., Coxe, M.A., Yates, K.B., Trombley, J.D., Weiss, S.A., 
Brown, F.D., Gillis, J.E., Coxe, D.J., Doench, J.G., Haining, W.N.*, and Sharpe, A.H.* A 
CRISPR-Cas9 delivery system for in vivo screening of genes in the immune system. 
Nature Communications 2019;10(1): 1668. PMID: 30971695 

Introduction 

Understanding the mechanisms that regulate innate and adaptive immunity has accelerated the 

development of immunotherapies for autoimmune and allergic diseases, transplant rejection and 

cancer180,181. The dramatic clinical success of immune checkpoint blockade in a broad range of 

cancers illustrates how fundamental knowledge of immunoregulation can translate to therapy41. 

However, limitations in the tools available for perturbing genes of interest in immune populations 

has hindered the discovery and validation of new therapeutic targets for immune-mediated 

diseases. 

The use of functional genomics and genetic perturbation strategies has provided an effective tool 

for the rapid discovery of new therapeutic targets in cancer149. In particular, shRNA-based 

screening enabled the classification of tumor suppressors and essential genes in cancer147,148. 

However, shRNA approaches are limited by the issues of incomplete knockdown and a high 

degree of off-target effects151. Targeted nucleases, such as TALENs and zinc finger nucleases, 

have enabled the complete knockout of gene targets with improved specificity but require custom 

design of proteins for each target gene152,153, making screening difficult. CRISPR-Cas9 genome 

editing methods to knockout genes in mammalian cells have the advantages of targeted nuclease 

editing with improved modularity162,182,183. Furthermore, CRISPR-Cas9 screening provides several 
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advantages over shRNA-based approaches, such as improved consistency across distinct 

sgRNAs and higher validation rates for scoring genes164. 

Genetic perturbation approaches in immune cells have the potential to accelerate the discovery 

and validation of new therapeutic targets184. One current approach is to stimulate T cells to allow 

transduction with a shRNA/sgRNA-expressing lentiviral vector136,167,185,186 followed by in vitro 

analysis or in vivo transfer of edited T cells. Although this method is rapid, in vitro stimulation of T 

cells perturbs their long-term differentiation187, does not allow for the study of genes expressed 

during T cell priming, and is only applicable to immune cell populations that are easily transferred 

intravenously for analysis in disease models. To circumvent some of these issues, we previously 

used a system of lentiviral transduction of bone marrow precursors and subsequent creation of 

bone marrow chimeras for shRNA-based perturbation of naive T cells without disrupting their 

differentiation or homeostasis187. CRISPR-Cas9 transduction of bone marrow precursors has 

enabled editing of genes involved in oncogenesis to model hematologic malignancies165,188,189 and 

in the development of hematopoietic precursors170. However, these approaches have not been 

used for studying the immune response in different disease models or discovery of regulators of 

T cell responses during cancer and viral infection. 

Here we describe CHIME (CHimeric IMmune Editing), a bone marrow chimera-based Cas9-

sgRNA delivery system that enables rapid in vivo deletion of immunologic genes of interest 

without altering the differentiation of mature immune cells. We demonstrate the versatility of this 

system to delete genes of interest in all major immune cell lineages. As a proof of concept, we 

perform a curated in vivo screen in the LCMV Clone 13 infection model and show that deletion of 

Ptpn2 enhances CD8+ T cell responses to LCMV Clone 13, thereby revealing a negative 

regulatory role for Ptpn2 in CD8+ T cell-mediated responses to LCMV Clone 13. Our results 
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illustrate the ability of this genetic platform to enable rapid discovery of therapeutic targets in 

immune cells using pooled loss-of-function screening. 

Results 

CHIME enables efficient deletion of immunologic genes 

To create gene deletions in hematopoietic lineages, we developed a single guide RNA (sgRNA) 

chimera delivery system using bone marrow from Cas9-expressing mice166 (Figure 2.1A). We 

isolated Cas9-expressing Lineage– Sca-1+ c-Kit+ (LSK) cells from donor mice, transduced the LSK 

cells with a lentiviral sgRNA expression vector containing a Vex (violet-excited GFP) fluorescent 

reporter, and transferred the LSK cells to irradiated recipients to create bone marrow chimeric 

mice. Following 8 weeks of immune reconstitution we isolated immune cells that express Cas9 

and the sgRNA (marked by Vex). To determine whether candidate genes from major immune 

lineages could be deleted in vivo we designed sgRNAs to canonical genes expressed by B cells 

(Ms4a1), macrophages (Fcgr1), and dendritic cells (Ly75), and created chimeric mice using either 

these sgRNAs or control sgRNAs. We found that CD20 was significantly reduced on B cells in 

the presence of two Ms4a1 (Cd20) sgRNAs but not a control sgRNA, demonstrating that in vivo 

deletion of genes in B cells was possible (Figures 2.1B-C). We next confirmed that Fcgr1 (Cd64) 

could be deleted in red-pulp splenic macrophages by showing that CD64 expression was 

significantly reduced for two Fcgr1 targeting sgRNAs but not a control sgRNA (Figures 2.1B-C). 

Lastly, we created bone marrow chimeras with two Ly75 (Dec205) targeting sgRNAs or a control 

sgRNA and showed a significant reduction in DEC205 expression on splenic cross-presenting 

dendritic cells with Ly75 targeting sgRNAs but not control sgRNAs (Figures 2.1B-C). Thus, this 

chimeric system can be used to efficiently delete genes of interest in both innate and adaptive 

immune populations in vivo. 
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Figure 2.1: CHIME enables deletion of genes without impairing immune homeostasis. (A) 
Schematic of chimeric CRISPR-Cas9 system. (B) CD20 (left), CD64 (middle), or DEC205 (right) 
expression on B cells, macrophages, or dendritic cells, respectively from chimeric animals 
following transduction with a non-targeting control sgRNA or targeting sgRNAs to Ms4a1, Fcgr1, 
or Ly75. (C) Quantification of CD20, CD64, and DEC205 expression on relevant lineages from 
(B). All experiments had at least three biological replicate animals per group and are 
representative of two independent experiments. Bar graphs represent mean and error bars 
represent standard deviation. Statistical significance was assessed among the replicate bone 
marrow chimeras by one-way ANOVA (C) (*p < .05, **p < .01, ***p < .001, ****p < .0001). 

We also asked if Cas9 copy number dictated editing efficiency, which was previously shown in 

vitro185. To examine this we created bone marrow chimeras using LSK that had a single copy of 

Cas9 as opposed to two copies (as in Figure 2.1). We found that the knockout efficiency of CD64 

on macrophages was around 50% (Figure 2.2A). This represents a reduction of 30% in editing 

efficiency compared to two copies of Cas9 (Figure 2.2B). Thus, higher Cas9 copy number is an 

important predictor of editing efficiency. 
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Figure 2.2: Cas9 copy number dictates editing efficiency. (A) Quantification of CD64 
expression on macrophages from chimeric animals following transduction of LSK with a single 
copy of Cas9 with a non-targeting control sgRNA or targeting sgRNAs to Fcgr1. (B) Knockout 
efficiency of CD64 on macrophages (normalized to control guide) for single or double copy Cas9. 
All experiments had at least three biological replicate animals per group and are representative 
of one experiment. Bar graphs represent mean and error bars represent standard deviation. 

CHIME does not alter immune reconstitution 

To determine if the presence of Cas9 protein, the lentiviral sgRNA vector, or the process of 

transducing hematopoietic stem cells affected the reconstitution of immune cells, we generated 

chimeric mice using either mock-transduced WT LSK cells or Cas9-expressing LSKs that were 

transduced with a lentiviral sgRNA vector containing a non-targeting sgRNA. The stem cells were 

transduced at an MOI such that approximately half of the immune cells expressed the fluorescent 

reporter Vex, indicating the presence of the sgRNA vector (Figure 2.3A). We analyzed chimeras 

after immune reconstitution and found that the percentages of B cells, CD4+ and CD8+ T cells, 

CD11b+ myeloid cells, and dendritic cells in the spleen were similar in WT and Cas9 + non-

targeting sgRNA chimeras (Figure 2.3B). 
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Figure 2.3: CHIME does not alter immune reconstitution. (A) Representative flow cytometry 
plots of Vex expression on major immune lineages (of CD45+) in chimera mice (WT: WT stem 
cells mock transduced, Cas9 + sgRNA: Cas9 stem cells transduced with the Vex sgRNA 
expression vector) at homeostasis. (B) Comparison of frequencies of major immune lineages (of 
CD45+) in chimera mice (WT: WT stem cells mock transduced, Cas9 + sgRNA: Cas9 stem cells 
transduced with the Vex sgRNA expression vector) at homeostasis. All experiments had at least 
three biological replicate animals per group and are representative of two independent 
experiments. Bar graphs represent mean and error bars represent standard deviation. Statistical 
significance was assessed among the replicate bone marrow chimeras by two-way ANOVA (B) 
(*p < .05, **p < .01, ***p < .001, ****p < .0001). 

 

CHIME does not alter immune responses to LCMV Clone 13 infection 

To determine if the chimeric system altered the response of the immune system to a pathogen, 

we challenged chimeric mice (WT and Cas9 + non-targeting sgRNA as above) with LCMV Clone 

13 virus and examined immune responses. WT and Cas9 + sgRNA chimeric mice had similar 

weight loss kinetics (Figure 2.4A), indicating that the sgRNA delivery system did not alter the 

susceptibility of the mice to LCMV Clone 13. Serial viral titers in the blood and viral titers in the 

kidney at day 30 were comparable between WT and Cas9 + sgRNA chimeras, indicating a similar 

response to the viral infection (Figures 2.4B-C). These chimeras also had similar CD8+ T cell 

responses as assessed by expression of T cell functional markers, coinhibitory receptors, and 

GP33–41 antigen-specific responses (Figures 2.4D-E). These findings demonstrate that our Cas9-

sgRNA delivery system does not affect immune responses to LCMV Clone 13 viral infection. 
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Figure 2.4: CHIME does not alter immune responses to LCMV Clone 13 infection. Chimeric 
mice were infected with 4 × 106 plaque-forming units (PFU) LCMV Clone 13 and their weight loss 
(A), serum viral titer (B), and kidney viral titer (C) were determined. (D) Representative flow 
cytometry plots of Granzyme B, Ki67, PD-1, GP33-41 tetramer, and Tim-3 expression on CD8+ T 
cells at day 30 post LCMV Clone 13 infection. (E) Quantification of (D). All experiments had at 
least three biological replicate animals per group and are representative of two independent 
experiments. Bar graphs represent mean and error bars represent standard deviation. Statistical 
significance was assessed among the replicate bone marrow chimeras by two-way ANOVA (A, 
B, E) or two-sided unpaired t-test (C) (*p < .05, **p < .01, ***p < .001, ****p < .0001). 

 

Candidate genes are efficiently deleted in naive T cells 

To determine if CHIME could be used for studying genes in naive unperturbed T cells, we first 

examined whether this system altered T cell development. To examine this we analyzed thymic 

subsets in WT and Cas9 + non-targeting sgRNA chimeras and found no differences in the 

frequencies of double-negative (DN), double-positive (DP), or CD4/CD8 single-positive (SP) 
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populations in WT and Cas9 + non-targeting sgRNA chimeras (Figure 2.5A). We also examined 

the naive status of CD8+ T cells from these chimeric mice and found no differences in CD44, 

CD62L, and CD69 percentages (Figures 2.5B-D). To determine if CHIME enabled efficient 

deletion of genes in naive CD4+ and CD8+ T cells, we created chimeras carrying two non-targeting 

control sgRNAs or three Pdcd1 targeting sgRNAs. We stimulated T cells from these chimeric mice 

with αCD3/CD28 to induce PD-1 expression and found a significant reduction of PD-1 expression 

in the presence of targeting sgRNAs but not control sgRNAs. On average 80% deletion was 

achieved in both CD4+ and CD8+ T cells (Figures 2.5E-F). Analyses of naive CD4+ and CD8+ T 

cells from these mice prior to stimulation using the TIDE assay190 confirmed that these T cells had 

~80% aberrant sequences, indicating efficient CRISPR-mediated indel formation (Figures 2.5G). 

We next analyzed off-target effects in this system by performing the TIDE assay on the top three 

predicted off-target sites for each of the three Pdcd1 sgRNAs, and found minimal off-target editing 

above background in both CD4+ (Figure 2.5H) and CD8+ T cells (Figure 2.5I). Thus, this system 

can be used to knockout genes in naive T cells without altering their development or state. 
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Figure 2.5: Deletion of genes in naive T cells with minimal off-target editing using CHIME. 
(A) Quantification of thymic subsets (CD4– CD8–, CD4– CD8+, CD4+ CD8–, CD4+ CD8+) from WT 
or Cas9 + control sgRNA chimeric mice. (B) Representative flow cytometry plots of CD44, CD62L, 
and (C) CD69 from splenic CD8+ T cells. (D) Quantification of naïve status of CD8+ T cells in (B, 
C). (E) Flow cytometry plots of PD-1 expression in CD4+ T cells (top panel) and CD8+ T cells 
(bottom panel) from representative non-targeting control sgRNA or Pdcd1 sgRNA chimeras 
following αCD3/CD28 stimulation. (F) Quantification of PD-1 expression for two control and three 
Pdcd1 sgRNAs from (E). (G) TIDE assay on naïve CD4+ and CD8+ T cells for three Pdcd1   
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(Figure 2.5 continued) targeting sgRNAs. (H, I) TIDE assay on naïve (H) CD4+ and (I) CD8+ T 
cells designed to detect the top three predicted off-target sites (1st, 2nd, 3rd) for three Pdcd1 
targeting sgRNAs. Dashed line represents the aberrant sequence (%) when comparing two non-
targeting control sgRNAs (background aberrant sequence). All experiments had at least three 
biological replicate animals per group and are representative of two independent experiments. 
Bar graphs represent mean and error bars represent standard deviation. Statistical significance 
was assessed among the replicate bone marrow chimeras by one-way ANOVA (A, D, F) (*p < .05, 
**p < .01, ***p < .001, ****p < .0001). 

 

T cell-intrinsic functions can be examined in disease models 

To assess whether this Cas9-sgRNA delivery system can be used to identify intrinsic regulators 

of T cell function in CD8+ T cells, we used two models: LCMV Clone 13 viral infection as a model 

of T cell exhaustion, and MC38-OVA tumors as a model of tumor immunity. T cells responding to 

LCMV Clone 13 viral infection encounter multiple inhibitory mechanisms85,191, many of which are 

conserved in the tumor microenvironment (TME)132,136. The MC38-OVA tumor model was used to 

directly assess antigen-specific T cell suppressive mechanisms in the TME. To analyze antigen-

specific T cells in vivo, we used Cas9-expressing donor mice with the transgenic T cell receptors 

P14 (specific to the LCMV CD8 epitope GP33–41) or OT-1 (specific to the ovalbumin CD8 epitope 

OVA257–264). We transferred equal numbers (1:1 ratio) of congenically-marked antigen-specific 

gene-deleted naive CD8+ T cells and control cells to an unmanipulated host that was subsequently 

challenged with viral infection or tumor (Figure 2.6A) to compare the phenotype and function of 

the gene-deleted and control T cells in the same microenvironment. 

We first evaluated the effect of deleting Batf, an essential transcription factor for effector T cell 

differentiation187,192 during LCMV Clone 13 viral infection. Analysis of the Batf sgRNA-containing 

cells pre-transfer (input) by the TIDE assay indicated that the indel percentage was on average 

90% (Figure 2.6B). We infected recipient mice with LCMV Clone 13 and analyzed the ratio of 

control sgRNA-containing P14 T cells to control sgRNA or to Batf sgRNA-containing P14 T cells 
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(Figures 2.6C-D) in the spleen on day 8 post infection. The ratios of P14 T cells with control 

sgRNA vs. control sgRNA remained unchanged compared with the input ratios (Figures 2.6C-D). 

In contrast, P14 TCR transgenic T cells containing the Batf sgRNA were significantly depleted for 

three different Batf sgRNAs, which recapitulates both germline knockout and shRNA knockdown 

phenotypes of BATF in CD8+ T cells during LCMV infection187,192. Batf sgRNA-containing T cells 

were similarly depleted in the liver of recipient mice, indicating a robust effect in multiple organs 

(Figure 2.6E). Thus, the chimeric system can be used to evaluate the cell-intrinsic role of genes 

that regulate T cell differentiation and function in the LCMV Clone 13 infection model. 

 

Figure 2.6: CHIME recovers known positive regulators of effector CD8+ T cell responses in 
LCMV viral infection. (A) Schematic of competitive assays. (B) TIDE assay on naïve CD8+ T 
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(Figure 2.6 continued) cells containing Batf sgRNAs prior to transfer into the competitive assay. 
(C) Representative input and output flow cytometry plots of P14 T cells containing control sgRNA 
vs. control or Batf sgRNAs in the spleen 8 days post LCMV Clone 13 viral infection. (D-E) 
Quantification of P14 T cells containing control or Batf sgRNAs from the spleen (D) and liver (E) 
as in (C), normalizing the output flow cytometry plots to the input ratios at day 0 and log2 
transforming the data. All experiments had three biological replicate animals per group and are 
representative of two independent experiments. Bar graphs represent mean and error bars 
represent standard deviation. Statistical significance was assessed among the replicate recipients 
of transferred T cells by one-way ANOVA (C, E) (*p < .05, **p < .01, ***p < .001, ****p < .0001). 

Given several reports on pre-existing immunity to the Cas9 protein in humans193–195, we next 

asked whether Cas9+ cells were rejected in mice following adoptive transfer. To do this we 

transferred WT or Cas9+ P14+ cells into WT, Cas9, eGFP-expressing (control for the GFP co-

expressed with Cas9 in Cas9+ cells), or TCRɑ KO mice (Figure 2.7A) and infected these mice 

with LCMV Armstrong to induce expansion and persistence of the cells. We found that Cas9+ cells 

were rejected in WT and eGFP-expressing mice but not in Cas9 and TCRɑ KO mice (Figure 

2.7B). This indicates that Cas9 and not GFP is the antigen inducing a T-cell dependent rejection 

of these cells in WT mice. Moreover, transfer of Cas9+ cells into Cas9 mice, which should be 

tolerized to the Cas9 antigen, is able to prevent this rejection. Thus, for longer term analyses it is 

necessary to transfer Cas9+ cells into Cas9 mice. 

 

Figure 2.7: Adoptively transferred Cas9+ cells are rejected from WT hosts in a T-cell 
dependent manner. (A) Schematic of Cas9+ cell rejection assay. (B) Frequency of transferred 
cells in the blood of recipient mice serially sampled following LCMV Armstrong infection. This 
experiment had five biological replicate animals per group and is representative of one 
experiment. Bar graphs represent mean and error bars represent standard deviation. 
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To determine if we could also examine the cell-intrinsic function of genetically perturbed CD8+ T 

cells in the TME, we transferred naive OT-1 transgenic CD8+ T cells into recipient mice and 

implanted MC38-OVA tumor cells. We again used sgRNAs targeting Batf, as an example of a 

gene deletion that reduced T cell expansion. The ratios of control sgRNA to control sgRNA-

containing OT-1 T cells in the tumor did not change significantly at day 7 post-tumor implantation, 

compared with input (Figures 2.8A-B). In contrast, OT-1 T cells with the three Batf sgRNAs had 

a significantly reduced expansion compared with control cells (Figures 2.8A-B). These results 

indicate that the chimera system can be used to perturb genes and evaluate cell-intrinsic effects 

in multiple disease models. 

 

Figure 2.8: CHIME recovers known positive regulators of effector CD8+ T cell responses in 
MC38 tumors. (A) Representative output flow cytometry plots of OT-1 T cells containing control 
sgRNA vs. control or Batf sgRNAs in MC38-OVA tumors on day 7 post injection. (B) Quantification 
of OT-1 T cells containing control or Batf sgRNAs in (A) with normalization of the output flow 
cytometry plots to the input ratios at day 0 and log2 transformation of the data. All experiments 
had three biological replicate animals per group and are representative of two independent 
experiments. Bar graphs represent mean and error bars represent standard deviation. Statistical 
significance was assessed among the replicate recipients of transferred T cells by one-way 
ANOVA (C, E) (*p < .05, **p < .01, ***p < .001, ****p < .0001). 

Determining screening bandwidth with the CHIME system 
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We sought to determine if we could evaluate the function of multiple genes in a pooled fashion196. 

In order to determine the number of genetic perturbations that could feasibly be evaluated in a 

single animal, we performed bandwidth experiments to determine the number of integrated 

sgRNAs (barcodes) that could be successfully delivered to WT LSK cells and recovered from 

major immune populations (Figure 2.9A). We transduced LSK cells with a pool of vectors 

expressing 20,000 distinct barcodes and determined the number of recovered barcodes in bone 

marrow, thymic, and splenic immune populations by sequencing (Figure 2.9B). The number of 

recovered barcodes varied considerably between cell types (least in thymic DP subset, and 

greatest in B cells), which is likely a consequence of the different differentiation paths from LSK 

progenitors (Figure 2.9B). In the spleen we recovered approximately 500 sgRNAs per mouse in 

all of the lineages analyzed (Figure 2.9B). Thus, the number of recovered barcodes from many of 

the evaluated cell populations was sufficiently high to enable pooled in vivo screens using this 

system. 

 

Figure 2.9: Determining screening bandwidth with the CHIME system (A) Schematic of 
bandwidth experiments. (B) Quantification of detected barcodes per mouse in the different 
immune populations analyzed using a 25 read cutoff. The bandwidth experiment had five 
biological replicate animals per group and is representative of one experiment. Bar graphs 
represent mean and error bars represent standard deviation. 

Performing an in vivo CRISPR screen in T cells with CHIME 
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We next designed a proof-of-concept pooled screen in effector CD8+ T cells to identify genes that 

regulate CD8+ T cell responses to LCMV Clone 13 infection. We generated 10 bone marrow 

chimeras from P14-transgenic Cas9-expressing CD45.1+ LSK cells transduced with a library of 

110 sgRNAs targeting 21 genes relevant to T cell biology and 50 non-targeting control sgRNAs 

(Figure 2.10A). The 21 genes were chosen to target three broad classes: TCR/cytokine signaling, 

coinhibitory/costimulatory receptors, and metabolism-associated. These classes were of 

particular interest given the important established roles of these pathways in T cell activation and 

immunosuppression during T cell responses. We confirmed that the recipient mice had a normal 

response to LCMV Clone 13 viral infection by assessing weight loss during the infection as well 

as kidney viral titer day 8 post infection (Figures 2.10B-C). We next analyzed CD44 expression, 

a T cell activation marker, on the CD45.1+ transferred population and confirmed that all transferred 

T cells containing the sgRNA library were CD44hi (Figures 2.10D-E), indicating all transferred cells 

were responding to LCMV Clone 13. We recovered the majority of the 110 sgRNA pool from each 

LCMV-infected mouse (Figure 2.10F). 

 



 28 

(Figure 2.10 continued): Quality control metrics of in vivo screen. (A) Schematic of in vivo 
screen. (B) Weight loss of animals from LCMV Clone 13 screen normalized to day 0. (C) Kidney 
viral titer of animals from LCMV Clone 13 screen normalized to kidney weight. (D) Representative 
flow cytometry plots analyzing CD44 expression on CD45.1+ CD8+ T cells from the spleen of mice 
from LCMV Clone 13 screen. (E) Quantification of (D). (F) Quantification of sgRNAs detected with 
25 read cutoff from experiment in LCMV Clone 13 screen. The in vivo screen had thirty biological 
replicate animals per group and is representative of one experiment. Bar graphs represent mean 
and error bars represent standard deviation. 

 

Comparison of the 30 replicate mice revealed that sgRNA abundance (fold change relative to 

input) in both the spleen and lung were highly correlated (Pearson correlation coefficient 0.96), 

indicating high replicate animal reproducibility of library representation (Figure 2.11A). Further, 

we identified both enriched and depleted sgRNAs with approximately a normal distribution (Figure 

2.11B). The enrichment and depletion of sgRNAs was similar in spleen and lung, suggesting that 

the effect on CD8+ T cell differentiation was not tissue-dependent (Figure 2.11C). We visualized 

the distribution of FDR values and identified marked depletion of sgRNAs targeting Zap70, Cd28, 

and Dlat (Figures 2.11D-E and Supplementary Table 1). We found that Zap70 was the most 

significantly depleted gene in the screen, consistent with its essential role in TCR signaling. Cd28 

is a positive regulator of CD8+ T cell responses, and primary CD8+ T cell responses to LCMV are 

attenuated in CD28 deficient mice197, supporting our screen results. 

sgRNAs targeting Kdr, Pdcd1, Adora2a, and Ptpn2 were markedly enriched in CD8+ T cells 

(Figures 2.11F-G and Supplementary Table 1). Enrichment of Pdcd1 is consistent with its 

negative regulatory role in CD8+ T cell responses to LCMV Clone 13121. Adora2a and Kdr have 

both been implicated as negative regulators of CD8+ T cells in the TME198,199, but have not been 

studied in the context of LCMV viral infection. The phosphatase Ptpn2 was also an enriched hit, 

consistent with its established negative regulatory role in CD8+ T cells in autoimmunity and 

tolerance200,201. 
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Figure 2.11: In vivo screening identifies regulators of CD8+ T cell responses to LCMV. (A) 
Plot of Pearson R correlation vs. the number of replicate mice analyzed in the spleen and lungs 
from mice used in experiment in the screen. (B) Histogram depicting the distribution of the 110 
sgRNAs relative to their log2 fold change (spleen/input). (C) Correlation of lung/input log2 fold 
change vs. spleen/input log2 fold change. Dotted line depicts a perfect correlation (y = x). (D) Plot 
of the STARS calculated FDR for depleted in the spleen at day 8 post LCMV infection compared 
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(Figure 2.11 continued) with input (y-axis) vs. the genes in the screening library (x-axis). Labeled 
genes are genes called as hits based on the FDR distribution. (E) Z-score plots of genes identified 
as depleted hits. Grey represents the background distribution of the library and red lines represent 
the four individual sgRNAs for the given genes. (F) Plot of the STARS calculated FDR for enriched 
in the spleen at day 8 post LCMV infection compared with input (y-axis) vs. the genes in the 
screening library (x-axis). Labeled genes are genes called as hits based on the FDR distribution. 
(G) Z-score plots of genes identified as enriched hits. Grey represents the background distribution 
of the library and red lines represent the four individual sgRNAs for the given genes. The in vivo 
screen had thirty biological replicate animals per group and is representative of one experiment. 
False discovery rate was assessed by the STARS software. 

Pdcd1 and Ptpn2 negatively regulate anti-viral CD8+ T cells 

We focused on Pdcd1 given its established negative regulatory role in the LCMV model121 and on 

Ptpn2 for validation studies. The role of Ptpn2 in regulating CD8+ T cell responses to chronic viral 

infection has not been examined, although it is known to attenuate T cell responses to maintain 

tolerance and prevent autoimmunity200,201. 

To evaluate the role of Pdcd1 in regulating anti-viral CD8+ T cell responses, we performed a 1:1 

competitive assay with control sgRNA or Pdcd1 sgRNA-containing P14 CD8+ T cells during LCMV 

Clone 13 viral infection. Using three sgRNAs, we found that Pdcd1 sgRNA-containing P14 CD8+ 

T cells significantly outcompeted control sgRNA-containing cells in the spleen of infected recipient 

animals (Figures 2.12A-B). Analysis of Pdcd1 sgRNA-containing P14 CD8+ T cells following 

LCMV Clone 13 infection revealed significantly reduced PD-1 expression levels, as expected 

(Figure 2.12C). To evaluate Ptpn2, we first confirmed efficient deletion (~80%) of Ptpn2 using the 

TIDE assay (Figure 2.12D) and by western blot (Figure 2.12E). Using two sgRNAs, we found that 

Ptpn2 sgRNA-containing P14 CD8+ T cells significantly outcompeted control sgRNA-containing 

cells in the spleen of infected recipient animals (Figures 2.12F-G). These data indicate that both 

Pdcd1 and Ptpn2 have cell-intrinsic negative regulatory roles on CD8+ T cells in the LCMV Clone 

13 infection model. In addition, this validates our screening approach for recovering (Pdcd1) and 

discovering (Ptpn2) regulators of T cell function in vivo. 
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Figure 2.12: Pdcd1 and Ptpn2 are negative regulators of CD8+ T cell responses to LCMV. 
(A) Representative output flow cytometry plots of P14 T cells containing control sgRNA vs. control 
or Pdcd1sgRNAs in the spleen day 8 post LCMV Clone 13 viral infection. (B) Quantification of (A) 
with normalization of the output flow cytometry plots to the input ratios at day 0 and log2 
transformation of the data. (C) Quantification of PD-1 expression on P14 T cells containing control 
sgRNA or Pdcd1 sgRNAs in the spleen day 8 post LCMV Clone 13 viral infection. (D) TIDE assay 
on naive CD8+ T cells containing control sgRNA or Ptpn2 sgRNAs. (E) Cropped western blot of 
splenic CD8+ T cells from control sgRNA or Ptpn2 sgRNA-containing chimeras. (F) 
Representative output flow cytometry plots of P14 T cells containing control sgRNA vs. control or 
Ptpn2 sgRNAs in the spleen day 8 post LCMV Clone 13 viral infection. (G) Quantification of (F) 
with normalization of the output flow cytometry plots to the input ratios at day 0 and log2 
transformation of the data. All experiments (except western blot) had five biological replicate 
animals per group and are representative of two independent experiments. Western blot had two 
pooled mice per group and is representative of three independent experiments. Bar graphs 
represent mean and error bars represent standard deviation. Statistical significance was 
assessed among the replicate recipients of transferred T cells by one-way ANOVA (B, C, G) 
(*p < .05, **p < .01, ***p < .001, ****p < .0001). 
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Discussion 

The discovery of new regulators of immune cell function using functional genomics has been 

limited by the difficulty of genetically perturbing immune cells without extensive ex vivo 

manipulation187. Here we describe CHIME, a chimera-based delivery system that enables rapid 

deletion of candidate genes in both innate (macrophages and dendritic cells) and adaptive (B 

cells, CD4+ or CD8+ T cells) immune populations without perturbing cell states. In vivo analysis of 

gene function in immune populations through ES cell-targeted generation of knockout mice202,203 

is a lengthy process, while activation or cytokine stimulation of T cells to enable transduction167 

results in altered effector T cell differentiation187. Our system improves on available approaches 

by allowing deletion of genes in immune cell lineages in 8 weeks, while maintaining normal 

immune development and function. Thus, we can rapidly analyze genes in immune cells in both 

physiological and disease contexts for the discovery of therapeutic targets. This system also 

enables high throughput screening using pooled sgRNA libraries167,186,204 for the rapid 

identification and prioritization of new therapeutic targets. Our proof-of-concept screen with a 110 

sgRNA library in conjunction with our bandwidth experiments suggest that this system enables 

screening of thousands of genes. In addition, our system expands the classes of immune cell 

lineages that can be screened, allowing efficient editing of macrophages and dendritic cells in 

vivo - two cell populations that are difficult to study in vivo without the use of knockout mice. 

Macrophages in particular have garnered attention as a source of cancer immunotherapy 

targets205, and our system enables discovery of targets that alter macrophage function. Moreover, 

our system expands the scope of phenotypes that can be evaluated by maintaining normal 

differentiation and homeostasis of the immune system. For example, our system makes it possible 

to target genes important for the earliest stages of T cell activation and differentiation, which has 

implications for developing new vaccine strategies. Our results suggest that CHIME is a versatile 
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genetic platform can enable rapid discovery of therapeutic targets in immune cells in a spectrum 

of disease models. 

Materials and Methods 

Mouse breeding and production 

Seven- to ten-week-old female or male mice were used for all experiments and 7- to 14-week-old 

female or male mice were used as donors for bone marrow chimera experiments. WT C57BL/6 

mice were purchased from The Jackson Laboratory. LoxP-STOP-LoxP Cas9 mice 

(B6J.129(B6N)-Gt(ROSA) 26Sortm1(CAG-cas9*,-EGFP)Fezh/J)166 were a generous gift from Dr. 

Feng Zhang, Massachusetts Institute of Technology. These mice were bred to Zp3-Cre mice 

(C57BL/6-Tg(Zp3-cre)1Gwh/J) to delete the loxP-STOP-LoxP in the female germline. The 

resulting Cas9-expressing strain was then bred to OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J) or P14 

(Taconic B6.Cg-Tcratm1Mom Tg(TcrLCMV)327Sdz backcrossed 10 generations to Jackson 

C57BL/6 J) TCR transgenic mice on the CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) congenic 

background. All strains used were backcrossed at least 10 generations to Jackson C57BL/6J. 

Sample size was chosen to ensure the possibility of statistical analysis and to also minimize the 

use of animals. Data exclusion was not used. Age and sex-matched animals were used for each 

experiment. Animals were also co-housed when possible. All attempts to reproduce our findings 

were successful. The LCMV Clone 13 infection and tumor experiments were blinded during data 

collection. All experimental mice were housed in specific pathogen-free conditions and used in 

accordance with the ethical regulations and animal care guidelines pre-approved by the Harvard 

Medical School Standing Committee on Animals and the National Institutes of Health. 

Guide RNA design and cloning 

The sgRNA oligonucleotides were designed using the Broad CRISPR algorithm 206. Off-target 

sites were identified using the Benchling CRISPR design tool which incorporates off-target rules 
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from the MIT CRISPR algorithm207. sgRNAs were cloned into our sgRNA vector using a BsmBI 

restriction digest. This sgRNA vector was created by modifying an existing lentiviral shRNA 

vector187. Briefly, the modified vector contains the human U6 promoter (with Lac operator site) for 

expression of a sgRNA as well as the human PGK promoter for expression of the fluorophore 

Vex. The plasmid and full sequence have been deposited on Addgene (Name: pXPR_053, 

Addgene ID: 113591). 

Bone marrow isolation and chimera setup 

Femurs, tibias, hips, and spines were isolated from CD45.1+ donor mice, crushed, and ACK-lysed. 

LSK (lineage– Sca-1+ c-Kit+) were enriched with a CD117 MACS isolation kit and then sorted to 

purity. The LSK were spin transduced with lentiviral constructs on a Retronectin-coated plate. 

LSK cells were then transferred intravenously into irradiated CD45.2+ recipients. 

Cell lines 

MC38-OVA cells were cultured in DMEM supplemented with 10% FBS, 1% 

penicillin/streptomycin, and 20 µg/ml gentamicin. MC38-OVA cells (gift from Natalie Collins, Dana 

Farber Cancer Institute) were produced by transduction of parental MC38 cells (gift from Dario 

Vignali, University of Pittsburgh) with the lentiviral vector TRC-pLX305 (Broad Institute) containing 

ovalbumin (OVA) protein. MC38-OVA cells were selected for 2 days with 2 µg/mL puromycin prior 

to use. MC38-OVA cells were validated based on expression of a selectable marker and exome 

sequencing. BHK-21 cells (gift from E. John Wherry, University of Pennsylvania) were cultured in 

DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 5% tryptose phosphate 

broth. Vero cells (gift from E. John Wherry, University of Pennsylvania) were cultured in EMEM 

supplemented with 10% FBS, and 1% penicillin/streptomycin. 293x cells (gift from Cigall Kadoch, 

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

penicillin/streptomycin, and 20 µg/ml gentamicin. 293x cells (HEK variant) were used for making 
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lentivirus, which was validated by titering. All cell lines were confirmed to be mycoplasma 

negative. 

In vitro stimulation 

To analyze PD-1 expression by flow cytometry, sorted naïve CD4+ or CD8+ T cells were stimulated 

with 4 µg/mL αCD3/CD28 (BioXCell Cat# BE0001, BE0015) for 72 h. Cells were then stained and 

analyzed by flow cytometry. 

TIDE assay 

The TIDE (Tracking of Indels by DEcomposition) assay190 was performed on isolated naive T 

cells. To do this, DNA was extracted from cells (Qiagen DNeasy kit) and a 500 base pair product 

spanning the sgRNA cut site amplified by PCR. This PCR product was purified (Qiagen PCR 

Purification kit) and analyzed by Sanger sequencing. 

Adoptive T cell transfer 

Spleens were isolated from chimeric mice (>8 week post reconstitution) and naïve CD8+ T cells 

were purified using a naïve CD8+ MACS kit (>95% purity). Cells were stained with lineage-specific 

antibodies (TER-119, B220, and Gr-1) and 7-Aminoactinomycin D (7-AAD) and then sorted 

(Lineage–, 7-AAD–, Vex+ cells). For LCMV studies, cells were transferred (500:500 mix) to 

recipient mice on day -1, and mice were infected with LCMV Clone 13 (as below) on day 0. For 

tumor studies, cells were transferred (1000:1000 mix) to recipient mice on day -1, and mice were 

injected with MC38-OVA (as below) on day 0. 

LCMV production and plaque assay 

LCMV Clone 13 virus was produced by infecting BHK-21 cells with an LCMV Clone 13 virus stock 

at an MOI of 0.03 and harvesting viral supernatants 48 h later. Viral titers were determined by 
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plating diluted viral stocks or serum/tissue samples on Vero cells with an agarose overlay. Four 

days later the Vero cells were stained with neutral red dye, and 14 h later plaques quantified. 

LCMV infection and analysis 

Mice were infected with 4 × 106 PFU LCMV Clone 13 i.v., monitored for weight loss, and bled or 

sacrificed at day 8, 15, or 30 post infection for flow cytometry analyses. For viral titer studies, mice 

were bled at days 8, 15, and 30 post infection. Liver lymphocytes were isolated by dissociation of 

the liver followed by a 40%/60% Percoll gradient. Lung lymphocytes were isolated by dissociation 

of the lung on a gentleMACS Dissociator followed by a 37°C incubation in collagenase for 30 min. 

Lymphocytes were enriched on a 40%/60% Percoll gradient. To deplete CD4+ T cells, mice were 

injected i.p. with 200 µg αCD4 (BioXCell Cat# BE0003-1) on days -1 and 1 (relative to LCMV 

Clone 13 injection on day 0). 

Tumor injection 

Mice were anesthetized with 2.5% 2,2,2-Tribromoethanol (Avertin) and injected in the flank 

subcutaneously with 2 × 106 MC38-OVA tumor cells. Tumors were measured every 2–3 days 

once palpable using a caliper. Tumor volume was determined by the volume formula for an 

ellipsoid: 1/2 × D × d2 where D is the longer diameter, and d is the shorter diameter. Mice were 

sacrificed when tumors reached 2 cm3 or upon ulceration. 

Tumor infiltrating lymphocyte isolation 

Tumors were excised and dissociated using a gentleMACS Dissociator. Tumors were then 

incubated in collagenase for 20 min at 37°C. Lymphocytes were enriched using a 40%/70% 

Percoll gradient. 

Flow cytometry and cell sorting 
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Flow cytometry analyses were performed on a BD LSR II or BD FACSymphony A5 and cell sorting 

was performed on a BD Aria IIu. Antibodies and dyes used include: 7-AAD BD Biosciences Cat# 

559925 (1:100 dilution), Ki67-PerCP-Cy5.5 BD Biosciences Cat# 561284 (1:100 dilution), B220 

Biolegend Cat# 103208, 103326 (1:100 dilution), CD11b Biolegend Cat# 101208, 101216 (1:100 

dilution), CD11c Biolegend Cat# 117307, 117328 (1:100 dilution), CD127 Biolegend Cat# 135014, 

135024 (1:100 dilution), CD19 Biolegend Cat# 115533 (1:100 dilution), CD20 Biolegend Cat# 

150412 (1:100 dilution), CD25 Biolegend Cat# 101904 (1:100 dilution), CD3ε Biolegend Cat# 

100220, 100308, 100336 (1:100 dilution), CD4 Biolegend Cat# 100516, 100531, 100543 (1:100 

dilution), CD44 Biolegend Cat# 103008, 103028, 103030 (1:100 dilution), CD45.1 Biolegend Cat# 

110708, 110716 (1:100 dilution), CD45.2 Biolegend Cat# 109824, 109832 (1:100 dilution), CD49b 

Biolegend Cat# 108909 (1:100 dilution), CD5 Biolegend Cat# 100608 (1:100 dilution), CD62L 

Biolegend Cat# 104417 (1:100 dilution), CD64 Biolegend Cat# 139303 (1:100 dilution), CD69 

Biolegend Cat# 104513 (1:100 dilution), CD8α Biolegend Cat# 100737 (1:100 dilution), CD8β 

Biolegend Cat# 126606, 126608, 126610, 126620 (1:100 dilution), c-Kit Biolegend Cat# 135108 

(1:100 dilution), F4/80 Biolegend Cat# 123116 (1:100 dilution), Gr-1 Biolegend Cat# 108408 

(1:100 dilution), Granzyme B Biolegend Cat# 515403 (1:100 dilution), NK1.1 Biolegend Cat# 

108708, 108732 (1:100 dilution), PD-1 Biolegend Cat# 135206, 135209 (1:100 dilution), Sca-1 

Biolegend Cat# 108108, 108128 (1:100 dilution), TCR Vα2 Biolegend Cat# 127814 (1:100 

dilution), TCR Vβ5 BD Biosciences Cat# 562087 (1:100 dilution), Ter-119 Biolegend Cat# 116208 

(1:100 dilution), Tim-3 Biolegend Cat# 119703, 119723 (1:100 dilution), TruStain fcX Biolegend 

Cat# 101320 (1:50 dilution), Rat IgG2a κ Isotype Biolegend Cat# 400508 (1:100 dilution), Rat 

IgG2b κ Isotype Biolegend Cat# 400612 (1:100 dilution), and Near-IR Fixable Live/Dead Thermo 

Fisher Scientific Cat# L34976 (1:500 dilution). GP33–41 tetramer was obtained from the NIH 

Tetramer Core Facility and used at a 1:400 dilution. Cross-linking and depleting antibodies (CD3ε, 

CD28, CD4) were purchased from BioXCell. 
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Western blotting 

Spleen and lymph nodes (cervical, axillary, inguinal) were isolated from control or Ptpn2-2 

sgRNA-containing chimeric mice. Spleen and lymph node were pooled and CD8+ T cells were 

enriched using CD8α microbeads. The spleen and lymph node samples were then sorted for 

CD8β+ Vex+. Whole cell lysates were generated using a mixture of Pierce RIPA buffer and 

protease/phosphatase inhibitor at a final concentration of 1 mg/mL. Protein concentration was 

measured with a BCA protein assay kit. Subsequently, 30 µg of protein was run on a NuPage 4–

12% bis-tris protein gel and then transferred to a nitrocellulose membrane. The membrane was 

incubated overnight in Odyssey blocking buffer followed by staining with anti-TC-PTP (C term) 

mouse monoclonal IgG antibody (Medimabs Cat# MM-0019)208 and anti-β actin rabbit polyclonal 

IgG antibody (Abcam Cat# ab8227) at a 1:1000 dilution for 1 h at room temperature. The 

membrane was washed with TBS-T and then incubated with secondary antibodies IRDye 680RD 

Goat anti-Mouse IgG (LI-COR Biosciences Cat# 925-68070) and RDye 800CW Donkey anti-

Rabbit IgG (H + L) (LI-COR Biosciences Cat# 925-32213), at a 1:10000 dilution for 1 h at room 

temperature. The membrane was washed and visualized using the Li-Cor Clx Imaging System 

(Li-Cor). Full uncropped blot is available in the source data file. 

Bandwidth and in vivo screening experiments 

For bandwidth experiments a 20,000 sgRNA library (Brie library from the Genetic Perturbation 

Platform at the Broad Institute) was used to transduce WT OT1+ LSK, and bone marrow chimeras 

were created as described above. Following immune reconstitution, immune subsets were sorted 

based on lineage markers and Vex. DNA was isolated using the Qiagen DNeasy kit, the sgRNA 

region PCR amplified, and sequenced on an Illumina HiSeq to determine sgRNA abundance. 

Recovery of sgRNAs was assessed using a 25 read cutoff. For calculation of the number of 

chimeras needed for recovery of a 5000 sgRNA library we performed a Monte Carlo simulation 
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where we sampled 500 sgRNAs with replacement from a pool of 5000 sgRNAs. We determined 

the number of samplings of 500 sgRNAs it would take to recover >95% of the 5000 sgRNA library 

with a probability of >95%. This simulation was performed 10,000 times and indicated that a library 

of 5000 sgRNAs could theoretically be recovered by pooling 30 chimeras, assuming recovery of 

500 sgRNAs per mouse. For screening experiments, a 110 sgRNA library was created consisting 

of 4 sgRNA/gene (for 21 experimental target genes), 3 sgRNA/gene (for 2 predicted irrelevant 

target genes), and 20 predicted non-targeting control sgRNA (no known target). Experimental 

genes were curated from the literature and consisted of 3 broad classes: TCR/cytokine signaling, 

coinhibitory/costimulatory receptors, and metabolism-associated. P14+ Cas9+ CD45.1+ LSK were 

transduced with this library at an infection rate of 35% and were used to create bone marrow 

chimeras. An infection rate of 35% was chosen based on a Poisson distribution such that the 

majority of our transduced cells were single integrants. Following immune reconstitution, naive 

CD8+ T cells were isolated using a Miltenyi naive CD8 negative selection kit and sorted for Vex+. 

5,000 Vex+ naive CD8+ T cells were transferred to 30 recipient animals (150,000 cells total which 

equates to >1000X coverage of the 110 sgRNA library) that were infected the next day with LCMV 

Clone 13 as described. 1.5 million (500,000 in technical triplicate) of the Vex+ naive CD8+ T cells 

were kept for input sequencing. At 8 days post LCMV infection, spleens were isolated from 

recipient animals and CD8+ T cells enriched with a Miltenyi CD8 positive selection kit followed by 

sorting for CD8+ CD45.1+ CD44+ cells. In addition, 8 days post LCMV infection, lungs were 

isolated from recipient animals and lymphocytes enriched as above followed by sorting for CD8+ 

CD45.1+ CD44+ cells. DNA was isolated using the Qiagen DNeasy kit, the sgRNA region PCR 

amplified, and sequenced on an Illumina HiSeq to determine sgRNA abundance. Enriched or 

depleted genes were ranked using the STARS software206 and associated FDR. Visualization of 

this allowed us to identify a clear gap in the FDR distribution between top depleted/enriched genes 

and the rest of the pooled genes, which we called as potential depleted/enriched hits. For 

visualization of sgRNAs for individual genes, log2 fold changes (spleen/input) were z-scored in 
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MATLAB and individual sgRNAs called out in red on top of the distribution of all other sgRNAs. 

To confirm normal LCMV Clone 13 infection dynamics weight loss was monitored, and kidneys 

were isolated day 8 post LCMV infection for quantification of viral titer as above. 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 7 software. The data were considered 

statistically significant with p values <0.05 by unpaired Student’s t test for comparing two groups, 

one-way ANOVA for single comparisons with groups greater than two, two-way ANOVA for 

repeated measures comparisons or for multiple comparisons within groups, the Pearson R test 

for pooled screen quality control, and the STARS software for evaluating screen hits. 
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Chapter 3: Ptpn2 regulates the generation of exhausted CD8+ T cell 
subpopulations and restrains anti-tumor immunity 
 
This chapter is In Press at Nature Immunology: 
 
LaFleur, M.W., Nguyen, T.H., Coxe, M.A., Miller, B.C., Yates, K.B., Gillis, J.E., Sen, D.R., 
Gaudiano, E.F., Abosy, R.A., Freeman, G.J., Haining, W.N.*, and Sharpe, A.H.* Ptpn2 regulates 
the generation of exhausted CD8+ T cell subpopulations and restrains anti-tumor immunity. 
 
Introduction 

T cell exhaustion is a state of dysfunction observed in CD8+ T cells during chronic viral infection 

and cancer85,127,132,209. During T cell exhaustion, CD8+ T cells progressively lose functional 

capabilities such as cytokine production and cytotoxicity, as well as proliferative capacity in 

response to chronic viral infections95,115. At early time points during the progression to T cell 

exhaustion, these T cells have reduced functional capacity compared to effector CD8+ T cells98, 

yet still have the potential to form memory cells if removed from chronic antigen stimulation102. 

The program of exhaustion is initiated during chronic antigen stimulation210,211 and likely evolved 

as a mechanism to prevent excessive immunopathology during chronic antigenic insults212. 

Exhausted CD8+ T cells have distinct transcriptional and epigenetic profiles, indicating that 

exhaustion is a result of a unique differentiation program99,101. PD-1 pathway blockade induces 

an increase in the functionality of exhausted CD8+ T cells, but does not change the epigenetic 

landscape associated with this state, and as a result, the enhanced functionality is only 

transient120. 

 

There are at least two subpopulations of exhausted CD8+ T cells, each with distinct functional 

properties and roles during responses to chronic infections. The progenitor population of 

exhausted cells, defined as PD-1int 122, CXCR5+ 123,124, or Slamf6+ 127, possesses enhanced 

proliferative capacity, polyfunctional cytokine production, and serves as a reservoir of cells for the 

terminally exhausted population. The terminally exhausted population is defined as PD-1hi 122 or 
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Tim-3+ 123,124 and is the major cytotoxic population with high expression of Granzyme B, albeit 

having reduced proliferative capacity, longevity, and polyfunctional cytokine production. During 

responses to PD-1 checkpoint blockade, the progenitor population specifically expands and gives 

rise to the terminally exhausted subset123. These subsets have been found in murine and human 

tumors127,129,138–143, and an increased baseline ratio of progenitor exhausted to terminally 

exhausted cells is correlated with responsiveness to checkpoint blockade in melanoma 

patients140. 

  

Given the relationship between the exhausted subsets and responses to checkpoint blockade, 

there is great interest in finding ways to regulate their formation and longevity. The transcription 

factors Eomes, Id2, and Runx3122,124,128 promote the formation of the terminally exhausted 

subpopulation, while Tbet, Tcf7, and Bcl6 enhance the formation of the progenitor exhausted 

subpopulation122,123,129. Moreover, although terminally exhausted cells derive from progenitor 

exhausted cells, there is no evidence to suggest that terminally exhausted cells can revert back 

to the progenitor subset123,124. TCR stimulation, as well as IL-2, IL-21, IL-12, and type 1 interferon 

(IFN-I) also promote formation of the terminally exhausted subset in lymphocytic choriomeningitis 

virus (LCMV) infection129–131. Given their distinct functionalities and responses to anti-PD-1, there 

is an urgent need to identify therapeutic targets that regulate the balance and functionality of these 

exhausted subpopulations in chronic viral infection and cancer. 

  

Here we identify the phosphatase Ptpn2 as a regulator of the generation of the Tim-3+ 

subpopulation in response to LCMV Clone 13 viral infection and tumors. Loss of Ptpn2 is 

associated with enhanced IFN-α cytokine signaling and increases the number of Tim-3+ cytotoxic 

CD8+ T cells at an early time point during LCMV Clone 13 infection without altering the numbers 

of Slamf6+ cells. Furthermore, Ptpn2 deletion promotes formation of the Tim-3+ subset and 

increases cytotoxic CD8+ T cell responses in both the MC38 colorectal and B16 melanoma cancer 
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models. This increase in cytotoxicity is accompanied by complete clearance of immunogenic 

MC38 tumors and improved PD-1 checkpoint blockade responses to less immunogenic B16 

tumors. Our data demonstrate that increasing the number of Tim-3+ cytotoxic CD8+ T cells can 

promote effective tumor immunity and provides rationale for Ptpn2 as a cancer immunotherapy 

target. 

 

Results 

Loss of Ptpn2 promotes the early expansion of CD8+ T cells during LCMV Clone 13 

infection 

We recently conducted a pooled in vivo loss-of-function screen, and identified Ptpn2 as a 

candidate regulator of CD8+ T cell responses213. To examine the role of Ptpn2 in LCMV Clone 13 

viral infection, we created bone marrow chimeras using CHIME (CHimeric IMmune Editing) – a 

chimera-based CRISPR-Cas9 delivery method (Figure 3.1A)213 to delete Ptpn2 in hematopoietic 

cells from P14 TCR transgenic mice (specific for the LCMV CD8 epitope GP33-41). We first 

confirmed efficient deletion (~80%) of Ptpn2 in naive P14 CD8+ T cells using the TIDE assay190 

(Figure 3.1B). To evaluate cell-intrinsic functions of Ptpn2 in CD8+ T cells, we co-transferred a 1:1 

ratio of congenically marked-naive P14 TCR transgenic Ptpn2 sgRNA-containing (Ptpn2-deleted) 

and control sgRNA-containing (control) CD8+ T cells to WT recipient mice and subsequently 

infected these mice with LCMV Clone 13. Given that Ptpn2 deficiency leads to alterations in 

thymocyte maturation and aberrant T cell activation at homeostasis200, we transferred only naive 

CD44– CD62L+ cells prior to LCMV infection (Figure 3.1C). These cells did not express effector-

related molecules, such as Granzyme B (Figure 3.1D), or markers of cell proliferation, such as 

Ki-67, and did not incorporate BrdU (Figures 3.1E-F). We analyzed transferred T cell responses 

at multiple time points post LCMV infection and found that there was a significant increase in 

Ptpn2-deleted cells in percentage and number compared with control cells at days 8 and 15 post 

infection, but not day 30 post infection (Figures 3.2A-D). The increased cell numbers at these time 



 44 

points were due, at least in part, to increased active proliferation of Ptpn2-deleted cells as 

evidenced by increased BrdU incorporation at days 8 and 15 post infection (Figure 3.2E). Deletion 

of Ptpn2 also increased the percentage of Granzyme B+ cells at days 8, 15, and 22 post infection 

(Figures 3.2F-G). However, Ptpn2 deletion did not affect polyfunctional cytokine production as the 

percentage of IFNγ+ TNFα+ cells after peptide restimulation in vitro was unchanged (Figure 3.2H). 

Thus, Ptpn2 deletion provides CD8+ T cells with a transient advantage early during LCMV Clone 

13 infection but does not prevent contraction of these CD8+ T cells at later time points. 

 

Figure 3.1: Characterization of CHIME-generated Ptpn2-deleted CD8+ T cells at steady 
state. (A) Schematic of co-transfer experiment during LCMV Clone 13 infections. Chimeric mice 
were generated using the CHIME system. (B) TIDE assay on naïve CD8+ T cells for a control and 
Ptpn2-targeting sgRNA. (C) Representative flow cytometry plots of CD44 and CD62L expression 
on naive control or Ptpn2-deleted P14 CD8+ T cells used in co-transfer experiments. (D-F) 
Representative flow cytometry plots of (D) Granzyme B expression, (E) Ki-67 expression, and (F) 
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(Figure 3.1 continued) BrdU incorporation on naive control or Ptpn2-deleted P14 CD8+ T cells 
used in co-transfer experiments. All experiments had at least four biological replicate animals per 
group and are representative of two independent experiments. Bar graphs represent mean and 
error bars represent standard deviation. (* p<.05, ** p<.01, *** p<.001, **** p<.0001). 
 

 

Figure 3.2: Loss of Ptpn2 promotes the early expansion of CD8+ T cells during LCMV Clone 
13 infection. (A) Gating strategy for analyzing co-transferred CD8+ T cells from the spleen 
following LCMV Clone 13 infection. (B) Representative flow cytometry plot of co-transferred 
control or Ptpn2-deleted P14 T cells in the spleen 8 days post LCMV Clone 13 viral infection. (C-
D) Frequency of CD45.1+ transferred cells (C) and number (D) of control or Ptpn2-deleted P14 T 
cells in the spleen 8, 15, 22, and 30 days post LCMV Clone 13 viral infection. (E) Quantification 
of BrdU incorporation for co-transferred control and Ptpn2-deleted P14 T cells 8, 15, and 30 days 
post LCMV Clone 13 viral infection. (F) Representative flow cytometry plots of Granzyme B 
expression from splenic control or Ptpn2-deleted P14 CD8+ T cells co-transferred at day 8 post 
LCMV Clone 13 infection as in (B). (G) Quantification of (F) days 8, 15, 22, and 30 post LCMV 
Clone 13 viral infection. (H) Quantification of frequency of IFNγ+ TNFα+ CD8+ T cells of co-
transferred control and Ptpn2-deleted P14 T cells on days 8, 15, 22, and 30 days post LCMV 
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(Figure 3.2 continued) Clone 13 viral infection. All experiments had at least three biological 
replicate animals per group and are representative of two independent experiments. Bar graphs 
represent mean and error bars represent standard deviation. Statistical significance was 
assessed by two-sided Student’s paired t-test (C-E, G, H) (* p<.05, ** p<.01, *** p<.001, **** 
p<.0001). 
 

Deletion of Ptpn2 enhances formation of the Tim-3+ subpopulation during LCMV Clone 13 

infection 

The changes in Granzyme B expression prompted us to examine the impact of Ptpn2 deletion on 

the generation of the Slamf6+ and Tim-3+ subpopulations. We found that Ptpn2 deletion increased 

the ratio of Tim-3+ to Slamf6+ cells at days 8, 15, and 22 post infection (Figures 3.3A-B), despite 

transferring only Slamf6+ Tim-3– cells at day 0 (Figure 3.3C). Furthermore, the increase in the 

Tim-3+ to Slamf6+ ratio was driven by a specific increase in the number of Tim-3+ cells following 

Ptpn2 deletion (Figure 3.3D). There was no difference in the number of Slamf6+ cells following 

Ptpn2 deletion (Figure 3.3E). Analysis of the populations using Tim-3 and a distinct marker of the 

Slamf6+ population (CXCR5)123,124,127 gave identical results: Ptpn2 deletion resulted in an increase 

in the percentage of Tim-3+ cells and a decrease in the percentage of CXCR5+ cells compared 

with control cells (Figures 3.4A-B). Similar to analysis with Tim-3 and Slamf6 markers, the 

numbers of CXCR5+ cells were unchanged, while the number of Tim-3+ cells were increased in 

Ptpn2-deleted cells compared with controls (Figure 3.4C). Moreover, following Ptpn2 deletion, we 

observed a significant reduction in expression of two additional markers of progenitor exhausted 

cells, CD127 and TCF7 (Figure 3.4D). To determine if Ptpn2 deletion also altered endogenous T 

cell responses, we infected control or Ptpn2-deleted non-TCR transgenic bone marrow chimeras 

with LCMV Clone 13. We found that Ptpn2 deletion resulted in an increase in the percentage of 

Tim-3+cells and a decrease in the percentage of Slamf6+ cells in the endogenous PD-1+ 

responding T cells compared with control cells (Figure 3.4E). Thus, deletion of Ptpn2 enhances 

formation of the Tim-3+ subset during LCMV Clone 13 infection. 
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Figure 3.3: Deletion of Ptpn2 enhances formation of the Tim-3+ subpopulation during LCMV 
Clone 13 infection. (A) Representative flow cytometry plots of Tim-3 and Slamf6 expression on 
control or Ptpn2-deleted P14 T cells in the spleen 8 days post LCMV Clone 13 viral infection. (B) 
Ratio of Tim-3+/Slamf6+control or Ptpn2-deleted P14 T cells in the spleen 8, 15, 22, and 30 days 
post LCMV Clone 13 viral infection. (C) Representative flow cytometry plots of Tim-3 and Slamf6 
expression on naive control or Ptpn2-deleted P14 CD8+ T cells used in co-transfer experiments. 
(D) Number of Tim-3+control or Ptpn2-deleted P14 T cells in the spleen 8, 15, 22, and 30 days 
post LCMV Clone 13 viral infection. (E) Number of Slamf6+ control or Ptpn2-deleted P14 T cells 
in the spleen 8, 15, 22, and 30 days post LCMV Clone 13 viral infection. All experiments had at 
least three biological replicate animals per group and are representative of two independent 
experiments. Bar graphs represent mean and error bars represent standard deviation. Statistical 
significance was assessed by two-sided Student’s paired t-test (B, D, E) (* p<.05, ** p<.01, *** 
p<.001, **** p<.0001). 
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Figure 3.4: Ptpn2-deletion decreases expression of progenitor exhausted markers. (A) 
Representative flow cytometry plots of Tim-3 and CXCR5 expression on control or Ptpn2-deleted 
P14 T cells in the spleen 8 days post LCMV Clone 13 viral infection. (B) Frequency of Tim-3+ 
CXCR5– and Tim-3– CXCR5+ control or Ptpn2-deleted P14 T cells in the spleen 8 days post LCMV 
Clone 13 viral infection. (C) Number of Tim-3+ CXCR5– and Tim-3– CXCR5+ control or Ptpn2-
deleted P14 T cells in the spleen 8 days post LCMV Clone 13 viral infection. (D) Frequency of 
TCF7 and CD127 expressing control or Ptpn2-deleted P14 T cells in the spleen 8 days post LCMV 
Clone 13 viral infection. (E) Quantification of Tim-3+ Slamf6– and Tim-3– Slamf6+ subsets 8 days 
post LCMV Clone 13 viral infection of non-TCR transgenic control or Ptpn2-deleted bone marrow 
chimeras. Subsets in (E) are pre-gated on PD-1 to identify responding cells and Vex. All 
experiments had at least three biological replicate animals per group and are representative of 
two independent experiments. Bar graphs represent mean and error bars represent standard 
deviation. Statistical significance was assessed by two-sided Student’s paired t-test (B-D) or two-
way ANOVA (E) (ns p>.05, * p<.05, ** p<.01, *** p<.001, **** p<.0001). 
 

To determine if changes in Granzyme B expression and BrdU incorporation (Figures 3.2E, 3.2G) 

were intrinsically changed in the Tim-3+ populations, we compared co-transferred control and 

Ptpn2-deleted cells, and found that there was a minimal increase in Granzyme B expression in 

the Ptpn2-deleted Tim-3+ cells (Figure 3.5A). In addition, we found a nominal increase in BrdU 

incorporation between control and Ptpn2-deleted Tim-3+ cells (Figure 3.5B), indicating an 
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increase in actively proliferating cells. Similarly, we also asked whether the Slamf6+ subpopulation 

contributed to the changes in these functional markers in Ptpn2-deleted cells and found no 

differences in Granzyme B expression in Slamf6+ control or Ptpn2-deleted cells (Figure 3.5C). We 

also found no difference in BrdU incorporation between Slamf6+ control and Ptpn2-deleted cells, 

indicating a similar frequency of actively proliferating cells (Figure 3.5D). These findings 

demonstrate that deletion of Ptpn2 leads to a specific increase in the generation of the Tim-3+ 

subpopulation, while preserving the number of Slamf6+cells, and that this altered ratio of Tim-3+ 

to Slamf6+ cells is primarily responsible for the observed increase in Granzyme B expression and 

BrdU incorporation. 
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Figure 3.5: Ptpn2-deletion does not significantly change functional marker expression 
within the Tim-3+ and Slamf6+ subpopulations. (A) Quantification of Granzyme B expression 
for Tim-3+ control or Ptpn2-deleted P14 T cells in the spleen 8, 15, 22, and 30 days post LCMV 
Clone 13 viral infection. (B) Quantification of BrdU incorporation for Tim-3+ control or Ptpn2-
deleted P14 T cells in the spleen 8, 15, 22, and 30 days post LCMV Clone 13 viral infection. (C) 
Quantification of Granzyme B expression for Slamf6+ control or Ptpn2-deleted P14 T cells in the 
spleen 8, 15, 22, and 30 days post LCMV Clone 13 viral infection. (D) Quantification of BrdU 
incorporation for Slamf6+ control or Ptpn2-deleted P14 T cells in the spleen 8, 15, 22, and 30 days 
post LCMV Clone 13 viral infection. All experiments had at least three biological replicate animals 
per group and are representative of two independent experiments. Bar graphs represent mean 
and error bars represent standard deviation. Statistical significance was assessed by two-sided 
Student’s paired t-test (A-D) (ns p>.05, * p<.05, ** p<.01, *** p<.001, **** p<.0001). 
  

Ptpn2 deletion promotes effector-skewed Slamf6+ and Tim-3+ subpopulations during LCMV 

infection 



 51 

We next investigated how Ptpn2 influenced cell fates as they differentiate into exhausted cells by 

performing single-cell RNA-seq on control and Ptpn2-deleted CD8+ T cells day 30 post infection, 

as the canonical features of exhaustion are present at this time point95,101. Unsupervised clustering 

of the cells revealed 6 subpopulations, which we identified by marker gene expression and 

previously-defined signature enrichment (Figures 3.6A-C). We recapitulated the previously 

described terminally exhausted, progenitor exhausted, proliferating, and effector-like 

populations127, marked by characteristic expression of genes such as Gzma and Cd244 

(terminally exhausted), Slamf6 and Tcf7 (progenitor exhausted), Cx3cr1 and Klre1 (effector-like), 

and Stmn1 and Mki67 (proliferating) (Figure 3.6D). In addition, we identified a novel subpopulation 

that was driven by IFN-sensing genes (i.e. Ifit1 and Isg20) and enriched for the Hallmark IFN-α 

signature (Figures 3.6B-D). Of note, this IFN-sensing cluster contained both progenitor exhausted 

and terminally exhausted cells, suggesting that this is not a novel differentiation state but instead 

represented cells that were actively sensing IFN-α in their local microenvironment. Further 

analysis of the distribution of the control or Ptpn2-deleted cells across the clusters revealed a 

significant skewing of the control cells into the progenitor exhausted cluster and the Ptpn2-deleted 

cells into the effector-like, proliferating, and terminally exhausted clusters (Figures 3.6E-F), 

consistent with our flow cytometry data (Figure 3.6G). In addition to the significant population 

changes, we noted that within a subpopulation the Ptpn2-deleted cells or control CD8+ T cells 

tended to cluster together (Figure 3.7A). By performing differential expression analysis between 

Ptpn2-deleted and control cells within the progenitor and terminally exhausted clusters, we 

noticed that the Ptpn2-deleted cells had increased expression of genes associated with terminally 

exhausted or effector cells such as Gzma, Cd160, Ccl4, and Ccl5 (adjusted p-values < 0.005). 

Signature analysis revealed enrichment of effector-related gene signatures, such as mTORC1 

signaling and effector vs. memory profiles, in the Ptpn2-deleted cells in both progenitor and 

terminally exhausted clusters (Figures 3.7B-C). Thus, at day 30 post LCMV infection, Ptpn2-
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deleted progenitor and terminally exhausted cells have increased transcription of effector-related 

genes. 
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(Figure 3.6 continued): Ptpn2 deletion leads to an effector-skewed immune response 
during LCMV Clone 13 infection. (A) tSNE projection of single-cell RNA-seq profiles from 7,027 
control or Ptpn2-deleted P14+ CD8+ T cells responding to day 30 LCMV Clone 13 infection. 
Clusters are distinct colors. (B) Enrichment of gene signatures in the clusters. (C) Heat map of 
the tSNE clusters in (A) with representative genes highlighted. (D) Expression of indicated genes 
in individual cells overlaid on the defined clusters. (E) Plots depicting the inter-cluster density for 
control or Ptpn2-deleted cells. (F) Quantification of the proportion of control or Ptpn2-deleted cells 
in each cluster. Error bars represent the 95% confidence interval. (G) Quantification of Slamf6 
and Tim-3 expression assessed by flow cytometry on co-transferred control and Ptpn2-deleted 
cells analyzed by single-cell RNA-seq. All experiments had at least four biological replicate 
animals per group and are representative of one experiment. Statistical significance was 
assessed by the Wilcoxon rank sum test (B), binomial test (F), and two-sided Student’s paired t-
test (G) (* p<.05, ** p<.01, *** p<.001, **** p<.0001). 
 

 

 

Figure 3.7: Ptpn2 deletion promotes effector-skewed Slamf6+ and Tim-3+ subpopulations 
during LCMV infection. (A) Plots depicting the intra-cluster density for control or Ptpn2-deleted 
cells. (B-C) Signature enrichments of co-transferred control and Ptpn2-deleted cells from the (B) 
progenitor or (C) terminally exhausted clusters. All experiments had at least four biological 
replicate animals per group and are representative of one experiment. Statistical significance was 
assessed by the Wilcoxon rank sum test (B-C) (* p<.05, ** p<.01, *** p<.001, **** p<.0001). 
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Given the late changes in progenitor and terminally exhausted cells, we asked whether Ptpn2 

deletion impacted the cell states of Slamf6+ and Tim-3+ subpopulations at an earlier time point 

post LCMV infection. We performed RNA-seq on co-transferred Ptpn2-deleted or control CD8+ T 

cells 8 days post LCMV Clone 13 infection. Principal component projections of these cells 

revealed that the Slamf6+ and Tim-3+ subpopulations clustered together regardless of Ptpn2 

deletion (Figure 3.8A). Moreover, GSEA analysis revealed that both control and Ptpn2-deleted 

Slamf6+ cells were significantly enriched for the LCMV Slamf6 vs. Tim-3 Up signature 127 (Figure 

3.8B). Likewise, the control and Ptpn2-deleted Tim-3+ cells were significantly enriched for the 

LCMV Slamf6 vs. Tim-3 Down signature127 (Figure 3.8B). Consistent with this, using ATAC-seq214 

we demonstrated that Ptpn2 deletion had almost no effect on the epigenetic state of either the 

Slamf6+ or Tim-3+ populations (<0.25% of open chromatin regions differentially expressed) 8 days 

post LCMV infection (Figure 3.8C). Both control and Ptpn2-deleted CD8+ T cells still showed 

characteristic differences between the Slamf6+ and Tim-3+ populations (Figure 3.8D). In addition, 

both control and Ptpn2-deleted cells showed chromatin accessible regions at the Tox (Figure 

3.8E) locus characteristic of T cell exhaustion101, indicating the cells were differentiating into the 

exhausted subpopulations. Thus, Ptpn2 deletion did not change the fundamental epigenetic or 

transcriptional states of the Tim-3+ and Slamf6+ subpopulations at early stages of infection. 
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Figure 3.8: Ptpn2 deletion does not change the overall states of exhausted subpopulations. 
(A) Principal components analysis of transcriptional profiles of co-transferred control and Ptpn2-
deleted cells day 8 post LCMV Clone 13 infection. (B) Representative GSEA curves for bulk RNA-
seq of control and Ptpn2-deleted co-transferred cells day 8 post LCMV Clone 13 infection. LCMV 
Slamf6 vs. Tim-3 Up top 50 and LCMV Slamf6 vs. Tim-3 Down top 50 signatures are depicted. 
(C) Venn diagrams of ATAC-seq peak overlaps of Tim-3+ and Slamf6+ co-transferred control and 
Ptpn2-deleted cells day 8 post LCMV Clone 13 infection. (D-E) Representative ATAC-seq tracks 
for (D) Tcf7and (E) Tox for Tim-3+ and Slamf6+ populations in co-transferred control and Ptpn2-
deleted cells day 8 post LCMV Clone 13 infection. For comparison green depicts ATAC-seq tracks 
from CD8+ T cells day 30 post LCMV Armstrong infection 101. All experiments had at least two 
biological replicate animals per group and are representative of one experiment. Statistical 
significance was assessed by hypergeometric test (B-C) (* p<.05, ** p<.01, *** p<.001, **** 
p<.0001). 
  

Although the general states of the Slamf6+ and Tim-3+ cells were maintained at day 8, we next 

examined if Ptpn2 deletion led to transcriptional changes within these subpopulations. GSEA 

analysis of the Slamf6+ Ptpn2-deleted cells compared with control cells revealed an enrichment 

for effector-related gene signatures, including several that were also enriched at the day 30 time 

point (Figure 3.9A). In addition, Tim-3+ Ptpn2-deleted cells were also enriched for effector-related 

gene signatures compared with control cells (Figure 3.9B). Consistent with this, within both the 
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Slamf6+ and Tim-3+ subpopulations, Ptpn2-deleted cells had increased expression of effector-

related genes, pertaining to cytotoxicity (Gzmk, Lamp2, Serpina3g) and proliferation (Stmn1, Tk1, 

Tpi1), compared with control cells (Figures 3.9C-D). These findings indicate that while Ptpn2 

deletion does not fundamentally change the Slamf6+and Tim-3+ subpopulations, it does lead to 

increases in Tim-3+ cell numbers and robustly increases effector-related genes both early and 

late post LCMV infection. 

  

Given the increase in effector-like profiles in the Ptpn2-deleted cells, we next asked whether 

Ptpn2-deleted CD8+ T cells also possessed enhanced killing capacity by performing an in vitro 

cytotoxicity assay. We found that consistent with the RNA-seq data, Ptpn2-deleted CD8+ T cells 

had increased cytotoxic potential (Figure 3.9E). We next examined if this increased killing was 

due to an increase in the number of cytotoxic Tim-3+ cells in the Ptpn2-deleted population or an 

intrinsic change within the Tim-3+ cells. To determine this, we performed a similar killing assay 

using Tim-3+ control or Ptpn2-deleted cells and found that the Ptpn2-deleted Tim-3+ cells also had 

increased killing of target cells (Figure 3.9F). Overall, these findings validate the observed 

enrichment in cytotoxic genes seen by RNA-seq and demonstrate that deletion of Ptpn2 improves 

the cytotoxic function of CD8+ T cells. 
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Figure 3.9: Ptpn2 deletion increases cytotoxicity of CD8+ T cells during LCMV infection. (A-
B) GSEA curves for significantly enriched signatures in (A) Slamf6+ cells and (B) Tim-3+ cells for 
bulk RNA-seq of co-transferred control and Ptpn2-deleted cells day 8 post LCMV Clone 13 
infection. (C-D) Row-normalized heat map of effector-associated genes in (C) Slamf6+ cells and 
(D) Tim-3+ cells for bulk RNA-seq of co-transferred control and Ptpn2-deleted cells day 8 post 
LCMV Clone 13 infection. (E) Quantification of frequency of tumor cells killed when co-cultured 
with control or Ptpn2-deleted CD8+ T cells (2:1 effector: target ratio) isolated from day 8 LCMV 
infection. (F) Quantification of frequency of tumor cells killed when co-cultured with Tim-3+control 
or Tim-3+ Ptpn2-deleted CD8+ T cells (2:1 effector: target ratio) isolated from day 8 LCMV Clone 
13 infection. All experiments had at least four biological replicate animals per group and are 
representative of one experiment (except K-L which are representative of two independent 
experiments). Statistical significance was assessed by Kolmogorov-Smirnov test (A-B) or two-
sided Student’s paired t-test (E-F) (* p<.05, ** p<.01, *** p<.001, **** p<.0001). 
 

Ptpn2 deletion increases Tim-3+ cell differentiation and proliferation 

The increase in Tim-3+ cell numbers at day 8 post LCMV infection, coupled with the enhanced 

effector-related gene signatures, led us to ask whether Ptpn2 was impacting the differentiation of 

these subpopulations. To examine this, we co-transferred Slamf6+ Tim-3– control and Ptpn2-
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deleted naive P14 CD8+ T cells into recipient mice, infected the recipients with LCMV Clone 13, 

and analyzed competitive frequencies at day 4 post infection. As expected, Ptpn2-deleted CD8+ 

T cells had a significant competitive advantage over control cells at this early time point (Figure 

3.10A). Furthermore, Ptpn2-deleted cells, but not control cells, had already begun to differentiate 

into Tim-3+ cells (Figure 3.10B). Ptpn2 deletion resulted in a decrease in the percentage of 

Slamf6+ Tim-3– cells and an increase in the percentage of Slamf6+ Tim-3+ cells and Slamf6– Tim-

3+ cells (Figure 3.10C), as well as an increase in Granzyme B expression (Figure 3.10D). Thus, 

Ptpn2 deletion results in an increase in Tim-3+ cells at an early time point post infection. 
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(Figure 3.10 continued): Ptpn2 deletion increases Tim-3+ cell differentiation. (A) 
Quantification of frequencies of co-transferred control or Ptpn2-deleted CD8+ T cells day 4 post 
LCMV Clone 13 infection. Frequencies at day 4 were normalized to input frequencies at day 0. 
(B) Representative flow cytometry plots of Slamf6 and Tim-3 expression on splenic CD8+ T cells 
day 4 post LCMV Clone 13 infection for co-transferred control and Ptpn2-deleted cells. (C) 
Quantification of Slamf6+ Tim-3–, Slamf6+ Tim-3+, and Slamf6– Tim-3+ subsets in (B). (D) 
Quantification of Granzyme B expression of cells as in (A). All experiments had at least three 
biological replicate animals per group and are representative of two independent experiments. 
Bar graphs represent mean and error bars represent standard deviation. Statistical significance 
was assessed by two-sided Student’s paired t-test (A, C-D) (* p<.05, ** p<.01, *** p<.001, **** 
p<.0001). 
 

We next asked if the increase in the number and percentage of Tim-3+ cells was due to (1) 

increased conversion from Slamf6+ cells123,124,127, (2) increased proliferative capacity of either 

population, or (3) increased persistence. We tested all three of these possibilities by performing 

co-transfer experiments with control and Ptpn2-deleted naive P14 CD8+ T cells during LCMV 

Clone 13 infection to generate antigen-experienced Slamf6+ and Tim-3+ cells (Figure 3.11A). First, 

to test conversion, we isolated antigen-experienced control or Ptpn2-deleted Slamf6+ cells and 

restimulated them in vitro with signals 1-3 (αCD3, αCD28, and IFN-α)71, as well as IL-2, and found 

that Ptpn2-deleted Slamf6+ cells preferentially formed Slamf6+ Tim-3+ and Slamf6– Tim-3+ subsets 

compared to control cells (Figure 3.11B). Second, to test proliferative capacity, we compared the 

ability of antigen-experienced control and Ptpn2-deleted Slamf6+cells to further divide following 

restimulation with αCD3/CD28 and IL-2. Ptpn2-deleted Slamf6+ cells underwent more rounds of 

division than control Slamf6+ cells (Figures 3.11C-E). Our previous result using BrdU as a readout 

of proliferation showed comparable incorporation between control and Ptpn2-deleted Slamf6+ 

cells, indicating similar active proliferation (Figure 3.5B). Here, the increase in CTV dilution 

signifies enhanced proliferative capacity or an increased rate of proliferation of the Ptpn2-deleted 

Slamf6+ cells compared to control cells. We also compared the proliferative capacity of antigen-

experienced control and Ptpn2-deleted Tim-3+ cells following restimulation with αCD3/CD28 and 

IL-2. Ptpn2-deleted Tim-3+ cells also underwent more rounds of division than control Tim-3+ cells 

(Figures 3.11F-H). Thus, while the Ptpn2-deleted Slamf6+ and Tim-3+ cells have a similar 
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frequency of actively proliferating cells compared with control cells (Figures 3.5B, 3.5D), they 

have the greatest difference in proliferative capacity (Figures 3.11D, 3.11G). 
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(Figure 3.11 continued): Ptpn2 deletion increases Tim-3+ cell proliferation. (A) Schematic of 
in vitro conversion and CTV proliferation assays using co-transferred control or Ptpn2-deleted 
CD8+ T cells at day 8 post LCMV Clone 13 infection. (B) Quantification of Slamf6+ Tim-3–, Slamf6+ 
Tim-3+, and Slamf6– Tim-3+subsets following in vitro stimulation (αCD3/CD28 with IL-2 and IFN-
α) of control or Ptpn2-deleted CD8+ T cells isolated at day 8 post LCMV Clone 13 infection. (C) 
Representative flow cytometry histogram of CTV dilution following restimulation of Slamf6+ control 
or Slamf6+ Ptpn2-deleted cells with αCD3/CD28 and IL-2. Vertical black lines separate peak 
numbers. (D-E) Quantification of (D) frequency of divisions and (E) number of cells per division 
following in vitro stimulation (αCD3/CD28 with IL-2) of CTV-labeled Slamf6+control or 
Slamf6+Ptpn2-deleted CD8+ T cells isolated at day 8 post LCMV Clone 13 infection. (F) 
Representative flow cytometry histogram of CTV dilution following restimulation of Tim-3+ control 
or Tim-3+ Ptpn2-deleted cells with αCD3/CD28 and IL-2. Vertical black lines separate peak 
numbers. (G-H) Quantification of (G) frequency of divisions and (H) number of cells per division 
following in vitro stimulation (αCD3/CD28 with IL-2) of CTV-labeled Tim-3+ control or Tim-3+ 
Ptpn2-deleted CD8+ T cells isolated at day 8 post LCMV Clone 13 infection. All experiments had 
at least three biological replicate animals per group and are representative of two independent 
experiments. Bar graphs represent mean and error bars represent standard deviation. Statistical 
significance was assessed by two-sided Student’s paired t-test (B, D-E, G-H) (* p<.05, ** p<.01, 
*** p<.001, **** p<.0001). 
 

  

Finally, to determine how Ptpn2 deletion affected the persistence of Tim-3+ cells in vivo, we 

generated control or Ptpn2-deleted Tim-3+ cells day 8 post LCMV infection and adoptively 

transferred these antigen-experienced Tim-3+ cells separately into new recipients infected with 

LCMV Clone 13 (Figure 3.12A). We recovered an increased number of Ptpn2-deleted Tim-3+ cells 

compared with control cells in both the spleen and liver, indicating improved proliferation or 

survival of these cells (Figures 3.12B-C). However, we found a slight decrease in survival in the 

recovered Ptpn2-deleted Tim-3+ cells (Figure 3.12D), suggesting that the increased recovery is 

likely due to their proliferative advantage (Figure 3.11G). This is consistent with the known role of 

Ptpn2 in regulating proliferative capacity of naive CD8+ T cells by dephosphorylation of kinases 

downstream of the TCR200. Thus, these findings demonstrate that Ptpn2 deletion affects the 

generation of Tim-3+ cells in multiple ways: by enhancing the conversion of Slamf6+ cells into Tim-

3+ cells and increasing the proliferative capacities of both Slamf6+ and Tim-3+ cells. 
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Figure 3.12: Ptpn2 deletion increases Tim-3+ persistence in vivo. (A) Schematic of in vivo 
persistence assay of Tim-3+ cells. (B-C) Quantification of number of recovered Tim-3+ control or 
Ptpn2-deleted cells in the (B) spleen and (C) liver day 6 post LCMV Clone 13 infection, following 
the transfer of these cells which were previously isolated at day 8 post LCMV Clone 13 infection. 
(D) Frequency of dead cells of transferred Tim-3+control or Tim-3+Ptpn2-deleted cells day 6 post 
LCMV Clone 13 infection as in (B-C). All experiments had ten biological replicate animals per 
group and are representative of pooled data from two independent experiments. Bar graphs 
represent mean and error bars represent standard deviation. Statistical significance was 
assessed by two-sided Student’s unpaired t-test (B-D) (* p<.05, ** p<.01, *** p<.001, **** 
p<.0001). 
 
 
Ptpn2 deletion increases Tim-3+ cell differentiation through enhanced IFN-α signaling 

We next focused on determining the factors driving the increased differentiation of Slamf6+ cells 

into Tim-3+ cells following Ptpn2 deletion. We used an in vitro stimulation assay to evaluate the 

necessity of IL-2 and IFN-α, since these cytokines have important roles in the differentiation of 

the Tim-3+ subpopulation during LCMV Clone 13 viral infection129,130. In addition, these cytokine 
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signaling cascades lead to phosphorylation of STAT5 and STAT1, both known targets of 

Ptpn2215,216. We stimulated control or Ptpn2-deleted naive CD8+ T cells with αCD3/CD28 and IL-

2, IFN-α, both IL-2 and IFN-α, or blocking antibodies to abolish IL-2 and IFN-α signaling. 

Stimulation with IL-2 alone, IFN-α alone, and the combination of IL-2 and IFN-α led to an increase 

the CD25 expression on Ptpn2-deleted cells compared with control cells (Figure 3.13A), indicating 

increased activation of these cells. As shown above with antigen-experienced Slamf6+ cells, 

stimulation of naive Slamf6+ cells with the combination of IL-2 and IFN-α also resulted in a 

decrease in the percentage of Slamf6+ Tim-3– cells and an increase in the percentage of Slamf6+ 

Tim-3+ and Slamf6– Tim-3+ cells in the Ptpn2-deleted cells, compared with control cells (Figures 

3.13B-E). However, the addition of IL-2 or IFN-α separately was unable to recapitulate the marked 

increase of Slamf6–Tim-3+cells observed following treatment with the combination (Figure 3.13E). 

In addition, IL-2 and IFN-α were not sufficient to induce differentiation of Slamf6+ Tim-3– cells into 

Tim-3+ populations in vitro following only αCD3 stimulation, as αCD28 costimulation was also 

required (Figure 3.13F). We next asked whether a soluble factor produced by the Ptpn2-deleted 

cells contributed to the changes in Tim-3+ subset differentiation. We found that Ptpn2-deleted cell 

conditioned supernatant, compared with control cell conditioned supernatant, did not increase the 

percentage of Slamf6+ Tim-3+ or Slamf6– Tim-3+ cells, indicating that a soluble factor produced by 

the Ptpn2-deleted cells is unlikely to be responsible for the changes in Tim-3+differentiation 

(Figure 3.13G). Thus, IL-2, IFN-α, and CD28 are all required for the enhanced generation of Tim-

3+ cells in Ptpn2-deleted CD8+ T cells in our in vitro stimulation assay. 
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Figure 3.13: Increased Tim-3+ cell differentiation following Ptpn2 deletion requires IL-2 and 
IFN-α. (A) Quantification of CD25 MFI on CD8+ CD25+ control or Ptpn2-deleted CD8+ T cells 
following in vitro stimulation (αCD3/CD28) in the presence of indicated cytokines or blocking 
antibodies. (B) Representative flow cytometry plots of Slamf6 and Tim-3 expression on control or 
Ptpn2-deleted CD8+ T cells following in vitro stimulation (αCD3/CD28) in the presence of IL-2 and 
IFN-α. (C-E) Quantification of (C) Slamf6+ Tim-3–, (D) Slamf6+ Tim-3+, and (E) Slamf6– Tim-3+ 
subsets following in vitro stimulation (αCD3/CD28) of control or Ptpn2-deleted naive CD8+ T cells 
in the presence of indicated cytokines or blocking antibodies. (F) Quantification of Slamf6+ Tim-3–
, Slamf6+ Tim-3+, Slamf6–Tim-3+subsets in control or Ptpn2-deleted CD8+ T cells following in vitro 
stimulation (αCD3 without αCD28) in the presence of IL-2 and IFN-α. (G) Quantification of Slamf6+ 
Tim-3+ (left graph) and Slamf6– Tim-3+ (right graph) subsets in control cells following in vitro 
stimulation (αCD3/CD28) in the presence of indicated cytokines or blocking antibodies and 
addition of pre-conditioned supernatant from stimulated control or Ptpn2-deleted CD8+ T cells. All 
experiments had at least two technical replicates per group and are representative of two 
independent experiments. Bar graphs represent mean and error bars represent standard 
deviation. Statistical significance was assessed by one-way ANOVA (A, C-G) (* p<.05, ** p<.01, 
*** p<.001, **** p<.0001). 
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Given the requirement for IFN-α in vitro and the known role for type 1 IFN signaling in the 

regulation of Tim-3+ and Slamf6+ subpopulations129, we next investigated whether Ptpn2-deleted 

CD8+ T cells had differential phosphorylation of STAT1 (pSTAT1) following LCMV Clone 13 viral 

infection. Ex vivo stimulation with IFN-α revealed that Ptpn2-deleted cells had an increased 

percentage and duration of pSTAT1 expression (Figure 3.14A). This increase in pSTAT1 was 

observed in both Slamf6+ and Tim-3+ subsets (Figures 3.14B-C). Control and Ptpn2-deleted CD8+ 

T cells expressed comparable type 1 interferon receptor (IFNAR1) levels indicating that the 

increased pSTAT1 was not due to a difference in receptor expression (Figure 3.14D). 

 

 

Figure 3.14: Ptpn2 deletion increases pSTAT1 signaling. (A) Quantification of pSTAT1 
expression of splenic CD8+ T cells day 6 post LCMV Clone 13 infection for co-transferred control 
and Ptpn2-deleted cells following ex vivo restimulation with IFN-α. (B-C) Quantification of pSTAT1 
in (B) Slamf6+or (C) Tim-3+cells following ex vivo IFN-α restimulation of co-transferred control and 
Ptpn2-deleted cells. (D) Representative histograms of IFNAR1 expression on naive control or 
Ptpn2-deleted CD8+ T cells. All experiments had at least five biological replicate animals per group 
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(Figure 3.14 continued) and are representative of two independent experiments. Bar graphs 
represent mean and error bars represent standard deviation. Statistical significance was 
assessed by two-sided Student’s paired t-test (A-C) (ns p>.05, * p<.05, ** p<.01, *** p<.001, **** 
p<.0001). 
 

We next asked whether IFN-I signaling was required for the in vivo expansion of the Tim-3+ 

subpopulation following Ptpn2 deletion by blocking IFNAR1 early in infection, to abolish IFN-α 

and IFN-β signaling. IFN-I signaling was required for the early expansion seen in Ptpn2-deficient 

cells (Figure 3.15A), as αIFNAR led to a competitive disadvantage for Ptpn2-deficient CD8+ T 

cells. Blockade of IFNAR1 also abolished the increased differentiation of Ptpn2-deleted cells into 

Tim-3+ cells in vivo compared with isotype control (Figure 3.15B). Given Ptpn2 regulates common 

signaling molecules, such as STAT1 and JAK1, between the type 1 and type 2 IFN pathways 

215,216, we also examined whether blockade of IFNγ was required for the increased Tim-3+ subset 

differentiation of Ptpn2-deleted CD8+ T cells during LCMV Clone 13 infection. We found following 

IFNγ blockade, Ptpn2-deleted CD8+ T cells still had significantly increased expansion and 

elevated Slamf6+ to Tim-3+ subset differentiation compared with control cells (Figures 3.15C-D). 

Nevertheless, IFNγ blockade did contribute to a decrease in the percentage of Tim-3+ Ptpn2-

deleted cells compared with isotype treated Ptpn2-deleted cells, indicating a non-essential role in 

the generation of Tim-3+cells (Figure 3.15E). Overall, these findings indicate that type 1 IFN 

signaling plays a crucial role in the differentiation of Ptpn2-deleted cells into Tim-3+ cells. 
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Figure 3.15: Ptpn2 deletion increases Tim-3+ cell differentiation through enhanced IFN-α 
signaling. (A) Quantification of frequencies of co-transferred control and Ptpn2-deleted CD8+ T 
cells day 4 post LCMV Clone 13 infection following treatment with isotype (left graph) or IFNAR 
blocking antibody (right graph). Frequencies at day 4 were normalized to input frequencies at day 
0. (B) Quantification of Slamf6+ Tim-3–, Slamf6+ Tim-3+, and Slamf6– Tim-3+subsets day 4 post 
LCMV Clone 13 infection in mice that received co-transferred control and Ptpn2-deleted P14 
CD8+ T cells and were treated with isotype (left) or IFNAR blocking antibody (right). (C) 
Quantification of frequencies of co-transferred control or Ptpn2-deleted CD8+ T cells day 4 post 
LCMV Clone 13 infection following treatment with isotype (left graph) or IFNγ blocking antibody 
(right graph). Frequencies at day 4 were normalized to input frequencies at day 0. (D) 
Quantification of Slamf6+ Tim-3–, Slamf6+ Tim-3+, and Slamf6– Tim-3+subsets day 4 post LCMV 
Clone 13 infection in mice that received co-transferred control and Ptpn2-deleted P14 CD8+ T 
cells and were treated with isotype (left) or IFNγ neutralizing antibody (right). (E) Quantification of 
Slamf6+ Tim-3–, Slamf6+ Tim-3+, and Slamf6– Tim-3+ subsets in Ptpn2-deleted P14 CD8+ T cells 
day 4 post LCMV Clone 13 infection in mice that received isotype or IFNγ blocking antibody as in 
(C). All experiments had at least three biological replicates and are representative of two       
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(Figure 3.15 continued) independent experiments. Bar graphs represent mean and error bars 
represent standard deviation. Statistical significance was assessed by two-sided Student’s paired 
t-test (A-D) or one-way ANOVA (E) (ns p>.05, * p<.05, ** p<.01, *** p<.001, **** p<.0001). 
 

Loss of Ptpn2 enhances Tim-3+ CD8+ T cell differentiation in tumors 

Given the importance of dysfunctional T cell subpopulations in tumors127,129,138–143, we next asked 

if Ptpn2 also regulates the balance and functions of CD8+ T subpopulations in responses to 

tumors. To interrogate this question, we co-transferred a 1:1 ratio of congenically marked-naive 

OT-1 TCR transgenic (specific for the ovalbumin CD8 epitope OVA257-264) Ptpn2-deleted and 

control CD8+ T cells to WT recipients and subsequently injected these mice with MC38-OVA 

tumors. Consistent with chronic LCMV infection, Ptpn2-deleted OT-1 CD8+ T cells significantly 

outcompeted control CD8+ T cells at day 7 in the tumor (Figures 3.16A-C). Ptpn2 deletion also led 

to an increase in CD25 and a decrease in CD127 expression in transferred CD8+ T cells found in 

the tumor-draining lymph node (Figures 3.16D-E), indicating increased activation of these cells. 

In addition, Ptpn2-deleted cells had an increase in IFNγ+ TNFα– production following peptide 

restimulation in vitro (Figure 3.16F). Consistent with the LCMV model, transcriptional profiling of 

control or Ptpn2-deleted OT-1 CD8+ T cells at day 7 from the same tumor microenvironment 

revealed that Ptpn2-deleted CD8+ T cells were significantly enriched for the tumor infiltrating 

lymphocytes (TIL) Tim-3+ signature, whereas control cells were enriched for the TIL Slamf6+ 

signature (Figure 3.17A)127. In addition, GSEA analysis revealed that Ptpn2-deleted cells were 

significantly enriched for mTORC1 signaling and several other effector-related signatures that 

were also enriched in the Ptpn2-deleted cells in the LCMV model (Figure 3.17B). Consistent with 

this, Ptpn2 deletion increased the percentages of Granzyme B expressing OT-1 CD8+ T cells in 

the tumor, draining lymph node and spleen, compared with control OT-1 CD8+ T cells (Figure 

3.17C). 
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Figure 3.16: Deletion of Ptpn2 increases T cell infiltration into MC38 tumors. (A) Gating 
strategy for analyzing transferred OT-1 CD8+ T cells from the tumor, lymph node, and spleen 
following tumor challenge. (B) Representative flow cytometry plot of control or Ptpn2-deleted OT-
1 T cells in the tumor 7 days post MC38-OVA injection. (C) Quantification of frequencies of co-
transferred control or Ptpn2-deleted CD8+ T cells day 7 post MC38-OVA injection. Frequencies at 
day 7 were normalized to input frequencies at day 0. (D) Quantification of CD25 expression in 
OT-1 CD8+ T cells day 7 post MC38-OVA implantation in the tumor-draining lymph node for 
control and Ptpn2-deleted co-transferred cells. (E) Quantification of CD127 expression in OT-1 
CD8+ T cells day 7 post MC38-OVA implantation in the tumor-draining lymph node for control and 
Ptpn2-deleted co-transferred cells. (F) Quantification of IFNγ and TNFα cytokine expression in 
co-transferred OT-1 CD8+ T cells in tumors on day 7 post MC38-OVA implantation for co-
transferred control and Ptpn2-deleted cells. Experiments had at least four biological replicate 
animals per group and are representative of two independent experiments. Bar graphs represent 
mean and error bars represent standard deviation. Statistical significance was assessed by two-
sided Student’s paired t-test (C-F) (ns p>.05, * p<.05, ** p<.01, *** p<.001, **** p<.0001). 
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Figure 3.17: Ptpn2 deletion increases effector responses in MC38 tumors. (A) GSEA TIL 
Slamf6+vs. Tim-3+Up top 50 and TIL Slamf6+ vs. Tim-3+ Down top 50 signature enrichment for co-
transferred control or Ptpn2-deleted OT-1 T cells in MC38-OVA tumors 7 days post injection. (B) 
GSEA curves for significantly enriched indicated signatures for RNA-seq of co-transferred control 
and Ptpn2-deleted cells day 7 post MC38-OVA injection. (C) Quantification of Granzyme B 
expression in co-transferred OT-1 CD8+ T cells day 7 post MC38-OVA implantation in the tumor, 
draining lymph node, and spleen for control and Ptpn2-deleted co-transferred cells. All 
experiments had at least three biological replicate animals per group and are representative of 
two independent experiments (except A and B which had three pooled mice per group with at 
least two technical replicates and are representative of one experiment). Bar graphs represent 
mean and error bars represent standard deviation. Statistical significance was assessed by 
Kolmogorov-Smirnov test (A-B) or two-way ANOVA (C) (ns p>.05, * p<.05, ** p<.01, *** p<.001, 
**** p<.0001). 
 

To determine the functional effect of the increased effector profile of these cells, we separately 

transferred naive control or Ptpn2-deleted OT-1 CD8+ T cells to recipient mice implanted with 

B16-OVA expressing tumors (Figure 3.18A). We used the B16-OVA tumor model as it does not 

spontaneously regress in WT mice, as compared with the MC38-OVA model217. Ptpn2-deleted 

CD8+ T cells had a significant effect on attenuating tumor growth compared with control T cells 

and led to clearance of 25% of the tumors, whereas none of the mice that received control cells 

had tumor clearance (Figures 3.18B-C). Moreover, we analyzed co-transferred control and Ptpn2-

deleted cells in the B16-OVA model, as in Figure 2.18A, and found that Ptpn2-deleted OT-1 T 

cells had an increased percentage of the Slamf6– Tim-3+ subset compared with control cells in the 

same tumor microenvironment (Figure 3.18D).Thus, concordant with the LCMV Clone 13 model, 
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Ptpn2-deleted CD8+ T cells outcompete control cells in the tumor, have elevated Tim-3 and 

Granzyme B expression, and possess increased effector function. 

 

 

Figure 3.18: Ptpn2-deleted CD8+ T cells attenuate B16 tumor growth. (A) Schematic of 
adoptive transfer of either control or Ptpn2-deleted naive OT-1 CD8+ T cells separately to mice 
challenged with B16-OVA one day post transfer of T cells. (B) Tumor growth curves for B16-OVA 
tumors following transfer of naive OT-1 control or Ptpn2-deleted CD8+ T cells separately into WT 
recipients that were implanted with B16-OVA cells. (C) Survival curves of mice in (B). (D) 
Quantification of Slamf6+ Tim-3–, Slamf6+ Tim-3+, and Slamf6– Tim-3+ subsets day 9 post B16-
OVA implantation in the tumor for co-transferred control and Ptpn2-deleted cells. All experiments 
had at least seven biological replicate animals per group and are representative of two 
independent experiments. Bar graphs represent mean and error bars represent standard 
deviation (except for b where error bars represent standard error).Statistical significance was 
assessed by two-way ANOVA (B), log-rank Mantel-Cox test (C), or two-sided Student’s paired t-
test (D) (ns p>.05, * p<.05, ** p<.01, *** p<.001, **** p<.0001). 
 
Deletion of Ptpn2 enhances CD8+ T cell responses to tumors and checkpoint blockade 

efficacy 
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PTPN2 is ubiquitously expressed in the hematopoietic compartment and has roles in myeloid, T, 

and B cell development and function218. Thus, therapeutic targeting of PTPN2 could potentially 

affect multiple immune cell types. To model this, we next investigated whether Ptpn2 deletion in 

all hematopoietic cells would attenuate tumor growth by implanting MC38 tumors directly into 

chimeras. We created bone marrow chimeras using a control sgRNA or a Ptpn2-targeting sgRNA 

(Figure 3.19A). On average, about 50% of cells in the hematopoietic compartment carried the 

sgRNA, as measured by Vex+ percentage in reconstituted bone marrow chimeras (Figure 3.19B). 

Given Ptpn2 has a role in myeloid and T-regulatory cells219,220, we examined these cell types in 

the blood of Ptpn2-deleted and control chimeras at steady state. We found that the Ptpn2-deleted 

chimeras had similar frequencies of myeloid and T-regulatory subsets in the blood, but had 

elevated MHC-2+ monocytes, compared with controls (Figure 3.19C). In addition, we analyzed 

serum inflammatory cytokines and found that the Ptpn2-deleted chimeras did not have elevated 

inflammatory cytokine levels compared with controls (Figure 3.19D). 
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Figure 3.19: Ptpn2-deleted chimeras do not display systemic inflammation at steady state. 
(A) Schematic for MC38-WT tumor challenge in chimeric mice where approximately 50% of 
immune cells express a control sgRNA or a Ptpn2-targeting sgRNA. (B) Quantification of Vex 
expression in CD45+blood cells from control or Ptpn2-deleted chimeras. (C) Quantification of 
Ly6chi and MHC-2+ myeloid subsets, and Foxp3+ CD4+ T cells in the blood of control or Ptpn2-
deleted chimeras at steady state. Gating of each population is indicated below the population. (D) 
Cytokine bead array analysis of inflammatory cytokines in the serum of control or Ptpn2-deleted 
chimeras at steady state. Nd denotes cytokine not detectable. All experiments had at least seven 
biological replicate animals per group and are representative of two independent experiments. 
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(Figure 3.19 continued) Bar graphs represent mean and error bars represent standard deviation. 
Statistical significance was assessed by two-way ANOVA (C-D) (ns p>.05, * p<.05, ** p<.01, *** 
p<.001, **** p<.0001). 
 

We next evaluated tumor growth in these chimeras and found that deletion of Ptpn2 led to 

complete MC38 tumor clearance in all Ptpn2-deleted chimeric mice, whereas there was 

progressive tumor growth in control chimeras (Figures 3.20A-B).To determine the mechanism 

behind the potent clearance of MC38 tumors in Ptpn2-deleted chimeras, we examined the 

immune infiltrate in size-matched MC38 tumors prior to clearance. There were no differences in 

the absolute numbers of CD4+ T cells, CD8+ T cells, and myeloid cells in the MC38 tumors prior 

to clearance (Figure 3.20C). However, the frequency and number of Slamf6– Tim-3+ CD8+ T cells 

was increased in tumors of Ptpn2-deficient chimeras compared with control chimeras (Figures 

3.20D-E). Consistent with the LCMV model, the number of Slamf6+ Tim-3– CD8+ T cells was 

unchanged in these tumors. Furthermore, the frequency and number of Granzyme B+ CD8+ T cells 

was also increased in tumors of Ptpn2-deficient chimeras compared with control chimeras 

(Figures 3.20F-G). In addition, peripheral blood CD8+ T cells of Ptpn2-deleted chimeras had 

significantly more Granzyme B+ cells, fewer CD127+ cells, more Slamf6– Tim-3+ cells, and an 

increased CD44+ CD62L– effector profile (Figures 3.21A-E). Thus, in both peripheral blood and 

tumors, CD8+ T cells were more activated when the entire hematopoietic system lacked Ptpn2, 

consistent with our prior transfer experiment data. 
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Figure 3.20: Deletion of Ptpn2 induces clearance of MC38 tumors. (A) Tumor growth curves 
for control or Ptpn2-deleted chimeric mice following 1 x 106 cell MC38-WT challenge. (B) Survival 
curves of control or Ptpn2-deleted chimeric mice, from (A), following 1 x 106 cell MC38-WT 
challenge. (C) Quantification of immune infiltrate per gram of tumor in MC38 tumors 9 days post 
implantation in control or Ptpn2-deleted bone marrow chimeras. (D-E) Quantification of (D) 
frequency and (E) number of Slamf6+ Tim-3–, Slamf6+ Tim-3+, and Slamf6– Tim-3+subsets in CD8+ 
T cells infiltrating day 9 MC38 tumors in control or Ptpn2-deleted bone marrow chimeras. 
Quantification of (F) frequency and (G) number of Granzyme B expressing CD8+ T cells infiltrating 
day 9 MC38 tumors implanted in control or Ptpn2-deleted bone marrow chimeras. All experiments 
had at least seven biological replicate animals per group and are representative of two 
independent experiments. Bar graphs represent mean and error bars represent standard 
deviation (except for a where error bars represent standard error). Statistical significance was 
assessed by two-way ANOVA (A, C-E), log-rank Mantel-Cox test (B), or two-sided Student’s 
unpaired t-test (F-G) (ns p>.05, * p<.05, ** p<.01, *** p<.001, **** p<.0001). 
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Figure 3.21: Ptpn2 deletion leads to an elevated systemic cytotoxic CD8+ T cell response. 
Quantification of frequency of (A) Granzyme B+ and (B) CD127+ CD8+ T cells from the blood of 
control or Ptpn2-deleted bone marrow chimeras day 14 post MC38 tumor implantation, pregated 
on CD8β+ Vex+ cells. (C) Quantification of Slamf6+ and Tim-3+ Vex+ CD8+ T cells from the blood of 
control or Ptpn2-deleted chimeras day 12 post MC38 tumor implantation. (D) Representative flow 
cytometry plots of CD44 and CD62L expression from the blood of control or Ptpn2-deleted 
chimeras day 14 after tumor implantation, pregated on CD8β+ Vex+ cells. (E) Quantification of 
CD44– CD62L+, CD44+ CD62L+, and CD44+ CD62L– populations from the blood of control or 
Ptpn2-deleted chimeras day 14 after tumor implantation, pregated on CD8β+ Vex+ cells. All 
experiments had at least five biological replicate animals per group and are representative of two 
independent experiments. Bar graphs represent mean and error bars represent standard 
deviation. Statistical significance was assessed by two-sided Student’s unpaired t-test (A-B) or 
two-way ANOVA (C, E) (ns p>.05, * p<.05, ** p<.01, *** p<.001, **** p<.0001). 
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We next showed that CD8+ T cells are required for clearance of MC38 tumors by depleting CD8+ 

T cells in Ptpn2-deleted chimeric mice (Figure 3.22A). Tumors in CD8+ T cell depleted, Ptpn2-

deleted mice grew progressively while the isotype treated Ptpn2-deleted mice maintained 100% 

clearance of MC38 tumors (Figure 3.22B). Furthermore, Ptpn2-deleted chimeric mice that 

completely eliminated primary tumors could clear a larger secondary challenge of MC38 tumor 

cells following a 60-day rest period post primary tumor clearance, in contrast to progressive tumor 

growth in naive WT mice (Figure 3.22C), demonstrating established functional memory in these 

mice. Depletion of CD8+ T cells during secondary rechallenge also prevented clearance of tumors, 

indicating CD8+ T cells were also required for the secondary clearance (Figure 3.22D). 
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Figure 3.22: Ptpn2 deletion leads to a CD8+ T cell-dependent clearance of primary and 
secondary responses to MC38 tumors. (A) Quantification of CD8+ T cells from the blood of 
control or Ptpn2-deleted chimeras treated with isotype or CD8-depleting antibody day 10 post 
MC38 tumor challenge. (B) Tumor growth curves for control or Ptpn2-deleted mice challenged 
with 1 x 106 MC38-WT tumor cells following treatment with CD8-depleting antibody or isotype 
control. (C) Tumor growth curves for control or Ptpn2-deleted chimeras rechallenged with 5 x 106 
MC38-WT tumor cells following a 60-day rest post primary MC38 tumor clearance. (D) Tumor 
growth curves for control or Ptpn2-deleted chimeras rechallenged with 5 x 106 MC38-WT tumor 
cells following a 60-day rest post primary MC38 tumor clearance and treatment with CD8-
depleting antibody or isotype control. All experiments had at least four biological replicate animals 
per group and are representative of two independent experiments. Bar graphs represent mean 
and error bars represent standard deviation (except B-D which represent standard error). 
Statistical significance was assessed by two-way ANOVA (B-D) (ns p>.05, * p<.05, ** p<.01, *** 
p<.001, **** p<.0001). 
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We next determined whether Ptpn2 deficiency in the immune system could improve PD-1 

checkpoint blockade responses to a more immune-refractory model, B16 melanoma. Treatment 

of B16-challenged Ptpn2-deficient chimeras with PD-1 checkpoint blockade and GVAX resulted 

in attenuated tumor growth and increased survival compared with control chimeras (Figures 

3.23A-B). In addition, 26% of the anti-PD-1 treated Ptpn2-deleted chimeric mice completely 

cleared their tumors, in contrast to progressive tumor growth in all control chimeric mice. This 

enhanced response to B16 melanoma was accompanied by an increase in Granzyme B+ CD8+ T 

cells in peripheral blood (Figure 3.23C). These findings demonstrate that Ptpn2 deficiency in the 

immune system increases the cytotoxic CD8+ T cell response in the tumor and ultimately leads to 

a CD8+ T cell dependent clearance of MC38 tumors and improved PD-1 checkpoint blockade 

responses to B16 tumors. 

 

 

Figure 3.23: Ptpn2 deletion improves responses to PD-1 blockade. (A) Tumor growth curves 
for control or Ptpn2-deleted bone marrow chimeras challenged with 1 x 106 B16 tumor cells treated 
with GVAX (green triangles) on days 1, 4 and αPD-1 (black triangles) on days 12, 14, 16, 18, 20, 
22, 24, and 26. (B) Survival curves of mice in (A). (C) Quantification of frequency of Granzyme 
B+ CD8+ T cells from the blood of chimeras in (A) day 14 post B16 tumor implantation, pregated 
on CD8β+ Vex+ cells. All experiments had at least five biological replicate animals per group and 
are representative of two independent experiments. Bar graphs represent mean and error bars 
represent standard deviation (except A which represent standard error). Statistical significance 
was assessed by two-way ANOVA (A), log-rank Mantel-Cox test (B), or by two-sided Student’s 
unpaired t-test (C) (ns p>.05, * p<.05, ** p<.01, *** p<.001, **** p<.0001). 
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Figure 3.24: Proposed model for how Ptpn2 regulates exhausted T cell subpopulations 

 

Discussion 

The mechanisms that govern the generation and balance of the terminally exhausted and 

progenitor exhausted CD8+ T cell subpopulations in chronic infection and cancer remain unknown. 

Here we demonstrate that deletion of Ptpn2 in CD8+ T cells enhances anti-tumor immunity by 

increasing the formation of the Tim-3+ subset. We find at early and late time points that Ptpn2 

deletion promotes effector-related gene expression in both the progenitor (Slamf6+) and terminally 

exhausted (Tim-3+) subsets. Deletion of Ptpn2 also promotes IFN-α signaling, which accelerates 

Tim-3+ cell differentiation at an early time point. Furthermore, deletion of Ptpn2 in the immune 

system leads to complete clearance of immunogenic MC38 tumors and improves PD-1 

checkpoint blockade responses to less immunogenic B16 tumors. Overall, these findings improve 

our understanding of cytotoxic Tim-3+ cell differentiation and highlight a key role for the Tim-3+ 

subpopulation during anti-tumor immune responses. 
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Our work implicates Ptpn2 as a new regulator of the balance between the Tim-3+ and Slamf6+ 

subpopulations. Ptpn2 has a crucial effect on this balance primarily at early time points during 

LCMV Clone 13 infection, where the Tim-3+ and Slamf6+ subpopulations are differentiating from 

early effector cells into exhausted cells. Ptpn2 has a multitude of targets to dephosphorylate within 

the TCR, IL-2, IL-7, and IFN signaling cascades200,221. Here we show that Ptpn2 deletion leads to 

enhanced IFN-I signaling, as evidenced by the increase in STAT1 phosphorylation following ex 

vivo stimulation with IFN-α. We further demonstrate that IFN-I signaling is required for the early 

competitive advantage seen in Ptpn2-deleted CD8+ T cells, as well as the enhanced early 

differentiation of Slamf6+ Tim-3–cells into Slamf6+ Tim-3+ and Slamf6– Tim-3+ cells. These findings 

are consistent with IFN-I signaling attenuating the TCF1-Bcl6 axis during LCMV viral infection, 

resulting in an increase in the percentage of Tim-3+ cells129, and highlight a crucial role for IFN-I 

signaling early in the differentiation of terminally exhausted cells. We also find a non-essential 

role for IFN-II signaling in promoting the differentiation of Tim-3+ cells in Ptpn2-deleted CD8+ T 

cells, consistent with its shared signaling pathway members as IFN-I. Additional studies will be 

needed to determine if IFNγ has a direct role on CD8+ T cells or an indirect role on MHC-I 

expression in the host. Moreover, we find an essential role for IL-2 in our in vitro differentiation 

assay where it likely works in conjunction with IFN-α to support proliferation222. This is consistent 

with a requirement for proliferation of CXCR5+ progenitor cells to differentiate into Tim-3+ 

terminally exhausted cells at later time points during LCMV Clone 13 infection123. Further studies 

of the effects of Ptpn2 deletion in CD8+ T cells could help determine the relevant phosphorylation 

targets that control the maintenance and function of the terminally exhausted and progenitor 

exhausted subpopulations at later time points223. Overall, these findings help to further elucidate 

the molecular mechanisms controlling CD8+ T cell fate decisions into progenitor or terminally 

exhausted subpopulations in response to LCMV viral infection. 
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Currently, it is believed that an increase in the progenitor exhausted subpopulation promotes the 

efficacy of PD-1 blockade in chronic infection and cancer123,124,127,140. However, the Tim-3+ 

subpopulation is the primary cytotoxic population122,127, and thus also plays an important role in 

immune responses. Thus, it is likely that both progenitor exhausted and terminally exhausted cells 

are required for an effective immune response that balances cytotoxic potential and longevity. 

Our work represents a novel scenario where Ptpn2 deletion causes an early increase in the 

cytotoxic Tim-3+subpopulation without altering the number of progenitor Slamf6+ CD8+ T cells. 

This occurs because: (1) Ptpn2-deleted Slamf6+ cells have increased conversion into Tim-3+cells, 

(2) Ptpn2-deleted Slamf6+ cells have increased proliferative capacity and thus can replenish the 

Slamf6+ cell pool, and (3) Ptpn2-deleted Tim-3+ cells have increased proliferative capacity, which 

further expands their numbers. This early increase in the number of cytotoxic cells and their 

inherent cytotoxic potential results in clearance of MC38 tumors and improved responses of B16 

tumors to PD-1 blockade. These findings can be reconciled with data showing that an increase in 

the progenitor subpopulation improves checkpoint blockade responses by considering that 

following PD-1 blockade, the progenitor exhausted subpopulation expands and converts into 

terminally exhausted cytotoxic Tim-3+ cells123,124,127. These findings suggest that both the 

progenitor and terminally exhausted subpopulations can promote anti-tumor immunity and that 

Ptpn2 deletion leads to improved tumor immunity through an increase in Tim-3+cytotoxic cells 

without depleting the progenitor subpopulation, which is required for long-term tumor control 

(Figure 3.24). 

  

Finally, this work supports the development of Ptpn2 inhibitors for cancer immunotherapy and the 

deletion of PTPN2 in CAR T cell-based therapies. Our work demonstrates that Ptpn2 has a cell-

intrinsic role in CD8+ T cells in tumors, limiting their accumulation and expression of Granzyme B. 

Transcriptional profiling of Ptpn2-deleted and Ptpn2-expressing CD8+ T cells in tumors reveals 

that deletion of Ptpn2 in CD8+ T cells results in increased terminally exhausted and effector-
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related signatures, consistent with the increased expansion of Tim-3+CD8+ T cells during chronic 

LCMV infection and Ptpn2 deficient CD8+ T cell responses in the RIP-mOVA model of diabetes201. 

Moreover, adoptive transfer of Ptpn2-deleted CD8+ T cells potently attenuates the growth of B16-

OVA tumors, demonstrating that the increase in Tim-3+cells following Ptpn2 deletion has a 

therapeutic benefit on tumor immunity. Furthermore, deletion of Ptpn2in the whole hematopoietic 

compartment leads to a CD8+ T cell-dependent complete clearance of MC38 tumors, 

accompanied by a significantly elevated systemic cytotoxic CD8+ T cell response, which could be 

beneficial for enhancing immunity to disseminated metastatic disease224,225. Ptpn2 deletion in the 

immune system also improves PD-1 checkpoint blockade responses to B16 tumors, indicating its 

potential use as a combination therapy with PD-1 blockade. 

  

Ptpn2 is a particularly attractive cancer immunotherapy target given its established tumor-intrinsic 

role in restraining anti-tumor immunity204. Inhibition of Ptpn2 in a tumor-bearing host would 

enhance anti-tumor immunity in two ways. First, Ptpn2 inhibition would enhance IFNγ signaling 

within tumor cells, thereby increasing MHC-I expression and sensitivity to IFNγ-mediated 

apoptosis204. Increased MHC-I expression would promote TCR driven differentiation of exhausted 

T cells into the Tim-3+ population127. Second, Ptpn2 deletion in CD8+ T cells would increase IFN-

I signaling and enhance the formation and effector function of the cytotoxic Tim-3+ population. 

Overall, these findings provide the rationale for combining Ptpn2 inhibition and PD-1 checkpoint 

blockade for cancer immunotherapy and for deletion of PTPN2 in next generation CAR T cell 

therapies. 

 

Methods 

Mouse breeding and production 

7-10-wk-old female or male mice were used for all experiments and 7-14-wk-old female or male 

mice were used as donors for bone marrow chimera experiments. WT C57BL/6 mice were 
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purchased from The Jackson Laboratory. LoxP-STOP-loxP Cas9 mice (B6J.129(B6N)-Gt(ROSA) 

26Sortm1(CAG-cas9*,-EGFP)Fezh/J)166 were a generous gift from Dr. Feng Zhang, 

Massachusetts Institute of Technology. These mice were bred to Zp3-Cre mice (C57BL/6-Tg(Zp3-

cre)1Gwh/J) to delete the loxP-STOP-LoxP in the female germline. The resulting Cas9-

expressing strain was then bred to OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J) or P14 (Taconic 

B6.Cg-Tcratm1Mom Tg(TcrLCMV)327Sdz backcrossed 10 generations to Jackson C57BL/6J) 

TCR transgenic mice on the CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) congenic background. All 

strains used were backcrossed at least 10 generations to Jackson C57BL/6J. Sample size was 

chosen to ensure the possibility of statistical analysis and minimize the use of animals. Data 

exclusion was not used. Age and sex-matched animals were used for each experiment. For 

chimerism experiments LSK donor, LSK recipients, and CD8+ T cell transfer recipients were sex 

matched. Animals were also co-housed when possible. All attempts to reproduce our findings 

were successful. The LCMV Clone 13 infection, MC38 tumor, and B16 tumor experiments were 

blinded during data collection. All experimental mice were housed in specific pathogen-free 

conditions and used in accordance with animal care guidelines from the Harvard Medical School 

Standing Committee on Animals and the National Institutes of Health. 

  

Guide RNA design and cloning 

The sgRNA oligonucleotides (Controls: GCGAGGTATTCGGCTCCGCG, GCTTTCACGGAG 

GTTCGACG and Ptpn2: GAATATGAGAAAGTATCGAA, CTCACTTCCATTATACCACC), were 

designed using the Broad CRISPR algorithm206. sgRNAs were cloned into our sgRNA vector 

using a BsmBI restriction digest. The plasmid and full sequence have been deposited on Addgene 

(Name: pXPR_053, Addgene ID: 113591). 

  

Bone marrow isolation and chimera setup 
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Bone marrow cells were isolated and cultured as previously described213. In short, femurs, tibias, 

and spines were isolated from donor mice, crushed, and lysed with Ammonium-Chloride-

Potassium (ACK) lysing buffer (Gibco Cat# A1049201). LSK cells (lineage–Sca-1+Kit+) were 

enriched with a CD117 MACS isolation kit (Miltenyi Cat# 130-091-224) and then sorted to purity. 

The LSK cells were spin transduced with lentiviral vectors on Retronectin-coated plates (Takara 

Bio Cat# T100B) at a multiplicity of infection (MOI) of 25. LSK cells were then transferred 

intravenously into irradiated CD45.2+WT recipients. 

  

Cell lines 

MC38-OVA (gift from N. Collins, Dana Farber Cancer Institute), B16-OVA (gift from D. Sen, Dana 

Farber Cancer Institute), MC38-WT (gift from D. Vignali, University of Pittsburgh School of 

Medicine), B16.F10 and B16/GMCSF (both gifts from G. Dranoff, Novartis Institutes for 

Biomedical Research), 293x (gift from C. Kadoch, Dana Farber Cancer Institute, and MC38-GP33-

41cells226 were cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 

20 µg/ml 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 

ovalbumin (OVA) protein. MC38-OVA and B16-OVA cells were selected for 2 days with 2 µg/mL 

puromycin prior to use to ensure expression of OVA (construct is OVA IRES Puromycin 

resistance). MC38-GP33-41 cells were monitored for expression of GFP to ensure expression of 

GP33-41 peptide (construct is GP33-41 IRES GFP). GMCSF secretion by B16/GMCSF cells was 

validated by ELISA. Parental MC38 and B16.F10 cell lines were validated by exome sequencing. 

BHK-21 cells (gift from E. John Wherry, University of Pennsylvania) were cultured in DMEM 

supplemented with 10% FBS, 1% penicillin/streptomycin, and 5% tryptose phosphate broth. Vero 

cells (gift from E. John Wherry, University of Pennsylvania) were cultured in EMEM supplemented 

with 10% FBS and 1% penicillin/streptomycin. All cell lines were confirmed mycoplasma negative. 
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TIDE assay 

The TIDE (Tracking of Indels by DEcomposition) assay was performed as previously described190. 

Briefly, DNA was extracted from cells (DNeasy Blood and Tissue kit, QIAgen Cat# 69506) and 

PCR was used to amplify the expected sgRNA target site, which was then purified (QIAquick PCR 

Purification kit, QIAgen Cat# 28106) and analyzed by Sanger sequencing. TIDE primers used for 

respective sgRNAs (sgRNA-1 Forward: GGGCACTGAGCAGCAAACTTTAT, sgRNA-1 Reverse: 

GTGACTAGCTTTCA TCTTTGCCTCTT, sgRNA-2 Forward: CTGGAAGGCTGGCTGTAGTGTT, 

sgRNA-2 Reverse: CTAACCTCCTCAGGCACCAGTC). 

  

Adoptive T cell transfer 

Spleens were isolated from chimeric mice (> 8 week post reconstitution) and naïve CD8+ T cells 

were purified using a naïve CD8+ MACS kit (Miltenyi Cat# 130-096-543, >95% purity). Cells were 

stained with lineage-specific antibodies (TER-119, B220, and Gr-1) and 7-Aminoactinomycin D 

(7-AAD) and then sorted (Lineage–, 7-AAD–, Vex+ cells). For LCMV co-transfer studies, cells were 

transferred (500:500 mix) to recipient mice on day -1, and mice were infected with LCMV Clone 

13 (as below) on day 0. For tumor co-transfer studies, cells were transferred (1000:1000 mix) to 

recipient mice on day -1, and mice were injected with MC38-OVA or B16-OVA (as below) on day 

0. For transfer studies to determine effects on tumor growth, either 5,000 control or Ptpn2-deleted 

CD8+ T cells were transferred alone into WT recipients on day -1, and mice were injected with 

B16-OVA (as below) on day 0. 

 

LCMV production and plaque assay 

LCMV Clone 13 virus was produced by infecting BHK-21 cells with an LCMV Clone 13 virus stock 

at an MOI of 0.01 and harvesting viral supernatants 48 hours later. Viral titers were determined 

by plating diluted viral stocks on Vero cells with an agarose overlay. Four days later the Vero cells 

were stained with neutral red dye, and plaques quantified 14 hours later. 
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LCMV infection and analysis 

Mice were infected with 4x106 PFU LCMV Clone 13 i.v., monitored for weight loss, and bled or 

sacrificed at day 8, 15, 22 or 30 post infection for flow cytometry analyses. To deplete CD4+ T 

cells, mice were injected i.p. with 200 µg αCD4 (GK1.5, BioXCell Cat# BE0003-1) on days -1 and 

1 (relative to LCMV Clone 13 injection on day 0). To block IFNAR1, mice were injected i.p. with 1 

mg αIFNAR (MAR1-5A3, BioXCell Cat# BE0241) or isotype (MOPC-21, BioXCell Cat# BE0083) 

on days -1 and 1 (relative to LCMV Clone 13 injection on day 0). To block IFNγ, mice were injected 

i.p. daily with 250 µg αIFNγ (XMG1.2 BioXCell Cat# BE0055) or isotype (HRPN BioXCell Cat# 

BE0088) on days 0-3 (relative to LCMV Clone 13 injection on day 0).  

  

Isolation of liver-infiltrating lymphocytes 

Livers were excised, mechanically minced, and filtered to single-cell suspension. Lymphocytes 

were enriched on a Percoll gradient (VWR Cat# 89428-524). 

  

Tumor injection 

Mice were anesthetized with 2.5% 2,2,2-Tribromoethanol (Avertin, Sigma Aldrich Cat# T48402-

25G) and injected in the flank subcutaneously with 2x106 MC38-OVA tumor cells (co-transfer 

experiments), or 1x106 MC38-WT (chimera primary challenge). For memory rechallenge 

experiments chimeras were allowed to rest for 60 days post primary tumor clearance and then 

were rechallenged with 5x106 MC38-WT tumor cells on the opposite flank subcutaneously (as 

above). For B16.F10 experiments, mice were challenged with 1x106 B16.F10 subcutaneously 

(day 0), followed by injections on the opposite flank of 1x106 irradiated B16/GM-CSF cells (days 

1 and 4). Mice were then treated i.p. with 100 µg rat monoclonal αPD-1 (clone 29F.1A12) on days 

12, 14, 16, 18, 20, 22, 24, and 26. For B16-OVA experiments mice were challenged with 2.5x105 

B16-OVA tumor cells subcutaneously. Tumors were measured every 2-3 days once palpable 
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using a caliper. Tumor volume was determined by the volume formula for an ellipsoid: 1/2 × D × 

d2 where D is the longer diameter, and d is the shorter diameter. Mice were sacrificed when 

tumors ulcerated, reached 2 cm3, or upon a body condition score >2. To deplete CD8+ T cells, 

mice were injected i.p. with 100 µg αCD8β (53-5.8, BioXCell Cat# BE0223) or isotype (HRPN 

BioXCell Cat# BE0088) on days -3, 0, 3, 6, 9 and 200 µg αCD8⍺ (2.43, BioXCell Cat# BE0061) 

or isotype (LTF-2 BioXCell Cat# BE0090) on days 12, 15, 18, 21, 24 (relative to MC38 tumor 

injection on day 0). For depletion of CD8+ T cells in memory rechallenge experiments, mice were 

injected i.p. with 100 µg αCD8⍺ (53-6.7 BioXCell Cat# BE0004-1) or isotype (2A3 BioXCell Cat# 

BE0089) on days -3, 0, 3, 6, 9 (relative to MC38 rechallenge on day 0). 

  

Tumor infiltrating lymphocyte isolation 

Tumors were excised and mechanically minced. Tumors were then incubated in collagenase for 

10 minutes at 37°C. Lymphocytes were enriched using an Optiprep gradient (Sigma-Aldrich Cat# 

D1556). 

  

Monitoring of T cell responses in the blood 

To monitor the stability of Vex transduction, mice were bled via the tail vein. Blood was then lysed 

twice using ACK lysis buffer, stained, and analyzed by flow cytometry. For monitoring of T cell 

responses to LCMV infection or tumor, mice were anesthetized with Isoflurane (Henry Schein 

Cat# 029404), retro-orbitally bled, and lymphocytes were isolated by centrifugation at 400g on a 

Histopaque-1083 gradient (Sigma-Aldrich Cat# 10831-6X100ML), and stained for flow cytometry. 

  

In vitro T cell differentiation assay using naive CD8+ T cells 

Naive CD8+ T cells were obtained from spleens of control and Ptpn2-deleted chimeric mice as 

described above. Naive CD8+ T cells were then activated on plate-bound αCD3 (OKT-3, BioXCell 

Cat# BE0001) (5 µg/ml) with or without αCD28 (37.51, BioXCell Cat# BE00015) (5 µg/ml), and 
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supplemented with 200 U/mL IL-2 (R&D Systems Cat# 202-IL), 1000 U/mL IFN-α (PBL Assay 

Science Cat# 12105-1), 50 µg/mL αIL-2 (S4B6-1, JES61A12, BioXCell Cat# BE0043-1, BE0043), 

or 50 µg/mL αIFNAR blocking antibodies for 72 hours. For supernatant transfer experiments, 

supernatant was isolated from wells of control or Ptpn2-deleted stimulated cells (72 hours post 

stimulation as above). The supernatant was added to WT naive CD8+ T cells activated on plate-

bound αCD3 (5 µg/ml) and αCD28 (5 µg/ml) and supplemented with 200 U/mL IL-2, 1000 U/mL 

IFN-α, 50 µg/mL αIL-2, or 50 µg/mL αIFNAR blocking antibodies for 72 hours. 

  

In vitro cytotoxicity assay using antigen-experienced Tim-3+CD8+ T cells 

Naive P14 control and Ptpn2-deleted CD8+ T cells were co-transferred to WT recipient mice 

(500:500 mix) on day -1, and the mice were infected with LCMV Clone 13 on day 0 (as above). 

CD4+ T cells were depleted on days -1 and 1 (as above). Splenocytes were isolated on day 8 post 

infection and enriched for CD8+ T cells using CD8α+ MACS kit (Miltenyi Cat# 130-117-044). Vex+ 

Tim-3+ CD8+ T cells (Tim-3+) or Vex+ CD8+ T cells (Slamf6+ Tim-3+) were sorted from both control 

and Ptpn2-deleted cells. MC38-GP33-41-GFP tumor cells were seeded with 20 ng/mL IFNγ, one 

day prior to plating of the T cells. Tim-3+or Slamf6+ Tim-3+ CD8+ T cells were then co-cultured with 

MC38-GP33-41-GFP tumor cells at a 2:1 effector to target ratio for 16 hours. After co-culture, cells 

were trypsinized, stained, and analyzed by flow cytometry to determine the number of remaining 

live tumor cells. Killing percentage was calculated by the formula:  

100% x [1 – (# live tumor cells in well with T cells / # live tumor cells in well with no T cells)]. 

  

In vitro T cell conversion assay using antigen-experienced Slamf6+ CD8+ T cells 

Naive P14 control and Ptpn2-deleted CD8+ T cells were co-transferred to WT recipient mice 

(500:500 mix) on day -1, and the mice were infected with LCMV Clone 13 on day 0 (as above). 

CD4+ T cells were depleted on days -1 and 1 (as above). Splenic control and Ptpn2-deleted CD8+ 

T cells were isolated from co-transfer recipient mice, and were sorted for Slamf6+ Vex+ CD8+ T 
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cells. 50,000 Slamf6+ Vex+ CD8+ T cells were stimulated on plate-bound αCD3 (5 µg/ml) and 

αCD28 (5 µg/ml), and were supplemented with 200 U/mL IL-2 and 1000 U/mL IFN-α for 96 hours. 

Cells were then stained and differentiation was assessed by flow cytometry.  

  

In vitro CTV proliferation assay using antigen-experienced Slamf6+and Tim-3+ CD8+ T cells 

Naive P14 control and Ptpn2-deleted CD8+ T cells were co-transferred to WT recipient mice 

(500:500 mix) on day -1, and the mice were infected with LCMV Clone 13 on day 0 (as above). 

CD4+ T cells were depleted on days -1 and 1 (as above). Splenic control and Ptpn2-deleted CD8+ 

T cells were isolated from co-transfer recipient mice, and were sorted for Slamf6+ Vex+ CD8+ T 

cells and Tim-3+ Vex+ CD8+ T cells. These cells were labeled with 1 µM Cell Trace Violet 

Proliferation dye (Thermo Fisher Scientific Cat# C34557) for 20 minutes at 37°C. 50,000 Tim-3+ 

Vex+ CD8+ T cells were stimulated on plate-bound αCD3 (0.5 µg/ml) and αCD28 (0.5 µg/ml) for 

72 hours. Cells were then stained and proliferation was assessed by flow cytometry. 

  

Flow cytometry/sorting 

Flow cytometry analyses were performed on a BD LSR II or BD FACSymphony and cell sorting 

was performed on a BD Aria II. Antibodies and dyes were purchased from BD Biosciences (7-

AAD Cat# 559925 (1:100 dilution), Slamf6 Cat# 561540 (1:100 dilution), BrdU Cat# 552598 (1:50 

dilution), Ki67-PerCP-Cy5.5 Cat# 561284 (1:100 dilution)); Biolegend (B220 Cat# 103208, 

103226 (1:100 dilution), CD11b Cat# 101208, 101216 (1:100 dilution), CD127 Cat# 135014, 

135024 (1:100 dilution), CD25 Cat# 101904 (1:100 dilution), CD3ε Cat# 100220, 100308, 100336, 

100328 (1:100 dilution), CD4 Cat# 100516, 100531, 100543 (1:100 dilution), CD44 Cat# 103008, 

103028, 103030 (1:100 dilution), CD45.1 Cat# 110708, 110716, 110741 (1:100 dilution), CD45.2 

Cat# 109824, 109832, 109830 (1:100 dilution), CD5 Cat# 100608 (1:100 dilution), CD62L Cat# 

104417 (1:100 dilution), CD8α Cat# 100737 (1:100 dilution), CD8β Cat# 126606, 126608, 

126610, 126620, 126614 (1:100 dilution), c-Kit Cat# 135108 (1:100 dilution), CXCR5 Cat# 
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145512 (1:50 dilution), Gr-1 Cat# 108408 (1:100 dilution), Granzyme B Cat# 515403, 515406 

(1:100 dilution), I-A/I-E Cat# 107614 (1:100 dilution), IFNγ Cat# 505810 (1:100 dilution), IFNAR1 

Cat# 127314 (1:100 dilution), Ly-6c Cat# 128007 (1:100 dilution), PD-1 Cat# 135206, 135209 

(1:100 dilution), Sca-1 Cat# 108108, 108128 (1:100 dilution), TCR Vα2 Cat# 127814, 127806 

(1:100 dilution), TCR Vβ5 Cat# 139506 (1:100 dilution), TCR Vβ8 Cat# 118406 (1:100 dilution), 

Ter-119 Cat# 116208 (1:100 dilution), TCF7 Cat# 655208 (1:100 dilution), Tim-3 Cat# 119703, 

119723 (1:100 dilution), TNFα Cat# 506322 (1:100 dilution), TruStain fcX Cat# 101320 (1:50 

dilution), Rat IgG2a κ Isotype Cat# 400508 (1:100 dilution), Rat IgG2b κ Isotype Cat# 400612 

(1:100 dilution), Streptavidin Cat# 405225 (1:400)); Invitrogen anti-GFP Cat# A21311 (1:350 

dilution); Thermo Fisher Scientific (Foxp3 Cat# 48-5773-82 (1:50 dilution), Near-IR Fixable 

Live/Dead Cat# L34976 (1:500 dilution)); and Cell Signaling Technology pSTAT1 Cat# 9174 

(1:100 dilution). 

  

BrdU incorporation and detection 

Mice were injected with 1 mg of BrdU i.p. 16 hours prior to sacrifice and analysis. Cells were 

processed and stained using the BrdU flow kit (BD Biosciences Cat# 552598). 

  

Ex vivo restimulation and flow cytometry of phosphorylated proteins 

Naive P14 control and Ptpn2-deleted CD8+ T cells were co-transferred to WT recipient mice 

(500:500 mix) on day -1, and the mice were infected with LCMV Clone 13 on day 0 (as above). 

CD4+ T cells were depleted on days -1 and 1 (as above). Splenocytes were isolated on day 6 post 

infection and enriched for CD8+ T cells using CD8α+ MACS kit. CD8+ T cells were stimulated on 

plate-bound αCD3 (10 µg/ml) and αCD28 (10 µg/ml), and were stimulated with 1000 U/mL IFN-α 

for 0, 2, 5, 10, 15 and 30 minutes at 37°C. After stimulation, cells were pelleted at 800g, fixed in 

2% methanol free-formaldehyde (Cell Signaling Technology Cat# 12606) and permeabilized with 
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ice-cold 90% methanol for 20 minutes on ice. Cells were then washed with MACS buffer and 

stained with pSTAT1 antibody. 

  

Quantification of serum cytokines 

Serum was collected from control or Ptpn2-deleted chimeric mice at week 12 post reconstitution. 

Inflammatory cytokines (IL-6, IL-10, MCP-1, IFNγ, TNFα and IL-12p70) were measured using a 

BD Cytometric Bead Assay - Mouse Inflammation Kit (BD Biosciences Cat# 552364). 

  

ATAC-seq library preparation and analysis 

50,000 co-transferred control or Ptpn2-deleted Slamf6+ or Tim-3+ P14 T cells per replicate were 

sorted from spleens of day 8 LCMV Clone 13 infected mice into PBS with 10% FBS. Pelleted cells 

were incubated in 50µl of reaction mix (containing 2x Tagmentation DNA buffer, Tn5 enzyme, 2% 

digitonin in nuclease-free water) as previously described214. The transposase reaction was 

performed at 37°C for 30 minutes with agitation at 300 RPM. DNA was then purified using a 

MinElute Reaction Cleanup kit (QIAgen Cat# 28206). A post PCR cleanup was performed using 

Agencourt AMPure XP beads (Beckman Coulter Cat# A63880) and library quality was verified 

using Tapestation analysis. Samples were sequenced on an Illumina NextSeq500 sequencer 

using paired-end 37bp reads.  

  

Quality trimming and primer removal within raw fastq files were done with Trimmomatic 0.33 using 

the following parameters: LEADING:15 TRAILING:15 SLIDINGWINDOW:4:15 MINLEN:36. 

Trimmed reads were aligned to mm9 with bowtie2.2.4 using a maximum insert size of 1000. 

Aligned bams were sorted, duplicates marked, and reads mapping to the blacklist region removed 

227. Peak-calling using MACS 2.1.1 was performed on merged bam files (samtools 1.3) from 
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biological replicates using a q-value threshold of 0.001. Consensus peaks from all biological 

conditions were merged to create a single peak universe. Cut sites were extracted from each 

biological replicate and the number of cuts within each peak region was quantified to generate a 

raw count matrix. DESeq2 was used to normalize the counts matrix and perform differential 

accessibility analysis between all relevant comparisons. Tracks were visualized using Integrative 

Genomics Viewer 2.3.77 (Broad Institute). 

  

Bulk RNA-seq analysis of T cells 

Day 7 or 8 post tumor or virus injection respectively, co-transferred T cells were isolated from the 

tumor or spleen (LCMV) (as above) and replicates of 500 cells were sorted into 25µL of buffer 

RLT (QIAgen Cat# 79216) + 1% beta-mercaptoethanol v/v. After flash-freezing on dry ice and 

storage at -80°C, lysates were converted to cDNA following capture with Agencourt RNAClean 

beads (Beckman Coulter Cat# A63987) using the SmartSeq2 protocol as previously described 

228. The cDNA was amplified using 16 PCR enrichment cycles prior to quantification and dual-

index barcoding with the Illumina Nextera XT kit. The libraries were enriched with 12 cycles of 

PCR, then combined in equal volumes prior to final bead clean-up and sequencing on a 

NextSeq500 by 37 bp paired-end reads. After demultiplexing, low quality base-reads were 

trimmed with Trimmomatic229 using the following parameters: LEADING:15, TRAILING:15, 

SLIDINGWINDOW:4:15, MINLEN:16. Trimmed reads were then aligned to the mm10 mouse 

genome using Bowtie2. HTSeq was used to map aligned reads to genes and to generate a gene 

count matrix. Normalized counts and differential expression analysis were performed using the 

DESeq2 R package. We performed gene set enrichment analysis as previously described 230 

using signatures from the Hallmark database, the MSigDB collection, and from our prior analysis 

of exhausted CD8+ T cells from the spleens of LCMV Clone 13 infected mice or from B16-OVA 

tumors127. 
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Single-cell RNA-seq library preparation and analysis 

Co-transferred control or Ptpn2-deleted P14 CD8+ T cells were sorted from spleens of day 30 

LCMV Clone 13 infected, CD4-depleted mice based on the markers CD8β, CD45.1, CD45.2, Vex, 

and Live-NIR. Cells were counted and loaded onto the Chromium Controller (10X Genomics) for 

a target recovery of 5,000 single cells. Samples were processed per the manufacturer’s protocol 

and sequenced on an Illumina NextSeq500 sequencer using a 75bp kit with paired-end reads. 

The Cell Ranger analysis pipeline version 1.2 was used for sample demultiplexing, barcode 

processing, alignment, filtering, UMI counting, and aggregation of sequencing runs. The R Seurat 

package231 was used for downstream analyses. 

 
For each cell, two quality control metrics were calculated: (1) the total number of genes detected 

and (2) the proportion of UMIs contributed by mitochondrially encoded transcripts. Cells were 

excluded from downstream analysis if fewer than 200 genes were detected and if mitochondrially 

encoded transcripts constituted greater than 5% of the total library, yielding an expression matrix 

of 7,027 cells by 13,133 genes. Each gene expression measurement was normalized by total 

expression within the corresponding cell and multiplied by a scaling factor of 10,000. Mean and 

dispersion values were calculated for each gene across all cells; 1,829 genes classified as highly 

variable. Highly variable genes were used for principal components analysis (PCA). Principal 

components were determined to be significant (P< 0.001) using the jackstraw method and tSNE 

was performed on these significant PCs (PCs 1-17) using default parameters for 1,000 iterations 

for visualization in two dimensions. Unsupervised clustering was performed using a shared 

nearest neighbor modularity optimization-based algorithm232. Single-cell signature scoring using 

FastProject233 was performed with the Hallmark database from MSigDB and using signatures of 

the subpopulations derived from our prior analysis of exhausted CD8+splenocytes from LCMV 

Clone 13 infected mice127. Differential gene expression and signature enrichment analysis was 
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performed using a Wilcoxon rank sum test. To determine the relative proportion of Ptpn2-deleted 

cells within each cluster, a binomial test was performed against the proportion of Ptpn2-deleted 

cells within the total dataset. 

 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 7 software or R. Data were 

considered statistically significant with p values < 0.05 by two-sided paired Student’s t test for 

comparing two groups in co-transfer experiments, two-sided unpaired Student’s t test for 

comparing two groups, one-way ANOVA for single comparisons with groups greater than two, 

two-way ANOVA for repeated measures comparisons or for multiple comparisons within groups, 

and the log-rank Mantel-Cox test for survival analysis. For GSEA analysis of RNA-seq data the 

Kolmogorov-Smirnov test was used. For analysis of single-cell RNA-seq data the Wilcoxon rank 

sum test was used for signature enrichments and a binomial test was used to determine 

proportional differences of control or Ptpn2-deleted cells in the clusters. For ATAC-seq analysis 

a hypergeometric test was used. 
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Introduction 

Chromatin modifications play a broad and general role in regulating gene expression, and when 

they go awry, can lead to a variety of diseases234. Consistent with this notion, recent cancer 

genome sequencing efforts have identified mutations in chromatin regulators, and in the case of 

hematopoietic cancers, chromatin regulators are one of the most frequently mutated groups of 

genes235. In addition, the epigenome roadmap has revealed dysregulation of chromatin states in 

cancer236,237. The roles of chromatin regulators in cancer have been investigated both at the levels 

of cancer cell proliferation and impact on the human immune system. However, the relative effects 

of chromatin regulation on cancer cell-intrinsic functions versus T cell functions, as well as on the 

overall responses of tumors to the immune system, are underexplored. 

 

Recent human clinical trials using PD-(L)1 directed immunotherapy have reported promising 

results, leading to FDA approval of PD-(L)1 pathway inhibitors for multiple tumor types238. 

However, a majority of cancer patients do not respond to anti-PD-(L)1 therapy, due to multiple 

immunosuppressive mechanisms in the tumor microenvironment including dysfunctional T cells 

and lack of T cell infiltration or recognition by T cells239,240. Recent studies found that inhibition of 
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DNA methylation alone, or together with HDAC inhibitors, leads to tumor interferon (IFN) pathway 

activation and increased responses to cancer immunotherapy66,241. Blocking de novo DNA 

methylation in T cells enhances anti-PD-L1-mediated T cells rejuvenation and tumor control242. 

However, how the full spectrum of chromatin regulators modulates tumor responses to cancer 

immunotherapy is still poorly understood. 

 

In this study, we provide evidence that the histone H3K4 demethylase LSD1 (KDM1A)243 plays a 

critical role in suppressing endogenous double-stranded RNA (dsRNA) levels and IFN responses 

in tumor cells and demonstrate that dsRNA stress resulted from LSD1 inhibition leads to potent 

anti-tumor T cell immunity. Furthermore, LSD1 depletion renders refractory B16 tumors 

significantly responsive to anti-PD-1 therapy. Our findings have important implications for 

harnessing chromatin and epigenetic regulators for cancer immunotherapy. 

 
Results 
 
LSD1 Represses ERV Expression and IFN Activation in Human Cancer Cells 

To identify chromatin regulators that control tumor responses to host immunity, we initiated a 

curated screen with compounds targeting chromatin factors, with upregulation of endogenous 

retroviral element (ERV) transcripts and activation of type 1 IFNs as readouts, as both factors are 

implicated in regulating tumor responses to host immunity49,244,245. In this screen, we discovered 

that a LSD1 catalytic inhibitor, GSK-LSD1, induced the upregulation of a few randomly selected 

ERVs, which were examined with PCR primers that detected overall transcript levels of the 

corresponding ERV subfamilies transcribed from multiple genomic loci (Figure 4.1A). Type 1 and 

III IFNs, as well as interferon-stimulated genes (ISGs) were also induced by GSK-LSD1 (Figure 

4.1A). To ascertain that this was caused by a GSK-LSD1 on-target effect, we performed short 

hairpin RNA (shRNA)-mediated LSD1 knockdown (KD) (Figure 4.1B), which confirmed these 
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results (Figures 4.1C-D). Furthermore, introduction of wild-type (WT) FH-LSD1 but not 

catalytically compromised LSD1 (LSD1-K661A) into LSD1 KD cells fully restored the repression 

of the four tested ERVs as well as IFN-β and interleukin (IL)-28 activation (Figures 4.1E–G). 

These results demonstrate that demethylase activity of LSD1 is necessary for ERV and IFN 

repression. We further showed that neither DNMT protein expression nor global DNA methylation 

was affected by LSD1 inhibition (Figures 4.1H-I), suggesting a DNA methylation-independent 

pathway. We recapitulated these observations in T47D (Figure 4.1J) and 293T cell lines (Figure 

4.1K). Together, these results suggest that LSD1 may repress the expression of a group of ERVs 

and regulate IFN activation in human cancer cells. 

 

 
Figure 4.1: LSD1 represses ERV expression and IFN induction in human cancer cells. (A) 
The RT-qPCR analysis of transcripts of selected ERVs, IFNs and ISGs in MCF-7 cells treated 
with or without 2 mM GSK-LSD1 for 5-6 days. (B) The validation of shRNA-mediated LSD1 KD in 
MCF-7 cells by immunoblot. (C) The RT-qPCR analysis of transcripts of selected ERVs, IFNs and 
ISGs in MCF-7 cells transduced with shRNA against scramble (sh-Ctrl) or LSD1 (sh-LSD1). (D) 
IFN-β secretion in LSD1 KD MCF-7 cells measured by ELISA. n.d., not detected. (E–G)       
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(Figure 4.1 continued) Immunoblot of LSD1 (E) and RT-qPCR analysis of ERV (F) and IFN (G) 
expression in MCF-7 cells with indicated manipulations. (H) Immunoblot of DNMT proteins in 
control and LSD1 KD MCF-7 cells. (I) 5-methylcytosine content in genomic DNA of control and 
LSD1 KD MCF-7 cells quantified by HPLC-MS analysis. (J and K) The expression of selected 
ERVs, IFNs and ISGs in T47D (J) and 293T cells (K) transduced with shRNA against scramble 
or LSD1 was measured by RT-qPCR. The RT-qPCR data were normalized to GAPDH and 
presented as fold changes of gene expression in the test sample compared to the control. Error 
bars represent SEM from three experiments (A, C, G and I) or two experiments (F), or represent 
SD between triplicates (D and J) or duplicates (K) in one of two experiments. *p < 0.05, **p < 
0.01, ***p < 0.001, ns, not significant, as determined by unpaired t test. The work in this figure 
was performed by Wanqiang Sheng. 
 
 
We next carried out transcriptomic analysis to comprehensively explore how LSD1 regulates ERV 

expression and IFN activation. We observed a significant impact of LSD1 inhibition on gene 

expression in MCF-7 cells (Figure 4.2A). Gene ontology (GO) enrichment analysis of the 

differentially expressed genes revealed that the upregulated genes were significantly enriched in 

GO terms related to type 1 IFN response and antiviral response (Figure 4.2B), which were further 

confirmed by GSEA analysis (Figure 4.2C). However, almost none of the upregulated IFN/antiviral 

responsive genes (125 in total) appeared to be direct targets of LSD1, as chromatin 

immunoprecipitation sequencing (ChIP-seq) analysis failed to identify LSD1 occupancy at their 

promoters, while in contrast genes directly regulated by LSD1 showed LSD1 occupancy at their 

promoters and H3K4me2 increase when LSD1 was knocked down (Figure 4.2D). We therefore 

speculated that a main mode of IFN/antiviral responses induced by LSD1 inhibition was through 

activation of an upstream event, such as ERV transcript expression. We thus analyzed the 

expression of repetitive elements in the RNA sequencing (RNA-seq) data and found many of them 

were upregulated by LSD1 inhibition (Figure 4.2E), including a number of ERVs that were 

transcribed in either sense or antisense transcripts (Figure 4.2F). Furthermore, many ERVs 

appeared to be direct targets of LSD1, as they were bound by LSD1 and showed elevated 

H3K4me2 levels upon LSD1 KD (Figures 4.2G-H). Importantly, a number of upregulated ERVs 

were expressed in both sense and antisense directions with overlapping sequences potentially 
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allowing for the formation of dsRNAs (Figure 4.2I). We further confirmed this observation by 

analyzing a few selected ERVs using strand-specific PCR (Figure 4.2J). Thus, these findings 

demonstrate that LSD1 is important for transcriptionally silencing ERVs, consistent with a 

previous report in mouse embryonic stem cells (mESCs)246. 

 

We next determined whether ERV transcript upregulation caused by LSD1 inhibition was a causal 

factor for the induction of IFN/antiviral responsive genes. To this end, we ectopically expressed 

an engineered 4 kb ERV fragment without protein coding capacity, derived from HERV-K and 

HERV-E, and found that its RNA overexpression readily caused the induction of IFNs and ISGs 

in MCF-7 cells (Figure 4.2K), which demonstrates the sufficiency of ERV upregulation in triggering 

IFN activation. 

 



 102 

 
Figure 4.2: LSD1 directly regulates ERV transcript expression. (A) Volcano and M-A plots of 
differentially expressed genes in LSD1 KD versus control MCF-7 cells analyzed by RNA-seq. 
Dots in red represent significantly increased genes (log2(FC-KD/Ctrl) > 1 and FDR < 0.05) and 
dots in blue represent significantly decreased genes (log2(FC-KD/Ctrl) < 1 and FDR < 0.05) in 
LSD1 KD versus control cells. (B) A dot map showing top 10 terms in GO analysis of upregulated 
genes (log2(FC-KD/Ctrl) >1 and false discovery rate [FDR] <0.05) in LSD1 KD versus control 
MCF-7 cells. FC-fold change. Background color and dot size represent FDR and log2 transformed 
odds ratio separately. (C) GSEA analysis in LSD1 KD versus control MCF-7 cells. Gene list was 
ranked with signed (from log2FC) likelihood ratio from LSD1 KD versus control comparison. (D) 
LSD1 and H3K4me2 ChIP-seq signals at promoter regions of 125 induced IFN/antiviral 
responsive genes (IFN-gene, log2(FC-KD/Ctrl) >0 and FDR <0.05) or selected 537 genes with 
LSD1 peaks as positive control (Pos-gene) in control and LSD1 KD cells. (E) A heatmap for 
differential transcript expression of repetitive elements between LSD1 KD and WT control MCF-
7 cells. (F) Heatmaps for differential expression (FDR <0.05) of sense or antisense transcripts of 
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(Figure 4.2 continued) ERVs between control and LSD1 KD cells. (G) LSD1 and H3K4me2 
ChIP-seq signals at genomic loci of 8,593 individual ERVs from 279 ERV subfamilies in control 
and LSD1 KD cells. (H) LSD1 and H3K4me2 ChIP-seq signals at genomic loci of HERV-E 
subfamily in control and LSD1 KD MCF-7 cells. (I) Fold changes of a number of representative 
bi-directional ERV transcripts in LSD1 KD versus control cells determined by directional RNA-
seq. (J) The assessment of both sense and antisense transcripts of selected ERVs using strand 
specific primers for reverse transcription and PCR amplification. An asterisk indicates non-specific 
bands. (K) The RT-qPCR analysis of the expression of IFNs and ISGs in MCF-7 cells transduced 
with pHAGE-EGFP or pHAGE-HERV-(K+E). Error bars represent SEM from two experiments (K). 
*p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant, as determined by unpaired t test. The work 
in this figure was performed by Wanqiang Sheng. 
 
 
TLR3 and MDA5 Sense dsRNA Accumulation, Caused by LSD1 Abrogation, and Trigger 

IFN Activation 

We next investigated the mechanism by which ERV upregulation causes IFN activation. We 

hypothesized that the expression of ERVs as well as other retrotransposons in both sense and 

antisense directions may contribute to the generation of dsRNAs, which may then trigger IFN 

activation. To test this, we used RNase A, which cleaves single-stranded RNA (ssRNA) and 

preserves dsRNA under high salt conditions247, and also a dsRNA-specific antibody (J2)248 to 

measure the presence of dsRNAs. We found that dsRNA enrichment for a number of ERVs as 

well as a few other retrotransposons was much higher in LSD1 KD samples compared to control 

samples (Figure 4.3A). Using the dsRNA-specific J2 antibody, we also captured more transcripts 

of selected retrotransposons in LSD1 KD samples (Figure 4.3B). These results provide evidence 

for the elevation of intracellular dsRNA levels as a result of LSD1 inhibition. 
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Figure 4.3: Knockdown of LSD1 induces dsRNA accumulation. (A) Total RNA extract from 
control or LSD1 KD MCF-7 cells was digested with mock or RNase A under high salt condition 
(350 mM NaCl) followed by a second round of RNA extraction with TRIzol. The RNA transcripts 
of selected retrotransposons were measured by RT-qPCR with GAPDH as an internal control. 
The ratios of (retrotransposon/GAPDH)RNase-A to (retrotransposon/GAPDH)mock were 
calculated as enrichment folds. (B) The RT-qPCR analysis of selected retrotransposon transcripts 
captured by J2 antibody in pulldown assay. n.d., not detected. Error bars represent SEM from 
three experiments (A), or represent SD between duplicates (B) in one of two experiments. *p < 
0.05, **p < 0.01, ***p < 0.001, ns, not significant, as determined by unpaired t test. The work in 
this figure was performed by Wanqiang Sheng. 
 
 
Intracellular dsRNAs are recognized by pattern recognition receptors, TLR3, MDA5 (encoded by 

IFIH1), and RIG-I (encoded by DDX58), which are involved in subsequent activation of the IFN 

pathways249. In LSD1 KD cells, all three dsRNA sensors were among the upregulated genes 

(Figures 4.4A-B). To identify which sensor is essential for recognizing dsRNAs to elicit cellular 

responses, we inhibited the expression of individual sensors by shRNA-mediated knockdown 

prior to knocking down LSD1 (Figure 4.4C) and then assessed the impact on IFN activation. 

Importantly, abrogation of TLR3 and MDA5, but not RIG-I, significantly diminished the induction 

of IFN-β, IL-28 as well as ISGs without altering ERV expression level (Figures 4.4D-G). In 

addition, abrogation of MAVS (Figure 4.4H), which is a downstream adaptor of the MDA5 

pathway250, also blocked IFN activation in response to LSD1 inhibition (Figure 4.4I). As a further 

control, we knocked down cGAS and STING, two key sensors for cytoplasmic DNA251, to the 

extent that cytoplasmic DNA recognition pathway was significantly impaired and showed that 
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cytoplasmic DNA is unlikely the trigger of IFN responses in LSD1 KD cells (Figures 4.4J-L). 

Therefore, dsRNA recognition by TLR3 and MDA5 is essential for IFN activation upon LSD1 

inhibition, consistent with the observation that the upregulated IFN/antiviral responsive genes are 

indirect targets of LSD1 (Figure 4.2C). Previous studies show that TLR3 and MDA5 recognize 

dsRNAs that are at least 40 bp in length or longer, respectively, whereas RIG-I prefers ssRNA or 

short dsRNA with 50 triphosphate ends249. Thus, our finding of the involvement of TLR3 and 

MDA5, but not RIG-I, suggests that long dsRNAs, rather than ssRNAs or short dsRNAs, are 

responsible for the generation of an IFN response when LSD1 is ablated. 
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Figure 4.4: MDA5 and TLR3 sense long dsRNA following LSD1 knockdown. (A) Immunoblots 
of TLR3, MDA5, and RIG-I in MCF-7 cells. (B) A heatmap showing the expression of nucleic acid 
receptors in control and LSD1 KD MCF-7 cells analyzed by RNA-seq. (C) KD validation of protein 
expression in MCF-7 cells transduced with indicated shRNAs by immunoblot analysis. (D–F) The 
real-time qPCR analysis of transcripts of selected ERVs, IFNs, and ISGs in MCF-7 cells 
transduced with shRNA against scramble, LSD1 or LSD1 plus TLR3 (D), MDA5 (E), or RIG-I (F). 
(G) Immunoblot analysis of ISG15 expression in MCF-7 cells transduced with indicated shRNAs. 
(H and I) Immunoblot of MAVS protein (H) and RT-qPCR analysis of transcripts of selected ERVs, 
IFNs and ISGs (I) in MCF-7 cells transduced with shRNA against scramble, LSD1 or LSD1 plus 
MAVS. (J) MCF-7 cells (control, cGAS KD and STING KD) were transfected with 5 mg fragmented 
genomic DNA (gDNA) from mammalian cells or mock for 5 hours, and the expression of IFNs and 
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(Figure 4.4 continued) ISGs was analyzed by RT-qPCR. (K and L) Immunoblots of cGAS and 
STING proteins (K) and RT-qPCR analysis of transcripts of selected ERVs, IFNs and ISGs (L) in 
MCF-7 cells transduced with indicated shRNAs. The RT-qPCR data were normalized to GAPDH 
and presented as fold changes of gene expression in the test sample compared to the control (G, 
H and J). The real-time qPCR data were normalized to GAPDH and presented as fold changes 
of gene expression in the test sample compared to the control, representing two to three 
independent experiments. Error bars represent SD between two replicate samples in one 
experiment (D-F), SD between duplicates (I,J) in one of two experiments, or SEM from three 
experiments (L). *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant, as determined by unpaired 
t test. The work in this figure was performed by Wanqiang Sheng. 
 
Decreased Expression of RISC Components Due to Loss of LSD1 Contributes to dsRNA 

Stress and Promotes IFN Activation 

Double-stranded RNAs derived from ERV transcripts can go on to trigger IFN responses or be 

processed by the RISC complex, which includes DICER and AGO proteins to mediate RNA 

interference252,253. The steady state of the dsRNA pool is determined not only by ERV transcription 

but also the action of the RISC complex. Interestingly, we found that LSD1 KD led to a reduced 

protein expression of key components (DICER, AGO2, and TRBP2) of RISC (Figure 4.5A). The 

regulation of RISC was dependent on LSD1 catalytic activity, as re-introduction of WT FH-LSD1, 

but not the catalytic compromised LSD1-K661A, back into LSD1 KD cells restored the protein 

expression of DICER, AGO2, and TRBP2 (Figure 4.5A). In contrast, we did not observe an 

obvious impact of LSD1 on the expression of Drosha, which acts at the initiation step of microRNA 

(miRNA) processing254 (Figure 4.5B). To determine if LSD1 KD altered miRISC activity we 

performed a dual reporter assay to express GFPL (control GFP not targeted by let-7) and GFP 

with a let-7 complementary sequence255. Consistent with the above expression analysis, LSD1 

KD also resulted in an elevated expression of the GFP/let-7 reporter relative to control cells 

(Figure 4.5C-E), indicating reduced let-7 miRISC activity following LSD1 KD. This finding 

suggests that RISC may also be involved in dsRNA stress and IFN responses. Indeed, when we 

inhibited AGO2 expression, we also observed increased dsRNA abundance derived from a few 

retrotransposons tested (Figure 4.5F), and concomitant induction of IFN-β and IL-28 as well as 
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ISGs assayed at both RNA and protein levels (Figures 4.5G-H). Similarly, inhibition of either 

DICER or TRBP2 also activated the IFN pathway (Figure 4.5I-L), consistent with a previous report 

showing that DICER restricts endogenous dsRNA and IFN activation248. Therefore, disruption of 

the RISC complex, which perturbs intracellular dsRNA homeostasis, also induced IFN activation. 

To confirm that suppression of the RISC complex is involved in LSD1 inhibition-stimulated IFN 

activation, we compensated for the reduction of RISC by overexpressing AGO2 in LSD1 KD cells. 

We found that AGO2 overexpression significantly diminished dsRNA accumulation caused by 

LSD1 inhibition, leading to a reduction in some IFN/ISG activation (Figures 4.5M-O). Collectively, 

these findings suggest that, in addition to regulating ERV transcription, LSD1 also regulates the 

expression of RISC components and consequently RISC function. Both actions of LSD1 

contribute to its suppression of dsRNA accumulation. 
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Figure 4.5: Decreased expression of RISC following loss of LSD1 increases dsRNA stress. 
(A) Immunoblots of RISC components in MCF-7 cells transduced with shRNA against scramble 
or LSD1 and rescued with either WT LSD1 or catalytically compromised LSD1-K661A. (B) 
Immunoblot of Drosha protein in control and LSD1 KD MCF-7 cells. (C–E) U2OS stable cell line 
expressing dual reporters GFPL/GFP-let-7 was transduced with shRNA against scramble, LSD1 
or AGO2. The expression of GFPL and GFP was measured by immunoblot (C) and real-time 
qPCR (D). The ratios of GFPL over GFP protein in different samples from five repeats for sh-
LSD1 and two repeats for sh-AGO2 were calculated and the ratio in sh-Ctrl sample was 
considered as 100% miRISC activity (E). (F) The dsRNA enrichment of a few retrotransposons 
assessed by RNase A digestion and real-time qPCR analysis. (G and H) The expression of IFNs 
and ISGs in control and AGO2 KD MCF-7 cells analyzed by real-time qPCR (G) and immunoblot 
(H). (I–L) The transcripts of selected IFNs and ISGs were analyzed by RT-qPCR (I and K), and 
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(Figure 4.5 continued) the KD of DICER and TRBP2 was validated by immunoblot (J and L) in 
MCF-7 cells transduced with indicated shRNAs. (M-O) The measurement of AGO2 and LSD1 
protein expression by immunoblot (M), dsRNA enrichment of a few retrotransposons (N), and 
RNA levels of IFNs and ISGs by real-time qPCR (O) in MCF-7 cells with indicated manipulations. 
Error bars represent SD between duplicates (D, F, G) in one of two experiments, duplicates in 
one experiment (I, K), triplicates in one of two experiments (O), or SEM from five experiments 
(N). *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant, as determined by unpaired t test. The 
work in this figure was performed by Wanqiang Sheng. 
 
LSD1 Regulates AGO2 Methylation Status and Stability 

In order to understand the mechanism by which LSD1 regulates the expression of RISC 

components, we first examined whether LSD1 inhibition-induced dsRNA stress, which was 

previously reported to decrease DICER protein expression256, is involved. To this end, we 

mitigated dsRNA stress by blocking its recognition by dsRNA sensors and observed that TLR3 

KD fully rescued the protein level of DICER but not AGO2 or TRBP2 in LSD1 KD cells (Figure 

4.6A). This result confirms that the regulation of DICER expression by LSD1 is through dsRNA 

stress and therefore is indirect, while it also suggests that the regulation of AGO2 and TRBP2 

expression is likely independent of dsRNA. Given that AGO2 is the central component responsible 

for target RNA cleavage, we decided to focus our investigations on AGO2. We first analyzed 

AGO2 RNA level but detected no obvious alterations upon LSD1 KD (Figure 4.6B), suggesting 

the regulation occurs at post-transcriptional level. Indeed, in a cycloheximide (CHX) chase assay, 

we detected a substantial decrease in AGO2 protein half-life when LSD1 was inhibited (Figures 

4.6C-D), implicating a regulatory role of LSD1 in AGO2 protein stability. Interestingly, we found 

that LSD1 physically interacted with the RISC complex (Figures 4.6E-F). This physical interaction 

likely occurred in the nucleus, because LSD1 is localized in the nucleus and a portion of RISC 

components was also detected in the nuclear fraction (Figure 4.6G), in line with a recent report257. 

As further evidence, we performed reciprocal co-immunoprecipitation with either whole cell lysate 

(WCL) or nuclear extract (NE) of MCF-7 cells stably expressing FH-LSD1, and detected a much 

stronger association between LSD1 and AGO2 in NE compared with that in WCL (Figure 4.6H). 
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Figure 4.6: LSD1 Regulates AGO2 Methylation Status and Stability. (A) Immunoblot analysis 
of DICER, AGO2 and TRBP2 in MCF-7 cells transduced with indicated shRNAs. (B) The 
measurement of RNA level of AGO1-4, DICER and TRBP2 by RT-qPCR in control and LSD1 KD 
MCF-7 cells. (C and D) Representative immunoblot of AGO2 (C) and quantification of AGO2 
signal from five experiments (D, mean ± SEM) in MCF-7 cells treated with 50 mg/mL 
cycloheximide (CHX) in the presence or absence of 2 mM GSK-LSD1 for the indicated times. (E) 
The physical interaction between LSD1 and AGO2 was examined by coimmunoprecipitation 
(coIP) assay using whole cell lysate (WCL) of MCF-7 cells stably expressing FH-AGO2. FT, flow 
through. (F) The physical interaction between LSD1 and TRBP2 was examined by co-
immunoprecipitation assay using whole cell lysates (WCL) of MCF-7 cells stably expressing FH-
TRBP2 or empty vector (-). (G) Cellular fraction into WCL, cytoplasmic extract (CytoE) or nuclear 
extract (NE), and immunoblot analysis of DICER, AGO2, TRBP2 and LSD1 in wild-type MCF-7 
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(Figure 4.6 continued) cells. (H) The physical interaction between LSD1 and AGO2 was 
examined by coimmunoprecipitation (coIP) assay using whole cell lysate (WCL) or nuclear extract 
(NE) of MCF-7 cells stably expressing FH-LSD1. FT, flow through. **p < 0.01, as determined by 
unpaired t test. The work in this figure was performed by Wanqiang Sheng. 
 
 
These above findings led us to investigate whether LSD1 regulates AGO2 stability by controlling 

AGO2 methylation. To identify methylation sites on AGO2 that are regulated by LSD1, we purified 

the overexpressed FH-AGO2 from MCF-7 cells with or without LSD1 inhibition, and conducted 

mass spectrometry analysis. We found that a lysine residue at position 726 (K726) was 

consistently mono-methylated through mass spectrometry analysis of multiple biological samples 

when LSD1 was inhibited either by shRNA-mediated KD or by GSK-LSD1 (Figures 4.7A-B). To 

validate this finding, we created an antibody that preferentially recognized AGO2 peptides mono-

methylated at K726 (K726me1) compared with un-methylated or di-methylated peptides (Figure 

4.7C). Furthermore, this antibody detected increased K726me1 on ectopically expressed AGO2 

when LSD1 was inhibited, which can be abrogated by substituting K726 with arginine (K726R) or 

alanine (K726A) (Figures 4.7D-E). Importantly, this antibody detected increased methylation of 

endogenous AGO2 upon LSD1 inhibition (Figure 4.7F), suggesting that LSD1 regulates AGO2 

demethylation in cells. To ascertain that K726 demethylation is responsible for sustaining AGO2 

stability, we blocked its methylation by substituting lysine 726 for arginine, and as expected we 

observed an increased stability for FH-AGO2-K726R compared to WT FH-AGO2 under 

physiological condition as well as in response to LSD1 inhibition (Figure 4.7G). We noticed that 

the ectopic AGO2 (FH-AGO2) and the endogenous AGO2 showed different stabilities, which has 

also been noted before255,258. Taken together, LSD1 modulates AGO2 stability by regulating 

AGO2 demethylation at K726. The decreased AGO2 protein level (possibly DICER and TRBP2 

as well) in response to LSD1 inhibition, together with increased ERV transcription, leads to dsRNA 

stress and IFN activation in human cancer cells. 
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Figure 4.7: LSD1 regulates AGO2 stability by controlling AGO2 methylation. (A and B) 
Purified FH-AGO2 from MCF-7 cells treated by LSD1 KD or GSK-LSD1 was visualized by silver 
staining (A), and analyzed by mass spectrometry, with a representative MS/MS spectrum showing 
mono-methyl K726 in LSD1 inhibited samples (B). (C) Dot blot detecting the reactivity of 
K726me1-specific antibody against un-, mono- or di-methylated AGO2 peptides. (D and E) 
Ectopically expressed WT FH-AGO2 and mutants in MCF-7 cells treated by LSD1 KD (D) or GSK-
LSD1 (E) were immunoprecipitated and then immunoblotted with mono-methyl AGO2 specific 
antibody and an AGO2 antibody. (F) The immunoblot of K726me1 on endogenous AGO2 in 
control or LSD1 KD MCF-7 cells. (G) The protein stability of transiently expressed WT FH-AGO2 
and FH-AGO2-K726R in 293T cells was measured using CHX chase assay in the presence or 
absence of 2 mM GSK-LSD1. The averaged AGO2 quantification from two experiments is shown. 
The work in this figure was performed by Wanqiang Sheng. 
 
LSD1 Abrogation-Induced dsRNA Stress Suppresses Tumor Cell Growth In Vitro 

We next investigated biological consequences of LSD1 inhibition-induced dsRNA stress, and in 

particular, whether dsRNA stress-triggered cellular responses can be harnessed for anti-tumor 
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immunity. To address these questions, we first asked whether our observations made in human 

cells could be recapitulated in mouse cells. Lewis lung carcinoma (LLC), D4m.3A, and B16 

melanoma are mouse tumor cell lines with poor immunogenicity259,260. LSD1 inhibition by 

CRISPR/Cas9-mediated gene deletion resulted in upregulation of retrotransposons and activation 

of IFN pathways in those cell lines (Figures 4.8A-K), which recapitulates our findings in human 

cancer cells. 

 

 
Figure 4.8: LSD1 knockout in murine cancer cells induces IFN and ERV expression. (A) The 
transcripts of selected retrotransposons, IFNs, and ISGs in control and LSD1 KO (clone g5-4) 
B16 cells analyzed by real-time qPCR. (B-D) The RNA expression of selected retrotransposons, 
IFNs and ISGs in control and LSD1 KO LLC (B), D4m.3A (C) and B16 (D) cells analyzed by RT-
qPCR. (E) Sequencing results of genomic Lsd1 exon targeted by gRNA5 (highlighted sequences) 
in corresponding LLC clones and in alignment with reference sequences. (F) Immunoblot of LSD1 
in CRISPR/Cas9-modified LLC clones. (G) Sequencing results of genomic Lsd1 exons targeted 
by two gRNAs in corresponding D4m.3A clones and in alignment with reference sequences. (H) 
Immunoblot of LSD1 in CRISPR/Cas9-modified D4m.3A clones. (I) Sequencing results of 
genomic Lsd1, Mda5, Ifnar1, Ifnb and Tlr3 exons targeted by gRNAs in corresponding B16 clones 
and in alignment with reference sequences. (J and K) Immunoblots of LSD1 with two antibodies 
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(Figure 4.8 continued) in multiple B16 clones transfected with different gRNAs targeting Lsd1. 
The RT-qPCR data were normalized to GAPDH and presented as fold changes of gene 
expression in the test sample compared to the control (A-D). Error bars represent SEM from three 
experiments (A, C, D) or two experiments (B). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 
ns, not significant, as determined by unpaired t test. The work in this figure was performed by 
Wanqiang Sheng. 
 
 
In addition, we also analyzed and observed dsRNA accumulation in B16 and D4m.3A cells in 

response to LSD1 loss (Figures 4.9A-C). LSD1 inhibition by genetic perturbation resulted in 

compromised growth of B16 cells in vitro (Figures 4.9D-G). To determine whether the growth 

phenotype is due to LSD1 abrogation-induced dsRNA stress, we deleted the dsRNA sensor 

MDA5 in LSD1 KO B16 cells (Figures 4.9H). The deletion of MDA5 significantly, albeit partially, 

rescued the growth defect of LSD1 KO B16 cells (Figures 4.9I-J), suggesting that the growth 

defect was in part due to dsRNA stress induced by LSD1 deletion. At the molecular level, the 

induction of IFNs and ISGs, but not dsRNA abundance, was significantly diminished in 

LSD1/MDA5 double knockout (DKO) cells (Figures 4.9K-L). As a control, deletion of MDA5 alone 

had minimal effects on B16 cell growth and IFN activation (Figures 4.9M-O). In addition, we did 

not observe an apparent rescue by TLR3 genetic deletion (Figure 4.9P), which could be explained 

by the observation that TLR3 protein was minimally or not expressed in B16 cells (data not 

shown). 
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Figure 4.9: LSD1 inhibition induces dsRNA stress which attenuates cell growth in vitro. (A) 
The dsRNA enrichment of a few retrotransposons in control and LSD1 KO B16 cells assessed by 
RNase A digestion and real-time qPCR analysis. (B) Total RNA extract treated with mock, RNase 
T1, RNase III, or RNase A (350 mM NaCl) was dotted on Hybond N+ membranes, visualized by 
methylene blue staining and immunoblotted with J2 antibody. (C) The assessment of dsRNA 
enrichment in control and LSD1 KO D4m.3A cells by RNase A digestion under 350 mM NaCl 
condition and RT-qPCR analysis. (D–G) B16 cells with indicated manipulations by shRNA-
mediated KD (D and E) or CRISPR/Cas9-mediated KO (F and G) were seeded in 6-well plates 
(500 cells per well) in triplicates and allowed to grow for 6 days before staining with crystal violet. 
Colony areas were quantified and compared to sh-Ctrl (E) or scramble (G). (H) Immunoblots of 
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(Figure 4.9 continued) LSD1 and MDA5 in CRISPR/Cas9-modified B16 cells as indicated. (I and 
J) Colony formation (I) and quantification of colony areas (J) of scramble, LSD1 KO, or 
LSD1/MDA5 DKO B16 cells. (K) The expression of selected retrotransposons, IFNs, and ISGs in 
scramble, LSD1 KO, and LSD1/MDA5 DKO B16 cells analyzed by real-time qPCR. (L) Total RNA 
extract from scramble, LSD1 KO or LSD1/MDA5 DKO B16 cells was dotted on Hybond N+ 
membranes in replicates, visualized by methylene blue staining and immunoblotted with J2 
antibody. (M) The RT-qPCR analysis of selected retrotransposons, IFNs and ISGs in control and 
MDA5 KO B16 cells. (N and O) B16 cells (scramble, LSD1 KO and MDA5 KO) were seeded in 
12-well plates in quadruplicates (200 cells per well) and allowed to grow for 6 days before staining 
with crystal violet. Colony areas were quantified and compared to scramble (O). (P) The RT-qPCR 
analysis of IFNs and ISGs in control, LSD1 KO and LSD1/TLR3 DKO B16 cells. The RT-qPCR 
data were normalized to GAPDH and presented as fold changes of gene expression in the test 
sample compared to the control. Error bars represent SEM from three experiments (A, C), two 
experiments (K), or represent SD between quadruplicates (J, O), triplicates (E,G), or duplicates 
(M and P) in one of two experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not 
significant, as determined by unpaired t test. The work in this figure was performed by Wanqiang 
Sheng. 
 
 
We expected a similar rescue effect on cell growth by blocking the IFN pathway in LSD1 KO B16 

cells. Indeed, deletion of IFNAR1, a crucial subunit for type 1 IFN receptor, also diminished IFN 

activation and partially restored cell growth (Figures 4.10A-D), in line with the suppressive effect 

of type 1 IFNs on cell growth245. In addition, IFN-β deletion also displayed a similar, albeit milder, 

rescue effect (Figures 4.10E-H). In summary, LSD1-abrogation in mouse cancer cells causes 

dsRNA stress and subsequent IFN activation, leading to cell growth inhibition in vitro. 
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Figure 4.10: LSD1 deletion induces IFN which is responsible for attenuating cell growth. 
(A) The expression of IFNs and ISGs in scramble, LSD1 KO, and LSD1/IFNAR1 DKO B16 cells 
analyzed by real-time qPCR. (B and C) Colony formation (B) and quantification of colony areas 
(C) of scramble, LSD1 KO, or LSD1/IFNAR1 DKO B16 cells. (D) Immunoblots of LSD1 and IFNAR 
in CRISPR/Cas9-modified B16 cells as indicated. Arrow indicates IFNAR1 bands. (E and F) B16 
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(Figure 4.10 continued) cells (scramble, LSD1 KO, LSD1/IFN-β DKO and IFN-β KO) were 
seeded in 12-well plates in triplicates (200 cells per well) and allowed to grow for 6 days before 
staining with crystal violet. Colony areas were quantified and compared to scramble (F). (G) The 
RT-qPCR analysis of selected retrotransposons, IFNs and ISGs in control, LSD1 KO and 
LSD1/IFN-β DKO B16 cells. (H) ELISA detection of secreted IFN-β in scramble, IFN-β KO, 
LSD1/IFN-β DKO B16 cells transfected by 2 mg poly(I:C) for 23 hours. The RT-qPCR data were 
normalized to GAPDH and presented as fold changes of gene expression in the test sample 
compared to the control. Error bars represent SEM from two experiments (G) or SD between 
duplicates (A) or triplicates (C, F) in one of two experiments. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, ns, not significant, as determined by unpaired t test. The work in this figure was 
performed by Wanqiang Sheng. 
 
LSD1 Abrogation-Induced dsRNA Stress Triggers Anti-tumor T Cell Immunity In Vivo 

The role of LSD1 in basic cancer biology has been previously reported, including sustaining 

cancer stem cell self-renewal and suppressing differentiation, promoting cell proliferation, 

enhancing the epithelial-mesenchymal transition as well as modulating metastasis261. These 

studies either used in vitro cell culture systems or transplanted human cancer cells into 

immunodeficient mice, but did not explore the role of LSD1 in regulating the tumor responses to 

host immunity. Based on our in vitro finding that LSD1 regulates cellular processes that are 

potentially related to tumor immune responses, we next determined whether LSD1 inhibition might 

trigger anti-tumor immunity in vivo. To interrogate this possibility, we used mouse syngeneic tumor 

models by subcutaneously inoculating B16 cells into C57BL/6 WT mice. The deletion of LSD1 in 

B16 cells significantly inhibited tumor growth in vivo, assessed by both tumor size and animal 

survival (Figures 4.11A-B), in agreement with our in vitro observations. To distinguish the role of 

LSD1 in regulating tumor autonomous growth versus adaptive anti-tumor immunity, we compared 

tumor growth in immunocompetent (WT) and immunodeficient T cell receptor ɑ (TCRɑ) KO mice. 

Although LSD1 deletion inhibited B16 tumor growth in WT mice, there was no growth difference 

between LSD1 KO and control B16 tumors in TCRɑ KO mice (Figures 4.11C-D, compare blue 

and green lines). This result indicates that LSD1 inhibition in tumor cells elicits potent anti-tumor 
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T cell immunity in vivo, rather than affecting tumor cell autonomous growth to restrain tumor 

burden. 

 

 
Figure 4.11: LSD1 deletion reduces tumor growth in vivo in a T-cell dependent manner. (A 
and B) Tumor growth (A) and survival curves (B) of immunocompetent mice inoculated with 500k 
scramble or LSD1 KO B16 cells. (C and D) Tumor growth (C) and survival curves (D) of 
immunocompetent or immunodeficient (TCRɑ KO) mice inoculated with 500k scramble or LSD1 
KO B16 cells. Error bars represent SEM and are representative of two independent experiments. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant, as determined by two-way 
ANOVA (A, C) or Mantel-Cox test (B, D). The work in this figure was performed by Martin LaFleur. 
 
 
To confirm that host anti-tumor T cell immunity was boosted by tumor-intrinsic dsRNA stress, we 

compared the growth of LSD1 KO and LSD1/MDA5 DKO B16 tumors in immunocompetent mice. 

As expected, deletion of MDA5 was sufficient to diminish LSD1 inhibition-elicited anti-tumor 

immunity, as evidenced by the similar growth of LSD1/MDA5 DKO and control tumors targeted 

with scramble gRNA or MDA5 single KO tumors (Figures 4.12A-B). To further examine whether 

MDA5-associated type 1 IFN response is essential for LSD1 inhibition-elicited anti-tumor 

immunity, we genetically abrogated IFN-β production in LSD1 KO B16 tumors, which completely 
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reversed LSD1 KO-mediated inhibition of tumor growth in vivo to a level comparable to that of the 

control or IFN-β single KO tumors in immunocompetent mice (Figure 4.12C). This result 

demonstrates that tumor cell-derived IFN-β is essential for anti-tumor immunity against LSD1 null 

tumors, although IFN-β could be produced by multiple cell types of the host. In addition to 

controlling growth of tumors implanted subcutaneously, we further showed that LSD1 KO in B16 

tumor cells markedly reduced tumor lung metastasis (Figures 4.12D-E). Thus, LSD1 inhibition-

induced dsRNA stress and a resultant IFN response sensitizes tumors to T cell immunity, likely 

by increasing tumor immunogenicity. 

 

 
 
Figure 4.12: LSD1 deletion attenuates tumor growth in a MDA5 and IFN-β dependent 
manner. (A and B) Tumor growth (A) and survival curves (B) of immunocompetent mice 
inoculated with 500k scramble, LSD1 KO, MDA5 KO, or LSD1/MDA5 DKO B16 cells. (C) Tumor 
growth of immunocompetent mice inoculated with 500 k scramble, LSD1 KO, IFN-β KO, or 
LSD1/IFN-β DKO B16 cells. (D and E) Representative images (D) and quantification (E) of lung 
metastasis in immunocompetent mice receiving 200 k scramble or LSD1 KO B16 cells 
intravenously. Data represent two independent experiments. Error bars represent SEM of 
individual mice per group in one experiment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 
ns, not significant, as determined by two-way ANOVA (A and C), log-rank test (B), or two-way 
unpaired t-test (E). The work in this figure was performed by Martin LaFleur. 
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LSD1 Inhibition Enhances Tumor Immunogenicity and Increases T Cell Infiltration 

To further elucidate the mechanism connecting LSD1 inhibition to enhanced anti-tumor T cell 

immunity, we investigated the effects of tumor cell-intrinsic LSD1 on T cell activity in the tumor 

microenvironment. We found a significant increase in CD4+ and CD8+ T cell numbers in LSD1 KO 

compared to control B16 tumors (Figure 4.13A), indicating a stronger ability to induce T cell 

immunity. Importantly, the increase in T cell infiltration was diminished when MDA5 was 

concurrently ablated (Figure 4.13A). In contrast, we did not detect any significant alteration in T 

cell populations in draining lymph nodes (dLNs) of B16 tumor-bearing mice (Figure 4.13B), 

suggesting tumor cell LSD1 ablation exerts effects locally within the tumor microenvironment. To 

assess the functional activity of CD8+ TILs (tumor infiltrating lymphocytes), we analyzed the 

expression of a proliferation marker, Ki-67, and a cytotoxic factor, Granzyme-B (GzmB), but 

neither showed a noticeable alteration when LSD1 was deleted in B16 tumor cells (Figure 4.13C). 

These results suggest that a major effect of LSD1 ablation is to promote T cell infiltration into 

tumors. To investigate whether the increased T cell infiltration is associated with increased TCR 

repertoire diversity of CD8+ TILs in LSD1 KO B16 tumors, we analyzed the clonality and entropy 

of these T cells by TCR sequencing, but did not find any significant changes compared to their 

counterparts in WT tumors (Figure 4.13D). Thus, the increased T cell infiltration in LSD1 KO 

tumors is unlikely due to changes in tumor antigenicity. 
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Figure 4.13: LSD1 ablation induces an MDA5-dependent increase in intratumoral T cell 
infiltration. (A) Tumor infiltrating lymphocytes (TILs) from transplanted B16 tumors (n = 5 for 
scramble, n = 5 for LSD1 KO, and n = 6 for LSD1/MDA5 DKO) in immunocompetent mice were 
analyzed by flow cytometry at day 14 post implantation when tumor sizes were comparable 
among the three groups. (B) Flow cytometry analysis of T cells (CD4, CD8 and Treg) in draining 
lymph nodes (dLNs) of B16 tumor-bearing immunocompetent mice (n = 5 for scramble, n = 5 for 
LSD1 KO and n = 6 for LSD1/MDA5 DKO). (C) The expression of Ki-67 and GzmB by CD8+ TILs 
as in (A) was analyzed by flow cytometry. (D) The clonality and entropy of CD8+ TILs isolated 
from transplanted B16 tumors (n = 5 for scramble and n = 3 for LSD1 KO) were analyzed by TCR 
sequencing. All experiments except (TCR sequencing are representative of two independent 
experiments. Error bars represent SD. Statistical significance was assessed by one-way ANOVA 
(A-C) or two-sided unpaired t-test (D). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not 
significant. The work in this figure was performed by Martin LaFleur. 
 
 
We next investigated if LSD1 inhibition-induced dsRNA stress altered tumor cell characteristics 

associated with tumor response to T cell immunity. Ex vivo tumor cell transcriptomic analysis 

revealed that LSD1 deletion significantly altered the gene expression profile in B16 tumor cells in 
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vivo (Figures 4.14A-B). When MDA5 was simultaneously deleted, these transcriptional changes 

were reduced (Figures 4.14A-B). Consistent with the in vitro results with human cancer cells, 

LSD1 ablation also led to loss of LSD1 occupancy at ERVs, increased H3K4me2 as well as 

upregulation of ERV transcription in B16 tumor cells in vivo (Figures 4.14C-E). Differential 

expression analysis showed that immune response-related biological processes, including innate 

immune response, response to IFN-β, and defense response to virus and MHC protein complex, 

were ranked among the top 10 GO terms in ex vivo LSD1 KO tumor cells (Figure 4.14F), providing 

evidence for increased tumor immunogenicity. In addition, genes associated with inflammatory 

responses were also enriched in LSD1 KO tumor cells as analyzed by GSEA (Figure 4.14G). 

Importantly, the induced expression of genes associated with the top 10 GO terms was 

significantly diminished by simultaneous MDA5 deletion in LSD1 KO cells (Figure 4.14H), 

suggesting a critical role of dsRNA recognition pathway in mediating tumor immunogenicity. Of 

note, we specifically looked at cell proliferation pathways by GSEA, but did not observe an 

apparent alteration by LSD1 deletion (Figure 4.14I), which further supports the notion that 

autonomous growth of B16 tumor cells in syngeneic mice is likely independent of LSD1 status. 

 

In order to validate the findings from RNA-seq, we focused on the biological process ‘‘MHC protein 

complex’’ and assessed whether LSD1 KO affects MHC class 1 protein expression, because 

defects in MHC class 1 enable immune escape and are commonly found in solid tumors. In the 

RNA-seq analysis, most MHC-1 coding genes were upregulated in LSD1 KO B16 cells, among 

which the induction of H2-D1 and H2-K1, which encode classical class 1 antigens, was largely 

dependent on the MDA5 pathway (Figure 4.14J, boxed). Consistent with the gene expression 

data, flow cytometry analysis of GFP-labeled B16 cells isolated from in vivo transplanted tumors 

revealed that LSD1 deletion caused a marked induction of MHC-1 expression on the tumor cell 

surface, which was completely abrogated by concurrent deletion of MDA5 (Figure 4.14K). 
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Altogether, these results show that LSD1 inhibition activates the dsRNA recognition pathway and 

thereby enhances tumor immunogenicity, associated with increased T cell infiltration. 

 

 
Figure 4.14: LSD1 deletion induces IFN expression program in vivo. (A) GFP-labeled B16 
tumor cells (n = 3 per group of scramble, LSD1 KO, and LSD1/MDA5 DKO) were isolated from 
tumor-bearing immunocompetent mice and subjected to RNA-seq analysis. Differential gene 
expression as shown in volcano plots. Dots in red represent increased genes (log2(FC) >1 and 
FDR <0.05) and dots in blue represent decreased genes (log2(FC) <1 and FDR <0.05) in LSD1 
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(Figure 4.14 continued) KO versus scramble cells (left plot) or LSD1/MDA5 DKO versus 
scramble cells (right plot). (B) M-A plots of differentially expressed genes analyzed by RNA-seq 
using GFP-labeled B16 tumor cells (n = 3 per group of scramble, LSD1 KO and LSD1/MDA5 
DKO) isolated from tumor-bearing immunocompetent mice, referred to as ex vivo cells hereafter. 
Dots in red represent significantly increased genes (log2(FC) > 1 and FDR < 0.05) and dots in 
blue represent significantly decreased genes (log2(FC) < 1 and FDR < 0.05) in LSD1 KO versus 
scramble cells (left plot) or LSD1/MDA5 DKO versus scramble cells (right plot). (C) Differential 
expression (FDR < 0.05) of ERVs between scramble and LSD1 KO ex vivo B16 cells shown in a 
heatmap. (D and E) LSD1 and H3K4me2 ChIP-seq signals at genomic loci of 74 ERV subfamilies 
(D) and representative RLTR13D3 subfamily (E) in ex vivo scramble and LSD1 KO B16 cells. (F) 
GO analysis of upregulated genes (log2(FC-KO/Ctrl) >1 and FDR <0.05) in LSD1 KO versus 
scramble cells was performed and top 10 terms shown in a dot map. (G) GSEA analysis for 
inflammatory response in ex vivo LSD1 KO versus scramble B16 cells. Gene list was ranked with 
signed (from log2FC) likelihood ratio from LSD1 KO versus scramble comparison. (H) The 
upregulated genes associated with top 10 GO terms (170 in total) were sorted out and log2(FC) 
of their expression in LSD1 KO and LSD1/MDA5 DKO versus scramble cells was plotted. (I) 
GSEA analysis for positive regulation of cell proliferation in ex vivo LSD1 KO versus scramble 
B16 cells. Gene list was ranked with signed (from log2FC) likelihood ratio from LSD1 KO versus 
scramble comparison. (J) All genes categorized in GO term ‘‘MHC protein complex’’ were 
displayed in a heatmap. (K) Flow cytometry analysis of MHC-1 expression by GFP-labeled B16 
tumor cells (n = 3 per group of scramble, LSD1 KO, and LSD1/MDA5 DKO) isolated from tumor-
bearing mice. All experiments are representative of one independent experiment with at least 3 
biological replicate animals. Error bars represent SE (H) or SD (K). Statistical significance was 
assessed by two-sided unpaired t-test (K) or hypergeometric test (D-I). *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001, ns, not significant. The work in this figure was performed by Wanqiang 
Sheng and Martin LaFleur.  
 
 
To examine whether the enhanced tumor immunogenicity by LSD1 inhibition is a generalizable 

mechanism, we used another ‘‘cold’’ tumor model, D4m.3A melanoma (BrafV600E; Pten loss). 

LSD1 KO D4m.3A tumors grew slightly faster than control tumors in TCRɑ KO mice (Figure 

4.15A). In contrast, in syngeneic immunocompetent mice, both tumors displayed slower growth 

than their counterparts in TCRɑ KO mice, and LSD1 KO D4m.3A tumors displayed much slower 

growth than WT control tumors (Figure 4.15A), suggesting enhanced T cell immunity against 

tumors lacking LSD1. Consistently, we also found increased T cell infiltration in LSD1 KO D4m.3A 

tumors (Figure 4.15B), and elevated MHC-1 expression on the surface of LSD1 KO D4m.3A 

tumor cells compared with control tumor cells (Figure 4.15C), indicating enhanced tumor 
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immunogenicity. Thus, our results suggest that the enhanced tumor immunogenicity elicited by 

LSD1 inhibition is not limited to the B16 tumor model and may be of broad significance. 

 

 
Figure 4.15: LSD1 deletion attenuates D4m.3A tumor growth. (A) Tumor growth of 
immunocompetent and TCRɑ KO mice inoculated with 500k scramble or LSD1 KO D4m.3A cells. 
(B) CD4+ and CD8+ TILs in transplanted D4m.3A tumors (n = 9 for scramble and n = 10 for LSD1 
KO) in immunocompetent mice were analyzed by flow cytometry. (C) Flow cytometry of MHC-1 
expression on the cell surface of D4m.3A tumor cells (n = 9 for scramble and n = 10 for LSD1 
KO) isolated from tumor-bearing immunocompetent mice. Error bars represent SEM of individual 
mice per group in two experiments (A) or SD in two experiments (B-C). *p < 0.05, **p < 0.01, ****p 
< 0.0001, ns, not significant, as determined by unpaired t test. The work in this figure was 
performed by Martin LaFleur. 
 
LSD1 Inhibition Overcomes Tumor Resistance to PD-1 Blockade 

Our observation of enhanced tumor cell immunogenicity associated with LSD1 KO tumors 

suggests that these otherwise refractory tumors may now be sensitized to checkpoint blockade 

therapy. Interestingly, our RNA-seq and flow cytometry analysis also revealed that PD-L1 

expression was upregulated in LSD1 KO B16 and D4m.3A tumors in vivo (Figures 4.16A-C). PD-

L1 induction may suppress the functional activity of CD8+ TILs226, compromising the anti-tumor 

effect of increased TILs caused by LSD1 inhibition. These findings prompted us to determine 

whether PD-1 blockade would synergize with LSD1 ablation to promote anti-tumor immunity. We 

used B16 tumors for these studies because B16 tumors express PD-L1 but have poor 

immunogenicity and are known to be non-responsive to PD-(L)1 blockade in the absence of 

vaccination226,262–264. As expected, PD-1 blockade alone had no overt effects on WT B16 tumor 

growth (Figures 4.16D-E). Strikingly, PD-1 blockade markedly reduced the growth of LSD1 KO 
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B16 tumors when PD-1 blockade was initiated on day 14 after tumor implantation (Figures 4.16D-

E). In addition, we administered anti-PD-1 to mice when LSD1 KO or control B16 tumors reached 

the same volume to ensure that the effects of PD-1 blockade are not due to delayed kinetics of 

LSD1 KO tumor growth. In both scenarios, PD-1 blockade had a profound effect on decreasing 

growth of LSD1 KO tumors but not WT tumors (Figures 4.16D-G). These results demonstrate a 

potent synergy between LSD1 inhibition and PD-1 blockade in controlling tumor growth and 

suggest that targeting LSD1 bypasses the need for vaccination to achieve PD-1 blockade 

responsiveness in the B16 tumor model. 

 

 
Figure 4.16: LSD1 deletion sensitizes tumors to PD-1 blockade. (A-B) RNA-seq (A) and flow 
cytometry (B) analysis of PD-L1 expression by GFP-labeled B16 tumor cells (n = 3 per group of 
scramble, LSD1 KO, and LSD1/MDA5 DKO) isolated from tumor-bearing mice. (C) Flow 
cytometry of PD-L1 on the cell surface of D4m.3A tumor cells (n = 9 for scramble and n = 10 for 
LSD1 KO) isolated from tumor-bearing immunocompetent mice. (D and E) Tumor growth (D) and 
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(Figure 4.16 continued) survival curves (E) of immunocompetent mice inoculated with 250k B16 
cells, and treated with anti-PD-1 or isotype control. Arrows indicate time points of anti-PD-1 
injection. (F and G) Tumor growth (F) and survival curves (G) of immunocompetent mice 
inoculated with 500k B16 cells, and treated with anti-PD-1 or isotype control based on a set tumor 
size (200 mm3) for initial treatment. Arrows indicate time points of initial anti-PD-1 injection into 
scramble tumor-bearing mice (in black) and LSD1 KO tumor-bearing mice (in red), followed by 
additional anti-PD-1 injections every other day. Data represent two independent experiments. 
Error bars represent SD (A-C) or SEM (D, F). *p < 0.05, ***p < 0.001, ****p < 0.0001, ns, not 
significant, as determined by unpaired t test (A-C), two-way ANOVA (D, F), or Mantel-Cox test 
(E,G). The work in this figure was performed by Wanqiang Sheng and Martin LaFleur. 
 
 
To determine the translational significance of these findings, we explored public datasets on 

human cancer. We found that LSD1 was infrequently mutated, amplified, or deleted in a majority 

of cancer types examined (Figure 4.17A). However, LSD1 was overexpressed in tumors 

compared with normal tissues in a variety of cancer types (Figure 4.17B). We then examined 

whether LSD1 expression level in tumors correlates with clinical outcome. We dichotomously 

divided patients of each cancer type by LSD1 expression median and compared overall survival 

between the two groups. Our analysis showed that the LSD1-high group had a significantly 

shorter overall survival time than the LSD1-low group for a number of cancer types (Figure 4.17C), 

suggesting the LSD1 overexpression is a poor prognostic factor. In line with the finding that LSD1 

inhibition caused IFN/antiviral response in in vitro MCF-7 cells and in vivo B16 tumor cells, LSD1 

expression level was found to be inversely correlated with IFN/antiviral response in a variety of 

cancer types in the TCGA cancer patient dataset (Figure 4.17D). We also analyzed LSD1 

expression level versus CD8+ T cell infiltration in multiple cancer types. Importantly, we found that 

LSD1 expression level was also inversely correlated with CD8+ T cell infiltration in most cancer 

types (Figure 4.17E), consistent with our finding of increased T cell infiltration by LSD1 inhibition 

in mouse models. We carried out further analysis on the TCGA skin cutaneous melanoma 

(SKCM) cohort, and found that the patient group with low LSD1 expression (LSD1-low) had better 

survival probability than that with intermediate or high LSD1 expression (LSD1-int/high) (Figure 
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4.17F). Consistently, the LSD1-low group was associated with increased expression of genes 

enriched in immune responses (Figure 4.17G). Specifically, both CD8ɑ and GzmB were 

expressed at higher levels in the LSD1-low group than in the LSD1-int/high group, indicating 

increased CD8+ T cell infiltration (Figures 4.17E-F). 

 

 
 
Figure 4.17: LSD1 expression is anti-correlated with T cell infiltration in human tumors. (A) 
The frequencies of mutation, amplification and deletion of LSD1 across a panel of cancer types 
were analyzed using cBioPortal. Only cancer types with at least one case of altered LSD1 were 
shown in the chart. (B) The analysis of LSD1 RNA expression in tumors and normal tissues from 
patients with indicated types of cancers in TCGA dataset. (C) The survival curves of LSD1-low 
(red) and LSD1-high (blue) patient groups dichotomously divided by LSD1 median in two cancer 
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(Figure 4.17 continued) types: adenoid cystic carcinoma (ACC) and sarcoma (SARC) using the 
TCGA dataset. (D and E) Correlation analysis for LSD1 expression level versus IFN signature 
(D) or CD8+ T cell infiltration (E) in tumors from indicated types of cancer patients in TCGA 
dataset. (F) The survival curves of LSD1-low (first tertile in red, n = 113) and LSD1-int/high 
(second and third tertiles in blue, n = 210) SKCM patient groups divided based on LSD1 
expression using TCGA dataset. (G) A plot of top 10 GO terms based on p value generated by 
DAVID functional annotation of differentially expressed genes (FC > 1.5 or FC < 0.67, and FDR 
< 0.05) in LSD1-low group versus LSD1-int/high group of SKCM (increased genes – red, 
decreased genes – blue). (H and I) Comparison of CD8ɑ (H) and GzmB (I) expression between 
the LSD1-low group (red) and the LSD1-int/high group (blue) of SKCM patients. *p < 0.05, ***p < 
0.001, ****p < 0.0001, ns, not significant. The work in this figure was performed by Wanqiang 
Sheng, Martin LaFleur, and computational collaborators. 
 
Discussion 

In this study, we have demonstrated that targeting LSD1 in tumor cells causes intracellular dsRNA 

stress and resultant cellular responses including IFN activation, which promotes anti-tumor T cell 

immunity and sensitizes refractory tumors to PD-1 blockade in vivo in a melanoma mouse model 

(Figure 4.18). The remarkable ability of LSD1 inhibition to convert a tumor resistant to PD-1 

blockade to a tumor responsive to PD-1 blockade may provide a means to increase the efficacy 

of anti-PD-1 cancer therapy and potentially turn ‘‘cold’’ tumors ‘‘hot’’ 240. 
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Figure 4.18: A proposed model depicting how LSD1 regulates tumor responses to host immunity 
and checkpoint blockade therapy. 
 
Intracellular dsRNA Homeostasis 

The epigenetic regulation of repetitive element transcription in mammalian germ cells and early 

embryonic development is well documented265,266, but much less is known in differentiated 

somatic cells. Our study shows that LSD1 represses the transcription of a subset of ERVs in 

human and mouse cancer cells. We further showed that LSD1 inhibition also compromises the 

expression of RISC proteins and consequently RISC action. For instance, we showed that loss of 

LSD1 leads to a reduced expression of the dsRNA cleaving enzyme, DICER, which could explain 

how this regulation can contribute to the elevated level of dsRNAs in LSD1 KD/KO cells248. Loss 

of LSD1 also results in a reduction of AGO2 protein level, but how reduction of AGO2 contributes 
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to a change in dsRNA level remains less clear. It’s possible that AGO2 loaded with siRNA 

(generated from DICER) cleaves complementary RNA transcripts that form dsRNAs, thus 

reducing dsRNA formation253,267. By coordinating ERV transcription and RISC component 

expression, LSD1 inhibition reinforces dsRNA stress and subsequent cellular responses. 

 

Interestingly, two recent studies reported that DNMT inhibitors also lead to increased ERV 

transcription and IFN activation66,247. A previous study suggested that LSD1 regulates DNMT1 

stability via demethylating DNMT1 in mESCs268 but another study also using mESCs failed to find 

a change in DNMT1 stability246. In the context of cancer cells, we found that depletion of LSD1 

had no overt effect on DNMT1 steady-state level and global DNA methylation level, although our 

data cannot exclude locus-specific DNA methylation changes. Taken together, our findings 

suggest that the LSD1 effects we observed are probably not mediated by alterations in DNA 

methylation. It will be interesting to determine whether DNA and histone methylation regulate the 

same or different types of retroviral elements and whether inhibition of both will further elevate 

anti-tumor immunity. 

 

Tumor Cell-Intrinsic LSD1 Regulates Host Anti-tumor Immunity 

LSD1 regulates in vitro tumor cell growth through both dsRNA-IFN activation and possibly intrinsic 

proliferation program. The latter observation is consistent with previous reports that LSD1 

promotes cell proliferation in cell culture and in mouse xenograft models269,270. However, because 

these studies transplanted human tumor cells into immunodeficient mice, the potential impact of 

lymphocytes was not taken into consideration. When syngeneic immunodeficient and 

immunocompetent mice were used in parallel, we found that LSD1 is not required for B16 tumor 

cell autonomous growth in vivo, revealing that LSD1 inhibition mainly elicits potent anti-tumor T 

cell immunity, which drastically reduces tumor growth. We speculate that host somatic cells such 
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as stromal cells in the tumor microenvironment can foster cell proliferation that may circumvent 

the need of LSD1 for cell proliferation in vivo. On the other hand, it may also be possible that 

innate immune pressure, for example by secreting a low amount of type 1 IFN acting on tumor 

cells, minimizes the growth difference between WT and LSD1 null tumors. 

 

Given that our investigations are genetic in nature, we were able to conclude that the impact of 

LSD1 inhibition on anti-tumor immunity is due to alterations arising from the tumor cells, in which 

we further demonstrated dsRNA stress and resultant IFN-β as key mediators. Our study, together 

with those on the DNA methylation inhibitors, highlight an important role of chromatin 

modifications in regulating tumor cells and their behavior in vivo in the context of an intact immune 

system. 

 

LSD1 Inhibition and PD-(L)1 Blockade 

Our study shows that LSD1 inhibition elicits potent anti-tumor immunity associated with increased 

T cell infiltration and immunogenicity in low or non-immunogenic tumors. Accompanying the 

increased T cell infiltration, LSD1 KO B16 tumors also show elevated levels of PD-L1, a key 

inhibitor of T cell responses, which may compromise the efficacy of increased T cell infiltration. 

Indeed, the combination of LSD1 abrogation in B16 cells and PD-1 blockade showed a striking 

effect on controlling B16 tumor growth in the absence of vaccination. Therefore, we believe that 

LSD1 inhibition overcomes the resistance of B16 tumors to PD-1 blockade by increasing tumor 

immunogenicity and T cell infiltration226,263. By coordinating these two closely related processes, 

T cell infiltration and functional reinvigoration, LSD1 inhibition and PD-1 blockade achieve a potent 

synergy. Consistent with our findings in mouse models, the analysis of cancer patient data reveals 

an inverse correlation between LSD1 expression and CD8+ T cell infiltration and prognosis, 

pointing to the therapeutic potential of targeting LSD1 in combination with PD-(L)1 blockade for 
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cancer treatment. The finding that high LSD1 expression is associated with poor prognosis in a 

variety of cancers further suggests LSD1 expression may be an informative biomarker. 

 

In summary, our study provides the basis for developing the combinatorial use of LSD1 inhibitors 

and anti-PD-(L)1 for cancer therapy. Further work is needed to explore the function of LSD1 in 

immune cells. Given the general role of LSD1 in regulating dsRNA and IFN responses, targeting 

LSD1 in combination with anti-PD-(L)1 may prove to be a broadly applicable new strategy in 

cancer immunotherapy. 

 
Materials and Methods 

Cell lines 

MCF-7 (from ATCC), T47D (a gift from J. Brugge), 293T (from ATCC), B16 (a gift from G. Dranoff), 

LLC (a gift from G. Dranoff) and D4m.3A (a gift from D. Fisher) cells were cultured in normal 

DMEM supplemented with 10% FBS and 1% penicillin/ streptomycin in a 5% CO2 incubator at 

37°C. 

 

Mice 

6–10-wk-old female mice were used for all experiments. WT C57BL/6 mice were purchased from 

The Jackson Laboratory. Prior to all experiments, purchased mice were allowed to acclimate to 

housing conditions at the Harvard Medical School Animal Facility for one week. For studies using 

immunodeficient mice, we compared mice from the same facility (in-house WT versus in-house 

TCRɑ KO or Jackson WT versus Jackson TCRɑ KO). The in-house strains of WT and TCRɑ KO 

were originally purchased from The Jackson Laboratory. Colonies for each strain of mice were 

maintained in the same animal facility at Harvard Medical School. All experimental mice were 

housed in specific pathogen–free conditions and used in accordance with animal care guidelines 
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from the Harvard Medical School Standing Committee on Animals and the National Institutes of 

Health. Animal protocols were approved by the Harvard Medical School Standing Committee on 

Animals. 

 

METHOD DETAILS 

Cell culture and chemical compound treatment 

All cell lines were cultured in a 5% CO2 incubator at 37°C, and passaged every 2-3 days. One 

day before compound treatment, cells were seeded in 6-well or 12-well plates, and then were 

treated with 2 mM GSK-LSD1, or DMSO as mock, in duplicates or triplicates for 5-6 days, during 

which cells were passaged once and replenished with fresh compound. 

 

Gene knockdown by shRNA and ectopic expression 

The shRNA oligos were annealed and cloned into a pLKO.1-Puromycin+ (Puro) or pLKO.1-

Blasticidin+ (Bsd) lentiviral vector. Lentivirus carrying pLKO.1 plasmid was produced by co-

transfecting HEK293T cells with four helper plasmids (pHDM-VSV-G, pHDM-tat1b, pHDM-

HgPM2, and pRC-CMVRaII) and by harvesting viral supernatant after 72 h by passing through a 

0.45 mm filter. Collected lentivirus was used directly to infect cells with the addition of 8 mg/ml 

polybrene (Sigma-Aldrich, cat#H9268), or frozen at 80°C for later use. Infected cells were 

selected and expanded with puromycin (Gold Biotechnology, cat#P-600-500) at 1 mg/ml or 

blasticidin (Sigma-Aldrich, cat#15205) at 5 mg/ml for 5 days before being used for subsequent 

assays. 

 

For double KD, MCF-7 cells were first transduced with lentiviral pLKO-sh-GFP-Puro as control or 

pLKO-sh-Sensor-Puro, and selected with puromycin for 3 days. Those cells were then transduced 

with lentiviral pLKO-sh-Scramble-Bsd or pLKO-sh-LSD1-Bsd, and selected with both puromycin 
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and blasticidin for 3-5 days to achieve double KD. In this context, pLKO-sh-GFP-Puro plus pLKO-

sh-Scramble-Bsd was referred as sh-Ctrl, and pLKO-sh-GFP-Puro plus pLKO-sh-LSD1-Bsd was 

referred as sh-LSD1. For LSD1 rescue assay, MCF-7 cells were first transduced with lentiviral 

pLKO-sh-Scramble-Bsd or pLKO-sh-LSD1-Bsd, and selected with blasticidin for 3 days. Those 

cells were then transduced with lentiviral pHAGE-CMV-Flag-HA-EV/LSD1/LSD1-K661A 

(puromycin and sh-LSD1 resistant)271, and selected with both blasticidin and puromycin for 5 days 

before subsequent analysis. In this context, pLKO-sh-Scramble-Bsd plus pHAGE-CMV-Flag-HA-

EV was referred as sh-Ctrl, and pLKO-sh-LSD1-Bsd plus pHAGE-CMV-Flag-HA-EV was referred 

as sh-LSD1. For an alternative rescue method, MCF-7 cells were first transduced with lentiviral 

pHAGE-CMV-Flag-HA-EGFP/LSD1/LSD1-K661A, and selected with puromycin for 2 weeks to 

get stable cells, which were then transduced with lentiviral pLKO-sh-Scramble-Bsd or pLKO-sh-

LSD1-Bsd followed by blasticidin selection for 5 days before subsequent analysis. To establish 

stable cell lines ectopically expressing AGO2 or TRBP2, cDNAs were cloned into the pHAGE-

CMV-Flag-HA vector, and then used to package virus and transduce MCF-7 cells, followed by 

puromycin selection for 2 weeks. To create GFP-labeled B16 cells, the MSCV-PIG retroviral 

vector (MSCV backbone with puromycin and IRES-GFP) was used with Phoenix cells to package 

virus and transduce B16 parent lines, followed by puromycin selection for one week. Afterward, 

the expression of GFP was analyzed and confirmed by flow cytometry. 

 

Gene deletion by CRISPR/Cas9 

The gRNA oligos were annealed and cloned into the Lenti-CRISPR-v2-Puromycin+ vector. To 

delete target genes, B16, LLC and D4m.3A cells were transiently transfected with Lenti-CRISPR-

v2 plasmid carrying respective gRNA, and selected with 1 mg/ml puromycin for 2 days. Cells were 

then transferred into fresh medium without puromycin and seeded at super-low density to allow 

colony formation from single cells. Colonies were then picked and expanded for KO validation by 
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immunoblot or ELISA, and by sequencing of the target genomic region. For double KO, LSD1 KO 

B16 cells (clone g5-4) were used for deleting the second target gene as described above. 

 

Generation of ERV expression construct and transduction 

Primers were used to obtain a 2kb fragment of HERV-K and a 2kb fragment of HERV-E through 

PCR amplification with insertion of stop codons at 50 ends and additional 30bp elongation primers 

at 30 ends. HERV-K and HERV-E fragments with reverse complementary elongation primers at 

their 30 ends were mixed, denatured, annealed and elongated, followed by PCR amplification to 

generate a 4kb HERV-(K+E) fusion fragment, which was further cloned into a pHAGE-CMV-Flag-

HA lentiviral vector, thus expressing sense transcript of HERV-K and antisense transcript of 

HERV-E. Viral packaging and transduction were performed as described above. MCF-7 cells 

transduced with HERV-(K+E) were cultured for 48 hours without drug selection before 

subsequent analysis. 

 

RNA extraction and RT-qPCR 

All reagents, buffers and containers used for RNA work were RNase-free grade or treated with 

0.1% v/v DEPC (Sigma-Aldrich cat#D5758) if applicable, to eliminate RNase contaminants in 

experiments described in this section and other relevant sections. For total RNA extraction, cells 

in culture were directly lysed in TRIzol (Life Technologies, cat#15596018) after medium removal. 

RNA extraction was performed according to the manufacturer’s instructions. The extracted RNA 

was reversely transcribed into cDNA using the PrimeScript RT Reagent Kit (Clontech 

cat#RR037B) according to the manufacturer’s instructions, with the following modifications: 2 mg 

of RNA samples with the addition of primers were first denatured at 70°C for 5 min and cooled 

down on ice before the addition of buffer and reverse transcriptase; incubation time (at 37°C) was 

increased up to 30 min. The obtained cDNA samples were diluted and used for real-time 
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quantitative PCR (RT-qPCR). SYBR green (Roche, cat#04887352001) and gene specific primers 

were used for PCR amplification and detection on a LightCycler 480 system (Roche). The RT-

qPCR data were normalized to GAPDH and presented as fold changes of gene expression in the 

test sample compared to the control. 

 

Strand-specific PCR for detection of sense and antisense ERV transcripts 

The strand-specific PCR method was adapted from66 and performed with the PrimeScript RT 

Reagent Kit (Clontech cat#RR037B) with modifications. In brief, gene-and strand-specific primers 

(GSP) were synthesized with an extra Tag sequence, which does not exist in the human genome) 

at the 50 end to generate Tag-GSP (for example, HERV-E Tag-BR for sense strand, Tag-TF for 

antisense strand), and were used for reverse transcription, following these steps: 1 mg total RNA 

in 6 mL H2O was mixed with 1 mL Tag-GSP (10 mM stock), pre-heated at 65°C for 5 min and 

cooled down on ice; then added 2 mL buffer (5X), 0.5 mL reverse-transcriptase and 120 ng 

actinomycin D (Sigma-Aldrich, cat#A9415) in 0.5 mL H2O to a total volume of 10 ml; incubated 

at 50°C for 50 min for only first strand cDNA synthesis and deactivated at 85°C for 5 min; finally 

1 U of RNase H (New England Biolabs, cat#M0297S) was added, followed by incubation at 37°C 

for 20 min and subsequent ethanol precipitation for cDNA purification. The obtained cDNA was 

then used for PCR amplification with paired primers: Tag-primer in pair with TF-primer for 

amplifying sense strand and Tag-primer in pair with BR-primer for amplifying antisense strand. 

The amplicons were visualized on 1.5% agarose gels. 

 

DsRNA analysis by RNase digestion and RT-qPCR 

For dsRNA analysis by RNase A digestion, 5 mg total RNA extracted from MCF-7, B16 or D4m.3A 

cells was dissolved in 46 mL H2O and mixed well with 3.5 mL NaCl (5 M stock). Then 0.5 mL 

RNase A (10 mg/ml stock, Thermo Fisher Scientific, cat#EN0531) or H2O as mock was added to 
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a total volume of 50 mL and mixed well, followed by incubation at room temperature for 10 min. 

Afterward, 1 mL TRIzol was directly added to the mixture to terminate digestion, followed by RNA 

extraction. The RNA transcripts of selected retrotransposons were measured by RT-qPCR with 

GAPDH or Actb as an internal control. The ratios of (retrotransposon/GAPDH)RNase-A/ 

(retrotransposon/GAPDH) mock were calculated as enrichment folds. 

 

DsRNA analysis by J2 pulldown 

Purified total RNA from control or LSD1 KD MCF-7 cells was used for the J2 pulldown assay. J2 

antibody (Scicons, cat#10010200) and mouse IgG control (Santa Cruz Biotechnology, cat#sc-

2025) were first conjugated (1 mg per pulldown) to Protein G dynabeads (Life Technologies, 

cat#10003D), respectively. For each pulldown, 30 mg RNA was mixed with 500 mL 

immunoprecipitation (IP) buffer (350 mM NaCl, 25 mM Tris pH7.4, 5 mM DTT and 0.5% NP-40), 

followed by the addition of 0.5 mL RNase A (10 mg/ml stock, Thermo Fisher Scientific, 

cat#EN0531) and thorough mixing. The addition of RNase A was to reduce the overwhelming 

ssRNA and enrich dsRNA for J2 capture. Then, the whole mixture was mixed with washed beads 

and rotated at 4°C for 2h. Afterward, the beads were washed with IP buffer and incubated in 50 

mL Proteinase K digestion solution (1xTE, 100 mM NaCl, 1% SDS, and 1 mL Proteinase K (20 

mg/ml stock, Thermo Fisher Scientific, cat#AM2546)) at 45°C for 20 min. The eluate was directly 

added to 1 mL TRIzol for RNA purification and RT-qPCR analysis as described above. 

 

DsRNA analysis by J2 immunoblot 

Purified total RNA from B16 cells was subjected to digestion with mock, RNase T1 (Thermo Fisher 

Scientific, cat#AM2283) and RNase III (Thermo Fisher Scientific, cat#AM2290) in their respective 

buffers and according to the manufacturer’s instructions, or RNase A (Thermo Fisher Scientific, 

cat#EN0531) under high salt condition (350 mM NaCl). The digestion was deactivated by the 
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addition of TRIzol and RNA was subsequently purified. Equal volumes (2.5 ml) of purified RNA 

were dotted on Hybond N+ membrane (GE Healthcare, cat#RPN119B), dried and 

autocrosslinked in a UV stratalinker 2400 (Stratagene) two times. The membrane was then 

blocked in 5% milk in PBS-T (0.1% Tween-20) for 30 min and probed with J2 antibody at 4C 

overnight. On the next day, the membrane was washed with PBS-T three times and probed with 

secondary goat-anti-mouse HRP antibody (Millipore cat#AP124P) in 5% milk at room temperature 

for 1 h. The membrane was washed again with PBS-T three times and ECL was applied for film 

development. Afterward, the membrane was stained with methylene blue solution (0.3% w/v 

methylene blue + 30% v/v ethanol + 70% v/v H2O) to visualize the presence of RNA. 

 

Protein extraction and immunoblot analysis 

Cells in culture were washed with ice-cold PBS twice to completely remove residual medium. 

RIPA lysis buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM 

Tris pH 8.0) supplemented with protease inhibitors (Roche, cat#04693132001) and phosphatase 

inhibitor (Roche, cat#04906837001) was directly added to cell layers and scraped on ice. Cell 

lysates were transferred to small tubes and lysed on ice for 10 min before being cleared by top-

speed centrifugation (20, 000 g) at 4C. Protein concentrations in lysates were measured by Bio-

Rad protein assay (Bio-Rad, Cat#5000006) and adjusted equally between samples, followed by 

the addition of SDS loading buffer (5X) and boiling at 95C for 5 min. Equal volume and equal 

quantity of protein samples were subjected to SDS-PAGE and transferred to a nitrocellulose 

membrane (Bio-Rad, cat#162-0097). The membrane was blocked in 5% milk at room temperature 

for 1 h and incubated with appropriate antibodies at 4C overnight. On the next day, the membrane 

was washed with PBS-T three times and incubated with appropriate secondary HRP antibodies 

in 5% milk at room temperature for 1 h. The membrane was washed again with PBS-T three times 

and enhanced chemiluminescent substrate was applied for film development. 
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Protein immunoprecipitation (IP) 

Cells in culture were washed with ice-cold PBS twice to completely remove residual medium. IP 

lysis buffer (50 mM Tris PH 7.5, 150 mM NaCl, 0.1% NP-40, 0.1% Triton X-100, Glycerol 10%) 

supplemented with protease inhibitors (Roche, cat#04693132001) and phosphatase inhibitor 

(Roche, cat# 04906837001) were directly added to cell layers and scraped on ice. Cell lysates 

were transferred to small tubes and briefly sonicated to shear chromatin, followed by 10 min 

incubation on ice before being cleared by top-speed centrifugation (20, 000 g) at 4°C. Protein 

concentrations in lysates were measured by Bio-Rad protein assay (BioRad, #5000006) and 

adjusted equally between samples. For IP of Flag-HA-tagged proteins, cell lysates were incubated 

with anti-HA magnetic beads (Thermo Fisher Scientific, cat#88837) or anti-Flag M2 affinity gel 

(Sigma-Aldrich, cat#A2220) on a rotator at 4C overnight. For IP of endogenous AGO2, protein L 

magnetic beads (Thermo Fisher Scientific cat#88849) conjugated with AGO2 antibody (Santa 

Cruz Biotechnology, cat#53521) were used. IP beads were then washed with IP lysis buffer three 

times, and boiled in SDS loading buffer (1X) at 95C for 5 min for SDS-PAGE and immunoblot 

analysis. 

 

ELISA 

The ELISA assay was performed with a Human IFN Beta ELISA Kit (pbl assay science, 

cat#41415-1) and Mouse IFN Beta ELISA Kit (pbl assay science, cat#42410-1) according to the 

manufacturer’s instructions. 

 

GFPL/GFP-let-7 dual reporter assay 

The reporter assay for miRISC activity was performed as previously described255. In brief, a U2OS 

cell line stably expressing dual reporters, GFPL and GFP-let-7, was transduced with lentiviral 
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shRNA against scramble, LSD1 or AGO2. Cells were selected with puromycin at 1 mg/ml and G-

418 (Research Products International, cat#G64500-20.0) at 200 mg/ml for 4 days before 

subsequent analysis. The expression of GFPL and GFP was measured by immunoblot and RT-

qPCR as described in the above sections. Protein signals in immunoblot were quantified by 

ImageJ software according to the user manual. The ratios of GFPL over GFP protein signals in 

different samples were calculated and the ratio in control shRNA sample was considered as 100% 

miRISC activity. 

 

Cell colony formation assay 

B16 cells growing at 80% confluence were trypsinized and transferred into fresh medium in a 

single cell suspension. Cell numbers were counted and diluted appropriately for seeding on 6-

well plates (500 cells per well) or 12-well plates (200 cells per well). Cells were allowed to grow 

for 6 days, with fresh medium addition at day 3 without removing old medium, before staining with 

crystal violet solution (0.5% w/v crystal violet powder, 80% v/v H2O and 20% v/v methanol). 

Colony areas were quantified by ImageJ software according to the user manual. 

 

Mouse tumor models 

Mice were anesthetized with Avertin (2.5%), shaved at the injection site, and then injected in the 

flank subcutaneously with 250,000 or 500,000 B16-F10 (scramble, LSD1 KO, MDA5 KO, IFN-β 

KO, LSD1/MDA5 DKO and LSD1/IFN-β DKO), or 250,000 or 500,000 D4m.3A (scramble and 

LSD1 KO) tumor cells. Tumors were measured every 2–3 days once palpable (long diameter and 

short diameter) with a caliper. Tumor volume was determined using the volume formula for an 

ellipsoid: 1/2 x D x d2 where D is the longer diameter and d is the shorter diameter. Mice were 

sacrificed when tumors reached 2000 mm3 or upon ulceration/bleeding. 
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For antibody treatments, mice were given 100 mg antibody via intraperitoneal injection at day 14, 

16, 18, and 20 post tumor injection using the following antibodies: anti-PD-1 (clone 29F.1A12) or 

isotype (clone 2A3)272. Rat IgG2a isotype control antibody was purchased from BioXCell 

(cat#BE0089). Prior to treatments mice were randomized such that treatment groups had similar 

average tumor volumes prior to treatment initiation. 

 

B16 metastasis assay 

200K B16.F10 (scramble or LSD1 KO) were transferred intravenously via tail vein injection. Lungs 

were removed 14 days post injection and fixed overnight in Fekete’s solution. Visible metastases 

were counted in a blinded fashion by two investigators. 

 

Tumor infiltrating leukocyte flow cytometry 

Tumors were excised on day 14 post injection and cut into 2 mm sized pieces in collagenase and 

DNase. Samples were dissociated with a Gentle MACS, incubated for 20 minutes at 37°C, 

dissociated with a Gentle MACS again, and passed through a 70 mm filter. To enrich for 

leukocytes, samples were spun through a Percoll gradient. Leukocytes were isolated from the 

interface of the 40 and 70% Percoll gradient, stained, and analyzed for fluorescent markers. For 

intracellular staining the eBioscience Foxp3 Fixation/Permeabilization Kit was used. All antibodies 

were purchased from Biolegend, Thermo Fisher Scientific or BD Biosciences (CD45.2, CD11b, 

CD3, CD4, CD8b, Foxp3, Granzyme-B, Ki-67, CD44, PD-L1, MHC-1). 

 

Tumor infiltrating lymphocyte TCR sequencing 

T cells were enriched from tumors as above followed by sorting for CD8b+ T cells. Genomic DNA 

was extracted using a DNeasy Blood & Tissue kit (QIAGEN, cat#69506) and submitted to 
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Adaptive Biotechnologies for mouse TCRB CDR3 survey sequencing. Data were analyzed using 

Adaptive Biotechnologies’ online analysis platform. 

 

Directional RNA-seq 

Purified total RNA from MCF-7 cells cultured in vitro or GFP-labeled B16 cells isolated from tumor-

bearing immunocompetent mice was quantified by Qubit (Invitrogen) and analyzed by an Agilent 

Bioanalyzer to assess RNA integrity. 1 mg RNA (RIN > 9) was used to generate rRNA-depleted 

RNA with a NEBNext rRNA Depletion Kit (New England Biolabs, cat#E6310S) or poly(A)+ RNA 

with a Magnetic mRNA Isolation Kit (New England Biolabs, cat#S1550S) according to the 

manufacturer’s instructions. The rRNA-depleted or poly(A)+ RNA was analyzed in an Agilent 

Bioanalyzer to ensure the complete removal of rRNA, and then used to generate directional RNA 

library with a NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England Biolabs, 

cat#E7760L) and NEBNext Multiplex Oligos for Illumina (New England Biolabs, cat#E7335L) 

according to the manufacturer’s instructions. Library concentrations were quantified by Qubit 

(Invitrogen) and mixed equally for sequencing at HiSeq 2500 or Nextseq 500 (Illumina) to 

generate 50 bp reads (MCF-7) or 75 bp (B16) from paired-ends. The raw data are deposited at 

the Gene Expression Omnibus (GEO) under the subseries entry GSE112230. 

 

ChIP-seq 

For MCF-7 cells, cell nuclei were obtained by lysing whole cells in hypotonic buffer (10 mM 

HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% v/v glycerol, 1 mM DTT, and 

0.1% v/v Triton X-100) supplemented with protease inhibitor. For GFP-labeled B16 cells isolated 

from tumor-bearing immunocompetent mice, intact cells were used for the following steps. After 

washing with PBS, nuclei/cells were fixed in 1% formaldehyde for 10 min at room temperature, 

followed by quenching in 125 mM glycine. Nuclei/cells were then washed twice with ice-cold PBS, 
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lysed in ChIP sonication buffer (50 mM HEPES pH7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-

100, 0.1% sodium deoxycholate, 0.2% SDS) supplemented with protease inhibitor, and were 

subjected to sonication to obtain DNA fragments of 300-800 bp. Subsequent procedures were 

carried out by following the Epigenesys protocol (https:// www.epigenesys.eu/en/). The following 

antibodies were used to ChIP: anti-LSD1 (Abcam, cat#ab17721), anti-H3K4me1 (Abcam, 

cat#ab8895), anti-H3K4me2 (EMD Millipore, cat#07-030), and rabbit IgG (Santa Cruz 

Biotechnology, cat#sc-2027). 

 

ChIP-seq libraries were prepared using a NEBNext Ultra DNA Library Prep Kit for Illumina (New 

England Biolabs, cat#E7370L) and a NEBNext Multiplex Oligos for Illumina (New England 

Biolabs, cat#E7335L) according to the manufacturer’s instructions. Library concentrations were 

quantified by Qubit (Invitrogen) and mixed equally for sequencing at HiSeq 2500 (Illumina) to 

generate 50 bp reads from single-end. The raw data are deposited at the Gene Expression 

Omnibus (GEO) under the subseries entry GSE112230. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical analyses 

Statistical analyses were performed using GraphPad Prism 6 software and statistical significance 

was determined by p < 0.05. Comparisons between two groups were made using an unpaired 

Student’s t test. For multiple comparisons of tumor growth, two-way ANOVA was used. For 

comparing mouse survival curves, a Log-rank (Mantel-Cox) test was used. 

 

For ChIP-seq and RNA-seq data, all statistical analysis was performed with R (version 3.4.0) 

unless otherwise specified. Student’s t test was used to determine whether a significant shift in 

mean occurred for all comparisons unless otherwise specified. 
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ChIP-seq analysis 

Raw reads were aligned to hg19 or mm9 using bwa (version 0.7.2-r351). The resultant sam files 

were converted to bam with samtools (version 0.1.18 (r982:295)). MACS2 (version 

2.0.10.20131216) was used to call peaks on the bam files. The bedGraph files containing signal 

per million reads produced from MACS2 were converted to bigwig files with ucsc tool kit (315). 

ChIP-seq signals were extracted with bwtool (version 1.0) from bigwig files and visualized in R. 

 

Repeat annotation was downloaded from UCSC for hg19 and mm9, only ERVs were used for 

downstream analysis. To select ERVs, ERV families originated in Homo sapiens or Mus musculus 

were downloaded from Repbase (https://www.girinst.org/ repbase/). A peak catalog consisting of 

all possible peak intervals in ChIP-seq (histones and LSD1) was produced and ERVs were filtered 

with this catalog. ChIP-seq signals were extracted with bwtool (version 1.0) from bigwig files and 

then visualized in R. 

 

RNA-seq analysis 

Raw reads were aligned to hg19 or mm9 using STAR (v2.4.2a) with the parameter ‘‘quantMode’’ 

set as ‘‘GeneCounts’’ to produce count table for each gene. Differential gene analysis was 

performed on gene raw counts in R with edgeR package (v3.18.1) from bioconductor. Read count 

table was filtered so that genes with at least one count across conditions were kept. The negative 

binomial generalized log-linear model was used in differential analysis. A FDR cut-off of 0.05 was 

used to determine significantly differentially expressed genes. The R package gProfileR (v0.6.4) 

was used to perform gene enrichment analysis on differential genes. Gene set enrichment 

analysis (GSEA) was performed with R package clusterProfiler (v3.4.4). The function 

analyzeRepeats.pl from Homer (http://homer.ucsd.edu/homer/) software was used to get raw 
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counts for repeats from RNA-seq data. Differential expression for repeats was performed with 

edgeR the same way as for genes. 

 

TCGA data analysis 

For the association of LSD1 expression with survival, patient vital status (dead and alive) was 

used as a surrogate end-point and patients dichotomized by LSD1 expression. The proportional 

hazards (PH) assumption was tested using the cox.zph function in the R Survival package (v2.41-

3) with 0.1 as cutoff. A log-rank test was used instead if the PH assumption failed. For analyzing 

LSD1 expression level versus T cell infiltration in each tumor, the total expression of CD8ɑ (log2 

counts per million) was used to assess the infiltration of cytotoxic T-lymphocytes, and correlations 

were computed versus LSD1 expression. For analyzing LSD1 expression level versus IFN 

signature, genes were extracted from ‘virus’ and ‘interferon’ related terms of the biological 

pathways enriched in upregulated genes upon LSD1 KD in MCF7 cells. These genes were further 

filtered for those that are upregulated in KD condition to obtain a refined IFN signature gene list. 

Gene-wise z-score was calculated in each tumor type and the sum of genes in the refined IFN 

signature gene list was used to characterize IFN signature. Pearson’s correlation was used to 

evaluate the correlation of LSD1 level (z-score) and IFN signature. 

 

For human SKCM data, patients were divided into tertiles based on LSD1 expression, and then 

the second and third tertiles were combined into one group (named LSD1-int/high) due to a lack 

of observable difference in survival curves between them. The online DAVID 

(https://david.ncifcrf.gov/summary.jsp) bioinformatics resources were used to analyze the 

differentially expressed genes under the category of GOTERM_BP_DIRECT. 

 

DATA AND SOFTWARE AVAILABILITY 
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The accession number for the raw and processed data of ChIP-seq and RNA-seq reported in this 

paper is GEO: GSE112230. 
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Chapter 5: Conclusions 

Cancer immunotherapy has become a mainstay of cancer treatment for a variety of cancers, yet 

the majority of patients do not respond to ICB41. In this thesis, we investigated T cell and tumor 

cell-intrinsic mechanisms that regulate tumor immunity and responses to ICB. To define new 

regulators of tumor immunity we created a novel CRISPR-Cas9 delivery system for loss-of-

function screening of immune cells in vivo213. Using this system, we identified the phosphatase 

Ptpn2 as a negative regulator of viral and tumor-specific CD8+ T cell responses. Further, we 

demonstrated that Ptpn2 tunes IFN-I signaling which increases the differentiation of Tim-3+ 

terminally exhausted cells, suggesting a novel way of regulating the balance of exhausted 

subpopulations. We also explored tumor-mediated mechanisms of restricting inflammation and 

found that LSD1 is a novel regulator of IFN-I production. Mechanistically, LSD1 controls ERV 

transcription and ERV degradation through its action on the RISC complex. Thus, these 

mechanistic studies reveal two novel strategies to enhance tumor immunity and highlight the 

power of unbiased screening approaches for discovering new biological pathways in the tumor 

microenvironment. 

 

In particular, this work has four important implications. First, it demonstrates the utility of in vivo 

CRISPR screening for identification of regulators of immune cell fate and function. The use of 

functional genomics in tumor immunology has been hindered by limitations in existing tools for 

perturbing genes in vivo187. Existing strategies require activation of mature immune lineages in 

vitro and subsequent transfer in vivo136,167. This alters the differentiation state of T cells187 and is 

only applicable to cell populations easily transferred in vivo. Our system enables normal immune 

development and allows the study of target genes in physiologic and disease models. Other 

approaches allow for in vitro screens171 but are limited by the fact that complex immunologic 

processes, such as T cell exhaustion, cannot be recapitulated in vitro. CHIME circumvents these 

limitations and also serves as a powerful validation tool. As a proof-of-concept for validation 
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studies using CHIME we were able to validate and mechanistically analyze the effects of Ptpn2 

on CD8+ T cells in viral and tumor contexts without the necessity of creating or breeding a loxP-

Ptpn2-loxP mouse. In addition, for tumor immunotherapy studies we were able to model the effect 

of tumor growth and steady state inflammation following Ptpn2 deletion in the whole 

hematopoietic system. These approaches demonstrate the versatility of the CHIME system for 

asking immunologic questions. Moreover, CHIME is readily adaptable to other contexts beyond 

tumor and viral infections, such as autoimmune models of diabetes and multiple sclerosis, 

development of immune lineages, and the study of T cell memory. Overall, our studies provide a 

proof-of-concept for the various biological questions that can be interrogated using CHIME. 

 

Second, this work demonstrates that increasing the terminally exhausted subpopulation can 

improve anti-tumor responses. The current belief is that tumor immunity and PD-1 checkpoint 

blockade responses are improved when the ratio of progenitor to terminally exhausted CD8+ T 

cells is tipped in favor of progenitor responses127,140. This is because the progenitor exhausted 

subpopulation is required for providing long-term T cell responses and replenishing the cytotoxic 

terminally exhausted subpopulation. However, we present a novel scenario where Ptpn2 

increases the terminally exhausted subpopulation without changing the numbers of progenitor 

exhausted cells. This occurs because Ptpn2 increases the proliferative capacity of both the 

progenitor and terminally exhausted subpopulations while also increasing the conversion of 

progenitor exhausted cells into terminally exhausted cells. Following this increased conversion 

the progenitor population would be expected to be transiently depleted. However,  this does not 

occur when Ptpn2 is deleted because the remaining progenitor population is more proliferative 

and thus can replenish the progenitor population to normal levels. Therefore, in this context we 

can evaluate the effect of increasing the terminally exhausted subpopulation. We show that this 

increase early in tumor responses is sufficient to increase anti-tumor immunity and induces tumor 

clearance in two tumor models. Overall, these findings increase our understanding of the 
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importance of both subpopulations and how changing their balance can improve anti-tumor 

immunity. 

 

Third, this work identifies two novel mechanisms of regulating long dsRNA accumulation: (1) 

through histone demethylation and (2) through demethylation of the RISC complex. It is well 

established that long dsRNA can be sensed by MDA5 and induce production of type 1 IFNs which 

play a crucial role in priming immune responses57,249. Recent work has shown that ERV 

transcription (one type of dsRNA) can be modulated through alterations in DNA methylation66,241. 

However, histones also can control transcription independently of DNA methylation status273. 

Here we show that histone methylation can be modulated to increase ERV transcription and 

subsequent sensing of long dsRNAs. Moreover, we find a novel role for LSD1 in regulating RISC 

stability via methylation. This modulation of RISC changes the rate of dsRNA degradation and 

thus also influences total dsRNA levels. The net result is increased production of type 1 IFNs, 

which we show enables responses of B16 tumors to PD-1 checkpoint blockade in the absence of 

GVAX. Thus, these findings increase our understanding of how ERV and long dsRNA levels are 

regulated and maintained in cancer cells. 

 

Fourth, this work establishes two new immunotherapy targets: PTPN2 and LSD1. Ptpn2 is a 

phosphatase that attenuates T cell responses in mouse models of autoimmunity and is linked to 

human autoimmune disease200,201,208,274. We demonstrate a previously unknown role for Ptpn2 in 

regulating T cell infiltration and function in the tumor microenvironment. We show that deletion of 

Ptpn2 in CD8+ T cells improves adoptive cell therapy and induces tumor clearance in a subset of 

mice. This demonstrates the potential utility of deleting Ptpn2 in engineered T cell therapies and 

CAR T cells174. Furthermore, we show that deletion of Ptpn2 in all immune lineages leads to potent 

clearance of MC38 tumors and improves PD-1 checkpoint blockade responses to B16 tumors. 

This effect likely reflects synergistic roles of Ptpn2 in T cells and myeloid cells219. In the case of 
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treatment with a Ptpn2 inhibitor, tumor cells would be depleted due to increased IFN! signaling204. 

Thus, Ptpn2 is a particularly attractive target for its anti-tumor effects on CD8+ T cells, myeloid 

cells, and tumor cells. Development of Ptpn2 small molecule inhibitors and deletion of PTPN2 in 

CAR T cell models will be important future directions. We also identified LSD1 as a potential 

immunotherapy target and importantly demonstrate that LSD1 knockout in tumor cells induces 

production of IFN-I and T cell infiltration into tumors. Thus, LSD1 inhibition could be a way to 

sensitize poorly immune infiltrated tumors to PD-1 checkpoint blockade275. We examined this 

concept in our mouse model and found that deletion of LSD1 in tumor cells made B16 tumors 

responsive to checkpoint in the absence of GVAX. Given that LSD1 inhibitors are already present 

as a cancer treatment in the clinic their use as a combination therapy with PD-1 blockade should 

be investigated. 

 

Overall these studies highlight the power of unbiased screening approaches to discover novel 

regulators of tumor immunity. The proof-of-concept studies presented here for the CHIME system 

provide the framework for uncovering new mechanisms of tumor immunity and potential 

therapeutic targets in multiple immune cell types. 
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Supplementary Information 
 

 

Supplementary Table 1: STARS analysis of in vivo  screen
Spleen Enriched

Gene Symbol Number of 
perturbations

Ranks of 
perturbations

Most enriched 
perturbation

STARS 
Score

Average 
Score p-value FDR q-value

Pdcd1 4 1;2;12;27 2 2.718512 2.23615 0.003794 0.075873 0.06477
Kdr 4 6;10;11;63 3 2.443697 1.383396 0.006477 0.06477 0.06477

Adora2a 4 4;7;23;38 4 1.846436 1.485582 0.030627 0.204179 0.204179
Ptpn2 4 9;16;41;44 4 1.59176 1.026825 0.058108 0.290539 0.290539
Olfr5 3 21;22;65 2 1.017729 0.709741 0.211659 0.846634 0.846634
Dgkz 4 20;37;42;95 3 0.861254 0.595126 0.297432 0.991441 0.885628
Rnf128 4 36;39;43;70 3 0.837031 0.631124 0.30997 0.885628 0.885628
Socs3 4 3;31;46;77 3 0.769057 0.749086 0.357992 0.89498 0.89498
Havcr2 4 30;33;100;104 2 0.57741 0.477265 0.571964 1 0.990423
Cpt1a 4 55;59;75;79 4 0.575062 0.500489 0.578395 1 0.990423
Prkab2 4 13;73;83;94 2 0.52437 0.506811 0.672218 1 0.990423
Lag3 4 15;72;86;102 2 0.513187 0.483718 0.691696 1 0.990423
Hk2 4 49;69;71;89 2 0.484154 0.473383 0.754569 1 0.990423
Il1r1 4 19;64;78;87 2 0.449544 0.413085 0.852972 1 0.990423
Tnfrsf9 4 28;58;68;85 3 0.442735 0.415401 0.871108 1 0.990423
Entpd1 4 60;62;80;84 2 0.440154 0.501908 0.885728 1 0.990423
Tnfrsf1a 4 32;50;82;99 2 0.433177 0.396722 0.916216 1 0.990423
Ifngr1 4 18;51;81;106 2 0.430575 0.407703 0.930049 1 0.990423
Tigit 4 40;53;74;107 2 0.427118 0.417596 0.956604 1 0.990423
Olfr8 3 24;67;88 2 0.361439 0.379644 0.990423 0.990423 0.990423

Spleen Depleted

Gene Symbol Number of 
perturbations

Ranks of 
perturbations

Most enriched 
perturbation

STARS 
Score

Average 
Score p-value FDR q-value

Zap70 4 1;2;3;20 3 4.102763 2.808489 4.63E-05 0.000879 0.000879
Cd28 4 6;8;18;21 4 2.876694 1.752224 0.002082 0.019778 0.019778
Dlat 4 10;13;14;64 3 2.142855 1.208302 0.014573 0.092297 0.092297
Entpd1 4 27;31;49;51 4 1.33529 0.756809 0.103817 0.49313 0.419292
Havcr2 4 7;11;78;81 2 1.313364 0.726743 0.11034 0.419292 0.419292
Cpt1a 4 32;36;52;56 4 1.172819 0.68583 0.15059 0.476868 0.476868
Hk2 4 22;40;42;62 4 0.996004 0.6845 0.217164 0.589445 0.540597
Prkab2 4 17;28;38;98 3 0.966827 0.686639 0.237474 0.564001 0.540597
Lag3 4 9;25;39;96 3 0.939059 0.756021 0.256072 0.540597 0.540597
Tigit 4 4;37;58;71 4 0.760537 0.681916 0.365348 0.694161 0.635179
Il1r1 4 24;33;47;92 3 0.747877 0.568364 0.377469 0.651993 0.635179
Rnf128 4 41;68;72;75 4 0.665326 0.496785 0.457599 0.724532 0.635179
Tnfrsf1a 4 12;29;61;79 2 0.645653 0.562173 0.476752 0.696792 0.635179
Tnfrsf9 4 26;43;53;83 3 0.634808 0.492947 0.488318 0.662718 0.635179
Ifngr1 4 5;30;60;93 2 0.626997 0.652686 0.501457 0.635179 0.635179
Olfr8 3 23;44;87 2 0.540608 0.473449 0.630303 0.748485 0.748485
Ptpn2 4 67;70;95;102 2 0.493103 0.665067 0.73796 0.824779 0.796489
Dgkz 4 16;69;74;91 2 0.484154 0.441225 0.754569 0.796489 0.796489
Socs3 4 34;65;80;108 2 0.455168 0.407293 0.833449 0.833449 0.833449

Lung Enriched

Gene Symbol Number of 
perturbations

Ranks of 
perturbations

Most enriched 
perturbation

STARS 
Score

Average 
Score p-value FDR q-value

Pdcd1 4 1;2;11;18 4 3.144481 2.43948 0.001295 0.025908 0.025908
Adora2a 4 3;4;26;41 2 2.132688 1.559918 0.016794 0.167939 0.167939
Kdr 4 7;12;19;55 3 1.768209 1.224709 0.039648 0.264323 0.264323
Ptpn2 4 9;13;44;46 4 1.514539 1.02761 0.068749 0.343743 0.343743
Socs3 4 6;29;30;77 3 1.229057 0.807144 0.133796 0.535184 0.535184
Rnf128 4 37;38;42;66 4 0.887395 0.666794 0.27592 0.919732 0.885628
Dgkz 4 20;35;43;95 3 0.837031 0.595315 0.30997 0.885628 0.885628
Olfr5 3 28;34;74 2 0.703285 0.53068 0.416933 1 0.912524
Cpt1a 4 60;68;73;79 4 0.575062 0.536189 0.578395 1 0.912524
Entpd1 4 54;72;86;89 2 0.513187 0.54987 0.691696 1 0.912524
Tnfrsf9 4 23;59;62;85 3 0.505094 0.439632 0.702429 1 0.912524
Havcr2 4 27;39;94;99 2 0.502774 0.438843 0.717511 1 0.912524
Hk2 4 61;71;92;97 2 0.502774 0.605183 0.717511 1 0.912524
Prkab2 4 8;69;81;87 2 0.484154 0.498144 0.754569 1 0.912524
Lag3 4 16;65;83;102 2 0.455168 0.447587 0.833449 1 0.912524
Ifngr1 4 15;45;76;98 2 0.455168 0.433002 0.833449 1 0.912524
Il1r1 4 17;64;84;91 2 0.449544 0.438578 0.852972 1 0.912524

Tnfrsf1a 4 22;47;70;96 2 0.444543 0.419446 0.866898 0.912524 0.912524
Tigit 4 40;63;78;108 2 0.444543 0.417592 0.866898 0.912524 0.912524
Olfr8 3 25;57;80 3 0.414908 0.405406 0.977377 0.977377 0.977377

Lung Depleted

Gene Symbol Number of 
perturbations

Ranks of 
perturbations

Most enriched 
perturbation

STARS 
Score

Average 
Score p-value FDR q-value

Zap70 4 1;2;4;10 4 4.165571 3.016835 4.63E-05 0.000925 0.000925
Cd28 4 5;7;23;29 4 2.315979 1.581827 0.010502 0.10502 0.10502
Dlat 4 6;8;18;75 3 1.833905 1.199382 0.032339 0.215591 0.215591
Hk2 4 14;19;40;50 4 1.369691 0.91608 0.097062 0.485311 0.415267
Cpt1a 4 32;38;43;51 4 1.33529 0.766896 0.103817 0.415267 0.415267
Entpd1 4 22;25;39;57 4 1.142071 0.800368 0.157391 0.524636 0.524636
Havcr2 4 12;17;72;84 2 0.989556 0.637312 0.228082 0.651664 0.651664
Prkab2 4 24;30;42;103 3 0.861254 0.622685 0.297432 0.743581 0.681075
Lag3 4 9;28;46;95 3 0.769057 0.676946 0.357992 0.795538 0.681075
Tigit 4 3;33;48;71 4 0.760537 0.765895 0.365348 0.730696 0.681075
Il1r1 4 20;27;47;94 3 0.747877 0.611389 0.377469 0.686308 0.681075
Rnf128 4 45;69;73;74 4 0.688644 0.512424 0.422669 0.704449 0.681075
Tnfrsf9 4 26;49;52;88 3 0.652073 0.488047 0.463983 0.713821 0.681075
Socs3 4 34;81;82;105 2 0.645653 0.470052 0.476752 0.681075 0.681075
Ifngr1 4 13;35;66;96 2 0.549161 0.499946 0.624705 0.83294 0.83294
Tnfrsf1a 4 15;41;64;89 2 0.484154 0.473538 0.754569 0.943211 0.885188
Dgkz 4 16;68;76;91 2 0.475903 0.435167 0.777007 0.914126 0.885188
Ptpn2 4 65;67;98;102 2 0.468333 0.629646 0.796669 0.885188 0.885188
Olfr8 3 31;54;86 2 0.434081 0.397261 0.9034 0.950948 0.950948
Olfr5 3 37;77;83 2 0.355561 0.353885 0.994078 0.994078 0.994078
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