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ABSTRACT 

 

The goal of this work was to use unsupervised learning techniques to understand 

the effects of gammaherpesvirus latency and autoimmune disease on CD8+ T cell 

differentiation. To examine how memory CD8+ T cells generated during latency differ 

from those primed in acute or chronic viral infection, we adoptively transferred naive P14 

CD8+ T cells into uninfected recipients, and compared their phenotype and function 

following infection with the Armstrong (acute) or Clone 13 (chronic) strains of LCMV, or 

MHV68 expressing the LCMV epitope DbGP33-41. By performing k-means clustering and 

generating self organizing maps (SOM), we observed increased short-lived effector-like 

and terminally-differentiated CD8+ T cells following latent infection. Memory CD8+ T 

cells generated during latency had intermediate function and expansion capabilities 

compared to those primed in acute or chronic infection. To understand how autoimmunity 

affects the immune response against primary tumors, we transplanted H31m1 sarcoma cells 

into wildtype and TREX1D18N/D18N mice, and compared CD8+ T cell differentiation and 

tumor growth. We found D18N mice had greater tumor rejection and dendritic cell 

maturation, and their CD8+ tumor infiltrating lymphocytes had reduced inhibitory receptors 

expression but lower levels of cytokine production. Therefore, these results demonstrate 

memory CD8+ T cells from latent infection occupy an intermediate differentiation space, 

and autoimmunity increases antitumor response. 

 
  



INTRODUCTION 

 

Understanding how the immune system is altered by infection and cancer provides 

direction for the development of immunotherapy. By manipulating the immune responses, 

the suppressive and impairing effects of pathogens or tumors on immune cells could be 

counteracted, giving rise to favorable clinical outcomes. CD8+ T lymphocytes play a 

crucial role in response to infection and cancer, and they are involved in killing infected or 

tumor cells through multiple mechanisms. After the primary challenge, a small portion of 

effector CD8+ T cells differentiate to memory cells, which provide potent protection 

against rechallenge. Therefore, enhancing the quality of memory CD8+ T cells could result 

in more functional and effective immunity following infection and cancer. Although 

previous studies have demonstrated that acute and chronic viral infections (Day et al., 2006; 

Wherry et al., 2003; Zajac et al., 1998) and tumor development (Ahmadzadeh et al., 2009) 

differentially alter quality of CD8+ T cells, how the effects of latent infection and 

autoimmune diseases are distinct compared to acute or chronic infection requires more 

study. In addition, due to the large number of parameters needed to be measured in the 

evaluation of T cell quality, the dimensions of flow cytometry data could be too high for 

traditional manual analysis. To address these questions, this work is aimed at using 

unsupervised learning techniques to expand our understanding of the differential effects of 

acute, chronic and latent viral infections on CD8+ T cells, and the impact of autoimmune 

diseases on T cell-mediated rejection of primary tumors. 

Killing mechanisms of CD8+ T cells. After recognizing the antigens presented by 

antigen-presenting cells, cytotoxic T lymphocytes (CTLs) become activated and kill 
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infected cells or tumors. There are several mechanisms by which CD8+ T cells mediate 

killing (Russell and Ley, 2002). One mechanism involves the release of lytic granules onto 

the surface of cells expressing the target epitope, inducing their apoptosis (Groscurth and 

Filgueira, 1998). Two classes of effector protein contained in the granules mediate this 

process: perforin and granzymes. Perforin has a pore-forming domain similar to the 

bacterial cholesterol-dependent cytolysins (Hadders et al., 2007), and functions by creating 

pores on the membrane of target cells. Although the deletion of perforin does not impact T 

cell differentiation, it abrogates ability of CD8+ T lymphocytes to lyse infected cells (Kagi 

et al., 1994) and decreases tumor surveillance (van den Broek et al., 1996). Patients with 

perforin gene mutations develop familial hemophagocytic lymphohistiocytosis (FHL), 

characterized by reduced cytotoxicity and increased inflammatory cytokines in serum 

(Stepp et al., 1999), demonstrating the indispensable role perforin plays in cytotoxicity. 

Granzymes are a group of serine proteases, which enter through pores generated by 

perforin. Granzyme A and B are two common granzymes in mouse CD8+ T cells, and the 

latter is the most potent pro-apoptotic protease (Sutton and Trapani, 2010). Previous studies 

propose that granzyme B initiates the caspase cascade by activating caspase-3, which then 

removes the propeptide of caspase-7 and triggers apoptosis of target cells (Yang et al., 

1998). However, due to the fact that Bcl-2 is able to inhibit apoptosis (Sutton et al., 1997), 

later studies suggest granzyme B may not initiate cell death by directly cleaving caspase-

3. Instead, this protease cleaves a pro-apoptotic member of Bcl-2 family, Bid, and the 

truncated Bid localizes to the mitochondria, resulting in the release of mitochondrial factors 

such as cytochrome c (Luo et al., 1998; Sutton et al., 2003). The released cytochrome c 

then leads to activation of caspase-9, which finally triggers the caspase cascade and cell 
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death (Liu et al., 1996). Additionally, granzyme B is also demonstrated to bypass the 

caspase pathway by directly cleaving the downstream substrates for caspase to induce cell 

death (Andrade et al., 1998). In contrast with perforin-deficient mice, animals with 

granzyme B deficiency are still able to control LCMV (Zajac et al., 2003) and SeV (Salti 

et al., 2011) infection, which may be due to the redundancy of this molecule. Apart from 

perforin/granzyme B pathway, cytotoxic T lymphocytes also mediate cell death through 

the interaction between Fas and its ligand. The ability of Fas receptor (CD95/APO-1) to 

induce apoptosis was identified by using monoclonal antibody (Trauth et al., 1989). To 

accomplish cytotoxicity, CD8+ T cells express upregulated levels of Fas Ligand (FasL), 

interacting with Fas on target cells. Fas then recruits Fas-associating protein with death 

domain (FADD)/mediator of receptor-induced toxicity (MORT1) (Kischkel et al., 1995) 

and caspase 8, leading to cell death. Additionally, CD8+ T cells control infection with 

intracellular pathogens by producing cytokines such as IFN-γ and TNF-α (Bekker et al., 

2001; Parra et al., 1999). 

Models for CD8+ T cell differentiation. Following primary infection, memory T 

lymphocytes are generated, and a single naïve CD8+ T cell (TN) has the potential to give 

rise to multiple effector and memory subsets (Stemberger et al., 2007). In the linear 

differentiation model, naïve T lymphocytes first give rise to cytotoxic effector cells (TE), 

and then to memory T lymphocytes (TN-> TE -> TCM) (Jacob and Baltimore, 1999; 

Opferman et al., 1999). In response to infection, naive CD8+ T cells expand and acquire 

potent effector function (Murali-Krishna et al., 1998). Around 90% of effector cells 

become terminally differentiated due to inflammatory cytokines (Joshi et al., 2007), and 

die by apoptosis in contraction phase (Badovinac et al., 2002; Grayson et al., 2006; Weant 
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et al., 2008). Only a small portion of antigen-specific cells with high IL-7R expression are 

committed to a memory precursor cell fate (MPEC) (Joshi et al., 2007), and finally 

differentiate into long-lived memory cells (Kaech et al., 2003). The progressive 

differentiation model proposes that central memory T cells (TCM) with stem-cell properties 

are first formed from naïve cells following antigen stimulation, and they give rise to 

effector cells (TN -> TCM ->TE) (Lanzavecchia and Sallusto, 2002). With the finding of 

CD8+ memory stem cells (TSCM) in mouse, human and non-human primate (Gattinoni et 

al., 2011; Lugli et al., 2013; Zhang et al., 2005), this model is further modified, in which 

TSCM are considered to be superior to TCM in T cell differentiation (TN -> TSCM ->TCM ->TE) 

(Restifo and Gattinoni, 2013).  

Effects of viral infection on CD8+ T cells. Viral pathogens can be divided into 

three major types: acute, chronic and latent. LCMV Armstrong causes an acute infection, 

and generates effective immunological memory. CD8+ memory T cells following acute 

infection are able to undergo cytokine-driven homeostatic expansion and self maintenance 

without the presence of pathogens (Lau et al., 1994; Tan et al., 2002). When exposed to 

antigen, memory T lymphocytes resume effector function rapidly and kill infected cells 

(Barber et al., 2003). On the contrary, chronic infection brought about by LCMV clone 13 

or Hepatitis C virus (HCV) causes dysfunction of CD8+ T lymphocytes (Gruener et al., 

2001; Wherry et al., 2003), in which pathogen-specific CD8+ T cells have upregulated 

expression of inhibitory receptors (Barber et al., 2006; Blackburn et al., 2009) and low 

cytokine production (Wherry et al., 2003). Memory CD8+ T lymphocytes generated in 

chronic infection are “antigen-addicted”, and decline rapidly in the absence of antigen 

(Wherry et al., 2004). Latent infection is distinguished from acute and chronic infections 
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by its duration of infection and antigenic load. Herpesviruses, for example, can persist 

throughout the lifetime of the host, much longer than acute infection. Additionally, their 

antigenic load distinguishes them from high-load chronic infection (Klenerman and Hill, 

2005). As a result, latent infection exerts distinct effects on the differentiation of antigen-

specific CD8+ T cells (Appay et al., 2002). Antigen-specific CD8+ T cells generated during 

herpesvirus latency have decreased Bcl-2 level and lower IL-2 production (Obar et al., 

2006), but their production of IFN-γ remains unaffected (Cush et al., 2007). However, it 

remains unclear how latent infection affects CD8+ T cell memory quality compared to acute 

or chronic infection, because it is difficult to compare CD8+ T lymphocytes of diverse 

specificities across the infections. 

Effects of tumors and autoimmune diseases on CD8+ T cells. Similar to chronic 

infection, tumor development results in T cell dysfunction. Immunoregulatory cells such 

as myeloid-derived suppressor cells (MDSCs) (Bronte et al., 1999; Gabrilovich et al., 1998) 

and regulatory CD4+ T cells (Chen et al., 2005) are demonstrated to suppress CD8+ T cell 

function in tumor microenvironment. Besides making contributions to tumor progression, 

growth factors such as TGF-b also exert immunosuppressive effects on tumor infiltrating 

lymphocytes (Thomas and Massague, 2005), causing T cells to become unresponsive to 

tumor antigens. As a result, tumor-specific T cells have upregulated expression of 

inhibitory receptors such as PD-1 (Ahmadzadeh et al., 2009) and TIM-3 (Sakuishi et al., 

2010), which is similar to T cell exhaustion observed during chronic viral infection (Barber 

et al., 2006). 

The effects of autoimmune diseases such as systemic lupus erythematosus (SLE) 

on CD8+ T cell differentiation are paradoxical. On one hand, CD8+ T lymphocytes from 



 6 

SLE patients are activated, because they have decreased expression of CCR7 and CD27 

(Fritsch et al., 2006) and upregulated levels of HLA-DR (Viallard et al., 2001). SLE T cells 

are also reported to produce effector proteins and have higher cytotoxic activity (Blanco et 

al., 2005). On the other hand, lupus brings about changes in T cell signaling (Moulton and 

Tsokos, 2011), and downregulates the expression of CD3 zeta chain on CD8+ T 

lymphocytes (Liossis et al., 1998). As a result, SLE T cells display an anergic phenotype 

and have decreased IL-2 production (Alcocer-Varela and Alarcon-Segovia, 1982; Altman 

et al., 1981). Consistent with these findings, lupus-prone mice are reported to be more 

susceptible to Toxoplasma gondii (T. gondii) infection, and antigen-specific T cells in these 

mutant animals have decreased IFN-g production (Lieberman and Tsokos, 2014). However, 

during acute or chronic LCMV infection, the decrease in cytokine production by CD8+ T 

cells is not observed in these lupus-prone mice (Weant et al., 2011; Zhou et al., 2002). This 

indicates that the effect of autoimmunity on the function of antigen-specific CD8+ T cells 

is dependent on the pathogen. Cancers are different from these pathogens, because they are 

able to act as “self” by changing their immunogenicity (Matsushita et al., 2012; Shankaran 

et al., 2001). In this process, expression of some original tumor-antigens is silenced, 

protecting tumors from T cell attack. In this sense, autoimmunity appears to be a promising 

strategy for cancer treatment, because it is a disorder in which “self” cells can elicit immune 

responses against themselves, and “self-like” tumor cells may also trigger this effect and 

be killed. In addition, cancer patients may have a chance to develop autoimmune diseases 

following immunotherapy (Gilboa, 2001), suggesting that autoimmunity may stand on the 

opposite side of cancer and be utilized for treatment. Support of this idea comes from a 

study which demonstrates auto-reactive CD4+ T cells contribute to greater tumor rejection 
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(Miska et al., 2012). However, how autoimmune diseases alter response of CD8+ T cells to 

primary tumors requires more study. Mice with lupus-like autoimmune disease works as 

an ideal model to address this question, because we can challenge these animals with 

tumors, and determine the impacts of their autoimmunity on antitumor CD8+ T cell 

responses. 

TREX1 D18N mutation and TREX1D18N/D18N mouse. TREX1 is a 3’-5’ 

exonuclease that can degrade both single- and double-stranded DNA (Perrino et al., 1994). 

This enzyme is encoded by TREX1 gene (Mazur and Perrino, 1999), whose expression can 

be detected in different tissues such as spleen and muscle (Mazur and Perrino, 2001). 

Deficiency in TREX1 results in cardiomyopathy and circulatory failure, and reduces 

survival of animals (Morita et al., 2004). In humans, mutations in TREX1 are reported to 

be associated with multiple autoimmune diseases such as Aicardi–Goutières syndrome 

(AGS), familial chilblain lupus (FCL) and systemic lupus erythematosus (SLE) (Crow et 

al., 2006; Lee-Kirsch et al., 2007b). TREX1 with a mutation at Asp-18 (D18N) has an 

impaired ability to degrade dsDNA (Fye et al., 2011; Lehtinen et al., 2008), and this 

dysfunction results from the interaction between the mutant enzyme and dsDNA and the 

absence of the second catalytic metal ion (Grieves et al., 2015). D18N mutation is caused 

by a missense mutation in TREX1 gene, which can be found in patients with FCL or AGS 

(Haaxma et al., 2010; Lee-Kirsch et al., 2007a). In the mouse model, TREX1 D18N 

mutation gives rise to lupus-like autoimmune responses, and shortens the lifespan of 

animals (Grieves et al., 2015).  

Automated analysis of flow cytometry data. Due to the large number of 

biomarkers used to determine T cell differentiation, analysis of high-dimensional flow 
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cytometry data can become challenging. Traditional manual gating hinders researchers 

from exploiting the full potential of the instrument, because it is too laborious and time-

consuming to explore all the cell subsets by sequentially partitioning. To be more specific, 

if n parameters are measured, there are at least 2n potential subsets within the population. 

Recent advances in flow cytometry have increased the dimensionality of measurements to 

over 30 (Bendall et al., 2011; Newell et al., 2012), in which case it is very difficult to 

examine all 230 cell subsets by manual analysis. To address this issue, multiple methods 

have been applied (Chester and Maecker, 2015; Saeys et al., 2016). As a first step, imported 

data must be cleaned and transformed, during which debris is removed (Hahne et al., 2009; 

Le Meur et al., 2007) and data are transformed to be linear (Finak et al., 2010). Second, 

each cell is assigned to a subpopulation based on clustering techniques such as k-means 

clustering (Aghaeepour et al., 2010) or model based clustering (Lo et al., 2008; Sorensen 

et al., 2015). It is worth noting that there is no clear boundary between different steps, such 

methods as FlowSOM (Van Gassen et al., 2015) or Scaffold map (Spitzer et al., 2015) can 

actually visualize and cluster flow cytometry data simultaneously. These computational 

methods greatly simplify analysis of high-dimensional data and lead to more objective 

interpretation of results. 

Summary statement. Previous studies have suggested that quality of CD8+ T cells 

are differentially altered by pathogens, autoimmunity and cancer. Although EBV-specific 

CD8+ T cells has been demonstrated to display a distinct phenotype and have unique gene 

expression profile compared to CTLs primed in other diseases such as HIV, HCV or CMV 

(Appay et al., 2002; Haining et al., 2008), these studies did not examine CD8+ T cells 

specific for the same epitope. Therefore, the impact of TCR repertoire differences was not 
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ruled out when comparing different antigen-specific CTLs. To address this issue, here we 

focused on the changes in the same antigen-specific cells as they differentiate in acute, 

chronic and latent viral infections. Since CD8+ T cells differentiation could be revealed by 

expression of surface proteins, transcription factors and cytokines, we took these 

parameters into consideration when evaluating the quality of T cells. In addition, how 

lupus-like autoimmune disease alters the CD8+ T cell response is shown to be varied in 

different infections (Lieberman and Tsokos, 2014; Weant et al., 2011), suggesting potential 

interaction effects between the autoimmune disease and pathogens. Cancers are different 

from intracellular pathogens, and may thus bring about distinct changes by interacting with 

autoimmune response. In this work, we present evidence that acute, chronic and latent viral 

infections differentially change the quality of memory CD8+ T cells, and lupus-like 

autoimmune disease alters antitumor CD8+ T cell response. 
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MATERIALS AND METHODS 

 

Mice and virus. Eight week C57BL/6 mice were purchased from Jackson 

Laboratories. At 10 to 12 weeks, they were intraperitoneally (i.p) infected with 2 ´ 105 

PFU LCMV Armstrong, intravenously (i.v) with 2 ´ 106 PFU LCMV clone 13, or 

intranasally (i.n) with 104 PFU MHV68 expressing the LCMV epitope GP33-41. During 

secondary challenge experiments, animals were i.p infected with 106 PFU Vaccinia Virus 

(VV) expressing GP33-41. LCMV and MHV68-GP33-41 were propagated as described 

previously (Ahmed et al., 1984). VV-GP33-41 was kindly provided by Dr. Martha 

Alexander-Miller (Wake Forest University School of Medicine, Winston-Salem, NC), and 

has been described previously (Whitton et al., 1993).  

MHV68-GP33-41 BAC mutagenesis and generation of recombinant virus. 

ORF61 was selected for mutagenesis since its peptides were shown to be displayed on 

MHC-I during latency (Stevenson et al., 1999).  Immediately neighboring ORF61 is 

ORF60 which hosts primer annealing sites during en passant mutagenesis.  Initially the 

ORF61 sequence was examined for potential insertion sites.  ORF61 from MHV68, KSHV, 

and herpesvirus saimiri (SaHV) were aligned using Mega 5.2 software in the MUSCLE 

setting, and non-conserved regions were identified.  Since conserved areas of genes are 

generally thought to be important for protein function, non-conserved areas were 

entertained as potential locations for the insertion of the LCMV epitope as this was less 

likely to change the overall protein function (Jarvik and Telmer, 1998). The 339bp internal 

to the ORF61 gene was selected for mutagenesis. En passant mutagenesis uses red-

recombinase to insert genetic elements (mutations, insertions, deletions, etc) via 
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homologus recombination. To facilitate recombination, primers were designed with 40bp 

MHV68 homology to the ORF61 insertion site, the LCMV gp33-41 epitope (underlined), 

and the bases needed to amplify the necessary kanamycin resistance cassette harboring the 

ISce-I homing enzyme recognition site (italicized).    

 

ORF61 gp33 forward:  

5’TCTGGCAGCTGCTAGGTTTTATGACACCTATGTGCTTAGAAAAGCCGTTTAT

AATTTTGCCACCATGAATGATGTCAAGTATGAGAGTAGGGATAACAGGGTAAT

CGATTT3’ 

 

ORF61 gp33 reverse: 

5’GCATAAACATGTGGGGGACACTCTCATACTTGACATCATTCATGGTGGCAA

AATTATAAACGGCTTTTCTAAGCACATAGGTGTCATGCCAGTGTTACAACCAAT

TAACC3’ 

 

PCR was performed using OneTaq Polymerase. Each 50uL PCR contained 1X 

Standard reaction buffer, 0.1ng template (pEPKanS-2), 0.2uM forward primer, 0.2uM 

reverse primer, 200uM each dNTP, 1.25 Units OneTaq DNA polymerase. The cycling 

parameters were as follows: Initial denaturation for 2’ at 98C; ten cycles of: 30” 95C, 30” 

52C, 60” 72C; twenty-five cycles of: 30” 95C, 30” 68C, 60” 72C; final extension for 5’ 

72C.  Products were purified with a Qiaquick purification kit (Qiagen, Germany) and 

treated with DpnI to remove the methylated plasmid template. The PCR product was 

isolated on an agarose gel and purified with the Qiaquick Minelute gel extraction kit 
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(Qiagen, Germany). The purified amplicon was then electroporated into freshly prepared 

electrocompetent E. coli (strain GS1783.5) containing the wild-type MHV68 BAC. 

Kanamycin resistant integrates were selected on 25µg/ml kanamycin and 30 µg/ml 

chloramphenicol for 48 hours (Tischer et al., 2010).   

To ensure the targeting construct was properly recombined, kanamycin resistant 

integrates were screened by PCR.  To accomplish this, the BAC was purified from the 

indeterminate co-integrates and used as a template in PCR.  Primers that bind upstream and 

downstream of the inserted kanamycin gene were used to screen kanamycin resistant co-

integrate colonies.  Once positive co-integrates were identified they were resolved by the 

addition of 1% L-arabinose and a change in temperature from 32oC to 42oC.  Resolving 

removed the kanamycin resistance gene as well as the excess genetic material resulting in 

a scarless mutation (Tischer et al., 2006). PCR screening and sequencing (Laragen, Culver 

City, CA, USA) was used to confirm the correct insertion of the epitope. In order to make 

sure areas of the BAC other than the targeted area of ORF61 did not undergo large deletions 

or insertions during the en passant process, restriction fragment length polymorphism 

(RFLP) analysis was performed on purified BAC DNA.  RFLP was used to detect these 

deletions and additions. Three different restriction enzyme assays were completed using 

HindIII, EcoRI, and BamHI.  To generate infectious virus stocks, column-purified BAC 

DNA was transfected into BALB/3T12 cells (ATCC CCL-164) stably transduced with cre 

recombinase to permit deletion of bacterial sequences. Viruses were passaged at low 

multiplicity of infection for three generations in BALB/3T12-cre cells prior to use. Viral 

titers in the lung during lytic infection and long-term latency in the spleen were similar for 
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MHV68-GP33-41 and parental virus (data not shown). The generation and propagation of 

this recombinant virus were performed by Darby G. Oldenburg and Ryan N. Jennings. 

Tumor Challenge. Nine week TREX1 D18N mutant and 129 S6/SvEvTac WT 

mice were obtained from Dr. Fred Perrino (Wake Forest University School of Medicine, 

Winston-Salem, NC), and were generated as previously described (Grieves et al., 2015). 

At 10 to 12 weeks, 5 ´ 106 H31m1 tumor cells were subcutaneously (s.c) injected in 200 

µl PBS into the shaved right flanks of recipient mice. Tumor size was measured by a digital 

caliper every day and presented as the cube of its diameters. All studies were approved by 

the Institutional Animal Care and Use Committee (IACUC) of the Wake Forest University 

School of Medicine.   

Cell isolation. The spleen was removed from mice after cervical dislocation. 

Following mechanical disruption of splenocytes on a wire mesh screen, red blood cells 

were removed by osmotic lysis in ACK buffer (NH4Cl, KHCO3, and EDTA). Splenocytes 

were then resuspended in complete media containing RPMI 1640 supplemented with 10% 

fetal calf serum (FCS, HyClone), L-glutamine (HyClone), penicillin-streptomycin 

(Cellgro), non-essential amino acids (GIBCO), and 2-mercaptoethanol (GIBCO). For 

CD8+ T cell purification, splenocytes were resuspended in PBS supplemented with FCS 

and EDTA. CD8+ T cells from splenocytes were then negatively selected by magnetic bead 

using CD8+ T-Cell Purification Kit (Miltenyi Biotec) according to the manufacturer’s 

instructions.  

In tumor studies, the contralateral and draining lymph nodes (brachial and axillary) 

were isolated. Tumor tissues were dissociated by mechanical disruption and incubated with 

enzymes in Tumor Dissociation Kit (Miltenyi Biotec) at 37 °C for 30 mins. TILs were then 
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washed with RPMI 1640 supplemented with 1% fetal calf serum, and resuspended in 

complete media. 

Adoptive transfer of P14 CD8+ T Cells. A naïve P14 Thy1aPL/1 mouse was 

sacrificed and the spleen was excised. After osmotic lysis, splenocytes were stained with 

Abs specific for CD8a, CD44, CD90.1, and DbGP33-41 MHC class I tetramer. 

Splenocytes containing 3000 or 105 naïve P14 CD8+ T cells were transferred intravenously 

into naïve C57BL/6 mice with an engraftment of 300 or 104 cells, respectively. For 

secondary transfer, the spleens were removed from mice infected with LCMV Armstrong, 

LCMV clone 13 or MHV68-GP33. Following the mechanical disruption and osmotic lysis, 

CD8+ T cells were purified and stained with CD8a, CD44, CD90.1, and DbGP33-41 MHC 

class I tetramer. 5 ´ 104 GP33-41 specific CD8+ T cells were transferred into naïve 

C57BL/6 mice with an engraftment of 5000 cells. 

Surface and intracellular staining. In this study, the following antibodies were 

used: rat anti-mouse CD8α-phycoerythrin (PE), rat anti-mouse CD8α-peridinin 

chlorophyll protein (PerCP), rat anti-mouse CD8α-V500, rat anti-mouse CD90.1 (Thy1.1)-

allophycocyanin (APC), rat anti-mouse CD90.1- fluorescein isothiocyanate (FITC), rat 

anti-mouse CD90.1-eFluor450, rat anti-mouse CD90.2 (Thy1.2)-V500, rat anti-mouse 

CD4-APC, rat anti-mouse CD4-V500, rat anti-mouse CD19-PE-Cyanine7, rat anti-mouse 

CD44-PerCP, rat anti-mouse CD44-eFluor450, rat anti-mouse CD44-APC-eFluor780, rat 

anti-mouse CD127-FITC, rat anti-mouse KLRG1-PE, rat anti-mouse CD27-PE-Cyanine7, 

rat anti-mouse CD62L-APC-eFluor780, rat anti-mouse CD69-PE-Cyanine7, rat anti-

mouse PD-1-FITC, rat anti-mouse LAG-3- PerCp-eFluor710, rat anti-mouse BTLA- PE, 

rat anti-mouse CD80-PE, rat anti-mouse CD86-FITC, rat anti-mouse CD11b-V450, rat 
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anti-mouse CD11c-APC, rat anti-mouse Ly-6C-FITC, rat anti-mouse Ly-6G and Ly-6C 

(Gr-1)-APC, rat anti-mouse CD103-APC-Cyanine7, rat anti-mouse F4/80-APC-eFluor780, 

rat anti-mouse IFN-γ-FITC, rat anti-mouse TNF-α-PE-Cyanine7, rat anti-mouse IL-2-APC, 

rat anti-mouse CCL3 (MIP-1α)-PE, rat anti-mouse Eomesodermin (EOMES)-FITC, rat 

anti-mouse T-bet-PE-Cyanine7, rat anti-mouse phospho-STAT3 (Y705)-eFluor450, rat 

anti-mouse Blimp-1-PE and rat anti-mouse Bcl-6-PerCp-eFluor710. KLRG1 antibody was 

purchased from Abcam. CD103-APC-Cyanine7 was purchased from BioLegend. CD8-

V500, CD8-PerCp, Ly-6C-FITC, Ly-6G and Ly-6C (Gr-1)-APC, CD80-PE, CD86-FITC, 

CD11c-APC, CD11b-V450, IFN-γ-FITC, TNF-α-PE-Cyanine7 and IL-2-APC were 

purchased from BD Pharmingen. All other antibodies were purchased from eBioscience. 

DbGP33-41 major histocompatibility complex (MHC) class I tetramers was generated as 

previously described (Michalek et al., 2012). Surface staining was performed by incubation 

of Abs at a 1:100 dilution in fluorescence-activated cell sorter (FACS) buffer for 30 min 

on ice. KLRG1 staining was performed at a 1:25 dilution. Tetramer staining was performed 

at a 1:200 dilution. BTLA staining was performed at a 1:333 dilution. To measure 

intracellular cytokine levels, cells were incubated with 0.1 µg/ml DbGP33-41 peptide or 50 

ng/ml phorbol 12-myristate 13-acetate (PMA) and 500 ng/ml ionomycin (ION) for 5 h at 

37°C, and then treated with the BD Biosciences Cytofix/Cytoperm kit according to the 

manufacturer's instructions. Intracellular transcription factor stain was performed by using 

eBioscience Mouse Regulatory T Cell Staining Kit according to the manufacturer's 

instructions. After staining, samples were fixed in 1% formaldehyde (Polysciences, lnc., 

Warrington, PA) and acquired on a BD FACS Canto instrument. Manual gating was 

performed on FlowJo software (TreeStar, San Francisco, CA). 
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Clustering and principal component analysis of flow cytometry data. For the 

viral infection assay, P14 T cells were identified by manual gating of splenocytes stained 

with three sets of antibodies, and cells with the same stain from all the mice were pooled 

as a population. Flow cytometry standard (FCS) files were imported into R from the Flowjo 

workspace. Subsequently, fluorescence channels were transformed by optimized Arcsinh 

(Finak et al., 2010) and normalized by scaling. Analysis of P14 T cell subsets was 

conducted in three steps. First, k-means clustering was performed by using kmeans 

function in R’s Stats package to divide P14 T cells from each of the three populations into 

several subpopulations. Variables selected for cluster analysis of the three populations were: 

differentiation markers (CD62L, CD27, CD127 and KLRG1), transcription factors 

(EOMES, T-bet, Blimp-1, phospho-STAT3 and Bcl-6), and cytokines (IFN-γ, TNF-α, IL-

2 and CCL3). The optimal number of clusters (k) was determined by plotting within groups 

sum of squares versus number of clusters, and k for the three populations (differentiation, 

transcription factor, cytokine) was set to 6, 6 and 5, respectively. Second, the percentages 

of P14 T cells from individual mice in each cluster were calculated. Distribution of P14 T 

cells to clusters were then compared across the three infections to reveal their differential 

impacts. Third, the percentages of subpopulations from differentiation markers, 

transcription factors and cytokine stains were aggregated by mouse, and a dataset was 

generated. Principal component analysis (PCA) was then performed to reduce the 

dimension of the dataset by using principal function in psych package. PCA results were 

presented in an interactive 3D scatterplot by using plot3d function in rgl package.  

For the tumor analyses, CD8+ T cells, CD4+ T cells and CD19- CD11b+ myeloid 

cells from different tissues were identified by manual gating. Flow cytometry data from 
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the same stain were pooled across animals and tissues, and analyzed by k-means clustering 

following the workflow described above. Variables selected for cluster analysis of CD8+ 

and CD4+ T lymphocytes were: differentiation markers (CD62L, CD27, CD127 and 

KLRG1), inhibitory receptors (PD-1, LAG-3, BTLA, and CD69) and cytokines (IFN-γ, 

TNF-α, IL-2 and CCL3). Ly-6C, Gr-1 and F4/80 were included in clustering of CD11b+ 

myeloid cells. The number of clusters was set to 9, 9, 8 and 9 for the four populations. 

FlowSOM based analysis of P14 T cells. P14 T cells were identified by manual 

gating, and data from the same stain were pooled and transformed as described above. 

FlowSOM based unsupervised analysis was then performed (Van Gassen et al., 2015). By 

using BuildSOM function, cells from differentiation, cytokine, and transcription factor 

stains were assigned to a 5 ´ 5, 4 ´ 4, and 4 ´ 4 grid, respectively. Cells in a pooled 

population were then separated by infections and mapped to the formed grid by using 

NewData function. Minimal Spanning Trees were finally built by using BuildMST 

function and plotted, so that the characteristic and the number of cells in each node can be 

visualized. Computational analysis was conducted using R (version 3.3.1) on a MacBook 

Air running the OS X El Capitan 10.11.6 with a 1.6GHz Intel Core i5 processor. 

Statistical analysis. Data from tumor experiment were analyzed by non-paired, 

two-tailed Student’s t test. Data from P14 CD8+ T cell enumeration and secondary 

expansion experiments were analyzed by one-way ANOVA and Tukey multiple 

comparisons test. Statistical tests were performed in InStat software (GraphPad Software, 

CA).  A p value of <0.05 was considered significant. 

Code and dataset. The datasets generated in this study, and the R code written for 

data analysis are available in the supplemental materials. 
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Summary. Gammaherpesvirus infection is prevalent worldwide, and 80-90% of 

adults have been infected with Epstein-Barr virus (EBV). In most cases, EBV infection 

remains asymptomatic after the virus enters latency. However, when the host receives 

immunosuppressive therapies, EBV reactivates and gives rise to clinical disease. How the 

quality of antigen-specific CD8+ T cells is altered by gammaherpesvirus latency requires 

further study. Here we took advantage of Murine Gammaherpesvirus 68 (MHV68), a 

mouse model of human EBV, to reveal the effects of latency on CD8+ T lymphocytes. By 

comparing CD8+ T cell differentiation in acute and chronic strains of LCMV, and latent 

MHV68 infection, we show that MHV68 leads to intermediate function and expansion 

capabilities of virus-specific CD8+ T cells. Latent infection also skews CD8+ T cells to be 

effector-like and terminally differentiated. Our results reveal the differential impacts of 

acute, chronic and latent viral infections on the quality of antigen-specific CD8+ T cells. 
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DbGP33-41-specific memory CD8+ T cells are induced by acute, latent and 

chronic infections. To address how gammaherpesvirus latency affects memory CD8+ T 

cell differentiation compared to acute or high-level chronic viral infections, we generated 

a MHV68 strain expressing GP33-41 of LCMV. This virus allows us to compare T cells 

of the same antigen specificity as they differentiate to memory following acute (LCMV 

Armstrong), high-level chronic (LCMV clone 13) or latent (MHV68-GP33-41) viral 

infections. To minimize TCR repertoire differences, we utilized P14 transgenic mice that 

allow comparison of the same cell type as it differentiates during each infection. At 50 days 

postinfection, all three infections expanded GP33-specific CD8+ T cells but the percentage 

of splenic CTLs that were specific for GP33-41 was the lowest in latently infected mice 

(Fig. 1A). However, because MHV68 increased the amount of splenocytes, the number of 

antigen-specific CD8+ T cells were similar in three infections (Fig. 1B), indicating that the 

expansion of CTLs specific for this epitope was comparable. To facilitate identification of 

donor and recipient cells, we utilized the congenic marker CD90.1. The percentage of P14 

T cells was also reduced in latent infection (Fig. 1C and 1D). Taken together, a similar 

number of GP33-41 specific memory CD8+ T cells were generated following acute, chronic 

and latent infections. 

To understand how memory T cells generated during latency differ from those 

primed during acute or high-level chronic infection, we used high-dimensional flow 

cytometry data combined with a semi-automated workflow. First, P14 T cells were 

identified by manual gating. The data were read as FCS files, preprocessed and ArcSinh 

transformed in R for analysis. We then applied k-means clustering and self organizing 

maps unsupervised learning techniques to the transformed datasets (Fig. 1E).  
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Figure 1. Generation of CD8+ T cell memory during acute, chronic and latent viral 

infections. 3000 P14 CD8+ T cells were adoptively transferred into C57BL/6 mice, which 

were subsequently infected with 2 ́  105 PFU LCMV Armstrong, 2 ́  106 PFU LCMV clone 

13, or 104 PFU MHV68 GP33-41. On day 50 postinfection, mice were sacrificed, the 

splenocytes were stained with anti-CD8a, anti-CD44, anti-CD90.1 and DbGP33-41 MHC 

class I tetramer. (A) Dot plots were gated on CD8+ T cells, and the number in the plots 

indicates the percentage of CD8+ T cells that are DbGP33-41 specific. (B) The number of 

GP33-41 specific CD8+ T cells was determined, and the average and standard deviation are 

plotted. (C) Dot plots were gated on DbGP33-41 specific CD8+ T cells, and the number in 

the plots indicates the percentage of DbGP33-41 specific CD8+ T cells that are CD90.1+ 

P14 cells. (D) The percentage of DbGP33-41 specific CD8+ T cells that are P14 cells was 

determined. The average and standard deviation are plotted. (E) Following the 

identification of P14 cells by manual gating, they were pooled as a population. 

Preprocessing, ArcSinh transformation and normalization were subsequently performed. 

K-means clustering and self-organizing maps were then conducted to determine the 

phenotypes and functions of CD8+ T cells in different infections. Three to thirteen mice 

were analyzed in a minimum of 3 independent experiments. *, p<0.05. **, p<0.01. 
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Latent infection skews CD8+ T cells to be more effector-like and terminally 

differentiated. To understand how memory cells from MHV68 and LCMV differ, we 

examined expression of CD27, CD62L, KLRG1 and CD127 on P14 T cells induced by the 

three infections. The majority of P14 T cells during MHV68 latency were KLRG1hi, and 

the percentage of cells that were CD127lo KLRG1hi was significantly higher in latent 

infection (Fig. 2A), suggesting that they were terminally differentiated. Interestingly, early 

effector-like cells (CD127lo KLRG1low) were increased following high-level chronic 

LCMV clone 13 infection (Fig. 2A). Antigen-specific CTLs induced by LCMV Armstrong 

were mostly CD127hi, suggesting that they were more memory-like at this point. Latent 

infection increases CD27lo CD62Llo CD8+ T cells (Fig. 2B), suggesting that CTLs during 

latency were more effector-like. 

In order to better analyze and visualize CD8+ T cell differentiation, we performed 

k-means cluster analysis on these surface markers, and the number of clusters was set to 

six. As a result, we found that LCMV clone 13 infection significantly increased P14 T cells 

in cluster 1 (CD127lo KLRG1lo CD27hi CD62Lhi) and cluster 3 (CD127lo KLRG1lo CD27lo 

CD62Llo), but decreased those in cluster 4 (CD127hi KLRG1hi CD27hi CD62Lhi) and cluster 

6 (CD127hi KLRG1hi CD27int CD62Llo) (Fig. 2C and 2D). This is consistent with the 

increase in EEC and the decrease in DPEC observed in manual analysis of chronic memory.  

By contrast, latent infection augmented cluster 5(CD127lo KLRG1hi CD27lo CD62Llo), 

indicating that MHV68 skewed CD8+ T cells to be more terminally differentiated. Acute 

infection increased subpopulations with high CD127 expression (cluster 2, 4 and 6), 

demonstrating that LCMV Armstrong drives CTLs to be more memory-like. Next, we  
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Figure 2. Latent infection skews CD8+ T cells to be more terminally-differentiated. 

3000 P14 CD8+ T cells were adoptively transferred into C57BL/6 mice, which were 

subsequently infected with 2 ´ 105 PFU LCMV Armstrong, 2 ´ 106 PFU LCMV clone 13, 

or 104 PFU MHV68 GP33-41. Naïve P14 Thy1aPL/1 mice were used as controls. On day 

50 postinfection, mice were sacrificed, and P14 T cells were identified by using anti-CD8a, 

anti-CD90.1, and DbGP33-41 MHC class I tetramer. The expression of CD127 and KLRG1 

(A), and CD27 and CD62L (B) was determined on CD90.1+ CD8+ T cells. Following the 

identification of P14 cells by manual gating, cells from mice with different infections were 

pooled as a population, and variables selected for clustering were CD127, KLRG1, CD27, 

C62L. Preprocessing, optimized ArcSinh transformation and normalization were 

subsequently performed. K-means clustering was then conducted, and the number of 

clusters was set to 6. (C) The expression of surface markers on cells in different clusters 

was plotted as stacked density plots. (D) The distribution of CD90.1+ CD8+ T cells to 

clusters was aggregated by mouse and displayed as polar plots. The radius of a sector 

represents the mean percentage of cells that are in the indicated cluster, and the error bar 

stands for standard deviation. Three to thirteen mice were analyzed in a minimum of 3 

independent experiments. 
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explored CD8+ T cell differentiation by SOM based analysis, which is another 

unsupervised learning technique. Cells with similar characteristics were grouped as a node, 

and the similarity between nodes were revealed by their proximity. The number of nodes 

was set to twenty-five for visualization. Again, we observed increased numbers of CD127lo 

KLRG1hi CD8+ T cells during MHV68 latency compared to either acute or high-level 

chronic LCMV infection (Fig. 3). Taken together, unsupervised learning techniques reveal 

the differential impact of the three viruses on CTL differentiation, and MHV68 skews 

CD8+ T cells to be more terminally differentiated and effector-like. 

Latent infection impairs the function of CD8+ T cells. Due to the observed 

phenotypic changes in antigen-specific CD8+ T cells during MHV68 latency, we were 

prompted to examine how their function was altered. Figure 4A shows that following the 

peptide stimulation with LCMV epitope DbGP33-41, the percentage of P14 T cells that 

produced TNF-a was decreased in mice with latent infection compared to acute infection. 

However, this reduction was not as dramatic as that observed during high-level chronic 

infection, indicating that CD8+ T cells were not completely exhausted during MHV68 

latency. We also observed that latent infection decreased the production of IL-2 similar to 

chronic infection (Fig. 4B), suggesting that MHV68 infection may also bring about a 

hierarchical alteration in CTL function.  

We then applied unsupervised learning techniques using the levels of TNF-α, IFN-

γ, CCL3 and IL-2 determined by intracellular cytokine staining. As a result, there were 5 

subsets in our clustering model (Fig. 4C). Cells in cluster 4 were thoroughly exhausted 

because no cytokines were produced, and this subpopulation was significantly increased 
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Figure 3. FlowSOM reveals differences in CD8+ T cell differentiation among three 

infections. 3000 P14 CD8+ T cells were adoptively transferred into C57BL/6 mice, which 

were subsequently infected with 2 ́  105 PFU LCMV Armstrong, 2 ́  106 PFU LCMV clone 

13, or 104 PFU MHV68 GP33-41. Naïve P14 Thy1aPL/1 mice were used as controls. On 

day 50 postinfection, mice were sacrificed, and P14 cells were identified. After 

preprocessing, optimized ArcSinh transformation and normalization in R, FlowSOM based 

analysis was applied to the pooled population, and the grid was set to be 5 ´ 5. Cells were 

then separated by infections and mapped to the formed grid. MST for each infection was 

finally built and displayed separately, in which the number of cells that are in each node 

was revealed by its size. The arrows point to the nodes that are the most different between 

infections. Three to thirteen mice were analyzed in a minimum of 3 independent 

experiments. 
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Figure 4. Latent infection leads to intermediate CD8+ T cell function. 3000 P14 CD8+ 

T cells were adoptively transferred into C57BL/6 mice, which were subsequently infected 

with 2 ´ 105 PFU LCMV Armstrong, 2 ´ 106 PFU LCMV clone 13, or 104 PFU MHV68 

GP33-41. Naïve P14 Thy1aPL/1 mice were used as controls. On day 50 postinfection, mice 

were sacrificed, the spleen was removed, splenocytes were either left unstimulated or 

stimulated with GP33-41 peptide for 5 hours at 37oC. Following stimulation, cells were 

stained with CD8a, CD90.1, IFN-g, TNF-a, MIP1a, and IL-2 Abs. Dot plots (A and B) 

are gated on CD8+ T cells (unstimulated group) or CD90.1+ CD8+ T cells (stimulated group), 

and the number in the plots indicates the percentage of CD8+ or CD90.1+ CD8+ T cells that 

are present in that quadrant. Following the identification of P14 cells by manual gating, 

cells from mice with different infections were pooled as a population, and variables 

selected for clustering were IFN-g, TNF-a, MIP1a, and IL-2. After preprocessing, 

optimized ArcSinh transformation and normalization, k-means clustering was then 

conducted, and the number of cluster was set to 5. (C) The production of cytokines by 

CD90.1+ CD8+ T cells in different clusters was plotted as stacked density plots. (D) The 

distribution of CD90.1+ CD8+ T cells to clusters was aggregated by mouse and displayed as 

polar plots. The radius of a sector represents the mean percentage of cells that are in the 

indicated cluster, and the error bar stands for standard deviation. Three to eleven mice were 

analyzed in a minimum of 3 independent experiments. 
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by chronic infection (Figure 4D). Compared to acute infection, latent infection increased 

cluster 3 (IFN-γint TNF-αlo IL-2lo CCL3int) but decreased cluster 2 (IFN-γhi TNF-αhi IL-2hi 

CCL3hi). Cells in cluster 2 could produce four kinds of cytokines, thus their decline 

suggests latent infection impairs the generation of polyfunctional CD8+ T cells. Most of 

naïve P14 CD8+ T cells fell into cluster 1 (IFN-γlo TNF-αint IL-2int CCL3int), which greatly 

contrasted with cells from infected mice. We also performed SOM based analysis on the 

same dataset, and the result was consistent with that of cluster analysis. We found that 

latent infection decreased the percentage of P14 T cells that produced TNF-α and IL-2, and 

chronic infection led to CTL exhaustion (Fig. 5). Taken together, latent infection negatively 

impacts cytokine production by antigen-specific CD8+ T cells, but to a lesser extent than 

chronic infection. 

Latent infection decreases expression of Bcl-6 in antigen-specific CD8+ T cells. 

In order to understand alterations in memory differentiation, we measured transcription 

factors involved in T cell differentiation. The levels of EOMES, T-bet, Blimp-1, Bcl-6 and 

pSTAT3 were determined and entered into our clustering model. As a result, there were 6 

subsets in this pooled population (Fig. 6A). We found that EOMEShi P14 T cells (cluster 

1) were increased following chronic infection (Fig. 6B). Acute infection augmented 

Eomeslo T-bethi CTLs (cluster 4), which are reported to be more functional in terms of 

cytokine production and inhibitory receptor expression (Paley et al., 2012). Latent infection 

resulted in an intermediate percentage of P14 T cells in cluster 1 and cluster 4 (Fig. 6B), 

which concurs with MHV68 latency leading to intermediate CTL function. It is worth 

noting that Eomesint Bcl-6lo CD8+ T cells (cluster 2) were significantly increased following 

latent infection. Compared to surface proteins and cytokines, the fluorescence intensity  
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Figure 5. FlowSOM reveals that latent infection decreases cytokine production by 

CD8+ T cells. 3000 P14 CD8+ T cells were adoptively transferred into C57BL/6 mice, 

which were subsequently infected with 2 ´ 105 PFU LCMV Armstrong, 2 ´ 106 PFU 

LCMV clone 13, or 104 PFU MHV68 GP33-41. Naïve P14 Thy1aPL/1 mice were used as 

controls. On day 50 postinfection, mice were sacrificed, and the spleen was removed. 

Splenocytes were either left unstimulated or stimulated with GP33-41 peptide for 5 hours 

at 37oC. Following stimulation, P14 T cells were identified. After preprocessing, optimized 

ArcSinh transformation and normalization in R, FlowSOM based analysis was applied to 

the pooled population, and the grid was set to be 4 ´ 4. Cells were then separated by 

infections and mapped to the formed grid. MST for each infection was finally built and 

displayed separately, in which the number of cells in each node was revealed by its size. 

The arrows point to the nodes that are the most different between infections. Three to 

eleven mice were analyzed in a minimum of 3 independent experiments. 
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Figure 6. Latent infection reduces levels of Bcl-6 in virus-specific CD8+ T cells. 3000 

P14 CD8+ T cells were adoptively transferred into C57BL/6 mice, which were 

subsequently infected with 2 ´ 105 PFU LCMV Armstrong, 2 ´ 106 PFU LCMV clone 13, 

or 104 PFU MHV68 GP33-41. Naïve P14 Thy1aPL/1 mice were used as controls. On day 

50 postinfection, mice were sacrificed, the spleen was removed, P14 T cells were identified 

by using anti-CD8a, anti-CD44, anti-CD90.1, and DbGP33-41 MHC class I tetramer. 

CD90.1+ CD8+ T cells from mice with different infections were pooled as a population, and 

variables selected for clustering were EOMES, T-bet, Blimp-1, Bcl-6, and pSTAT-3. After 

preprocessing, optimized ArcSinh transformation and normalization, k-means clustering 

was then conducted, and the number of cluster was set to 6. (A) The level of transcription 

factor in CD90.1+ CD8+ T cells in different clusters was plotted as stacked density plots. (B) 

The distribution of CD90.1+ CD8+ T cells to clusters was aggregated by mouse and 

displayed as polar plots. The radius of a sector represents the mean percentage of cells that 

are in the indicated cluster, and the error bar stands for standard deviation. Three to thirteen 

mice were analyzed in a minimum of 3 independent experiments. 
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of transcription factor staining has a narrow range, which may be hard for a clustering 

model to visualize the characteristics of subpopulations. Thus, we took advantage of SOM 

based analysis to explore the expression of these transcription factors, and we found that 

the MST of latent infection looked more similar to that of acute infection (Fig. 7). Apart 

from similar results found in cluster analysis, it is very interesting to observe that both 

acute and latent infection increased the size of a node that has low expression of all five 

transcription factors, suggesting that they led to a CTL phenotype distinct from chronic 

infection. Taken together, memory cells from latent infection more closely resembled from 

acute compared to chronic viral infection. 

Latent primed secondary effector are more similar to acute primed. 

Biologically the most critical function of memory T cells is to expand following antigen 

rechallenge. To determine how expansion capacities of memory cells generated by each 

infection differed, we transferred 5 ´ 104 GP33-41 specific CD8+ T cells to naïve C57BL/6 

mice and challenged them with vaccinia virus expressing GP33-41. When surface markers 

were examined, secondary effector cells from latent and acute primed memory cells had 

similar expression patterns (Fig. 8A and 9A). A great portion of chronic primed P14 T cells 

produced few cytokines (cluster 2 in Fig. 9B), indicating their exhausted phenotype in the 

secondary response. On the other hand, acute and latent primed cells were more 

polyfunctional (cluster 3 in Fig. 9B). Secondary effectors from chronic primed were also 

distinct from acute and latent primed in the expression of transcription factors, because the 

former increased Blimp-1lo Bcl-6int cells (cluster 5 in Fig. 9C). On the contrary, there were 

more T-bethi cells (cluster 2, 3 and 6 in Fig. 9C) in mice transferred with acute primed cells, 
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Figure 7. FlowSOM reveals differential impact of three infections on expression of 

transcription factors in CD8+ T cells. 3000 P14 CD8+ T cells were adoptively transferred 

into C57BL/6 mice, which were subsequently infected with 2 ́  105 PFU LCMV Armstrong, 

2 ´ 106 PFU LCMV clone 13, or 104 PFU MHV68 GP33-41. Naïve P14 Thy1aPL/1 mice 

were used as controls. On day 50 postinfection, mice were sacrificed, and P14 T cells were 

identified. After preprocessing, optimized ArcSinh transformation and normalization in R, 

FlowSOM based analysis was applied to the pooled population, and the grid was set to be 

4 ´ 4. Cells were then separated by infections and mapped to the formed grid. MST for 

each infection was finally built and displayed separately, in which the number of cells that 

are in each node was revealed by its size. The arrows point to the nodes that are the most 

different between infections. Three to thirteen mice were analyzed in a minimum of 3 

independent experiments. 

  



 38 

 
Figure 7 

  



 39 

Figure 8. Latent primed CD8+ T cells undergo a decreased secondary response. 105 

P14 CD8+ T cells were adoptively transferred into two groups of C57BL/6 mice, which 

were then infected with 2 ´ 105 PFU LCMV Armstrong, or 104 PFU MHV68 GP33-41. 

One group of C57BL/6 mice were injected with 3000 P14 CD8+ T cells and subsequently 

infected with 2 ´ 106 PFU LCMV clone 13. On day 50 postinfection, mice were sacrificed, 

the spleen was removed. CD8+ T cells were purified and stained with CD8a, CD44, 

CD90.1, and DbGP33-41 MHC class I tetramer. 5 ´ 104 GP33-41 specific CD8+ T cells 

were transferred into naïve C57BL/6 mice. Mice were then i.p infected with 106 PFU 

Vaccinia Virus expressing GP33-41, and sacrificed on day 6 postinfection. The splenocytes 

were stained with differentiation, cytokine and transcription factor stains described in the 

methods, and P14 T cells were identified. (A) Cluster analysis was performed on three 

populations, and the percentages of P14 T cells in different clusters were displayed as polar 

plots. (B) The number of P14 T cells from individual mice was calculated on day 6 

postinfection, and compared to the number of cells engrafted by each recipient. The 

average and standard deviation of fold expansion are plotted. Three to eight mice were 

analyzed. *, p<0.05. **, p<0.01. 
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Figure 9. Characteristics of clusters from secondary effector CD8+ T cells. 5 ´ 104 

GP33-41 specific CD8+ T cells primed by acute, latent or chronic infections were 

transferred into naïve C57BL/6 mice. Mice were then i.p infected with 106 PFU Vaccinia 

Virus expressing GP33-41, and sacrificed on day 6 postinfection. The splenocytes were 

stained with differentiation, cytokine and transcription factor stains described in the 

methods, and P14 T cells were identified. Cluster analysis was performed on three 

populations, and the expression of differentiation markers (A), cytokines (B), and 

transcription factors (C) in P14 T cells from different clusters was displayed as stacked 

density plots. Three to eight mice were analyzed. 
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indicating that they were more effector-like during secondary challenge. 

To understand secondary expansion of these memory cells, we calculated the fold 

expansion of P14 T cells following VV-GP33 challenge. As a result, latent primed CD8+ 

T cells had less expansion compared to acute primed, and this impairment is even more 

significant with chronic primed cells (Fig. 8B). These data suggest that latent infection has 

a negative effect on the number and the phenotype of CTLs in secondary response, but 

latent primed memory are more similar to those from acute versus chronic infection. 

PCA reveals differential effects of the three infections on CD8+ T cell memory. 

By performing cluster analysis, we have demonstrated that memory CD8+ T cells from 

acute, chronic and latent have discrete clusters of surface protein, cytokine and 

transcription factor expression. To produce a comprehensive visualization, we generated a 

dataset based on the distribution of cells to 17 clusters from the three stains. Then we 

implemented principal component analysis (PCA) to reduce the dataset dimensions (Fig. 

10). We observed that naïve, memory and secondary effector cells were clearly separated 

as three groups. Naïve P14 mice were located on the positive PC1 axis, while memory and 

secondary effector group had negative PC1 values. Memory cells (light grey to black) 

could be distinguished from secondary effector cells by their positive PC2 value, and 

chronic memory had greater PC3 values than acute and latent memory. We found that 

latently infected mice were closer to mice with acute infection on the plot, indicating they 

were more similar. This matches with results of secondary effector cells, in which those 

from acute and latent primed mice were overlapping. Chronic primed secondary effectors 

were clearly separated from acute or latent primed, suggesting that the effects of LCMV 

clone 13 infection were still maintained upon rechallenge. Additionally, we have examined 
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Figure 10. Unsupervised learning reveals heterogeneity of CD8+ T cell memory 

following different infections. 3000 P14 CD8+ T cells were adoptively transferred into 

C57BL/6 mice, which were subsequently infected with 2 ´ 105 PFU LCMV Armstrong, 2 

´ 106 PFU LCMV clone 13, or 104 PFU MHV68 GP33-41. Naïve P14 Thy1aPL/1 mice 

were used as controls. On day 50 postinfection, mice were sacrificed, the spleen was 

removed. Splenocytes were stained with three sets of surface and intracellular stains, and 

data from P14 T cells was imported into R for analysis. After k-means clustering, the 

percentages of subpopulations from differentiation marker, transcription factor and 

cytokine stains were aggregated by mouse. Thus, a dataset was generated based on 

distribution of cells to 17 clusters from the three stains. PCA was then performed to reduce 

the dimensions of the dataset, and the first three principal components were visualized. The 

number on the axis indicates the percentage of total variance explained by the principal 

component.  

  



 45 

 

Figure 10 

  



 46 

the effects of inoculation route on memory differentiation. When LCMV Armstrong was 

given intranasally, memory CD8+ T cell differentiation was still discrete compared to 

latency (Fig. 11), demonstrating that effects of latent infection cannot be attributed solely 

to the intranasal route of infection. 

Summary statement. In this study, we used unsupervised learning techniques to 

compare CD8+ T cell differentiation in acute, high-level chronic and latent viral infections. 

Even though a similar number of antigen-specific CD8+ T cells were generated in the three 

infections, their phenotype and function are differentially altered. CD8+ T lymphocytes 

induced during latent infection were terminally differentiated and effector-like, 

characterized by upregulated KLRG1 but low CD27 expression. They also had impaired 

functions because their production of TNF-α and IL-2 was decreased compared to cells 

generated in acute infection. However, this decrease is less compared to chronic infection. 

Consistent with these results, we found CD8+ T cells during latency expressed intermediate 

levels of EOMES and T-bet, which are demonstrated to be linked to T cell function. 

Following secondary cell transfer and antigen rechallenge, CD8+ T lymphocytes primed 

by latent infection exhibited moderate expansion capabilities. Thus, memory CD8+ T cells 

from latent infection occupy an intermediate differentiation space compared to those 

generated during acute or chronic infection. 
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Figure 11. Effects of latent infection cannot be attributed solely to the intranasal route 

of infection. 3000 P14 CD8+ T cells were adoptively transferred into C57BL/6 mice, which 

were subsequently infected with 2 ´ 105 PFU LCMV Armstrong (i.p and i.n), 2 ´ 106 PFU 

LCMV clone 13 (i.v), or 104 PFU MHV68 GP33-41 (i.n). Naïve P14 Thy1aPL/1 mice were 

used as controls. On day 50 postinfection, mice were sacrificed, the spleen was removed. 

Splenocytes were stained with three sets of surface and intracellular stains, and data from 

P14 T cells were imported into R for analysis. After k-means clustering, the percentages of 

subpopulations from differentiation marker, transcription factor and cytokine stain were 

aggregated by mouse. Thus, a dataset was generated based on distribution of cells to 17 

clusters from the three stains. PCA was then performed to reduce the dimension of the 

dataset, and the first three principal components were visualized. The number on the axis 

indicates the percentage of total variance explained by the principal component. 
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CHAPTER TWO 

 

UNSUPERVISED LEARNING TECHNIQUES REVEAL EFFECTS OF TREX1 

MUTATION ON CD8+ T CELL DIFFERENTIATION DURING  

TUMOR DEVELOPMENT 

 

Summary. Similar to protracted and latent viral infections, systemic lupus 

erythematosus (SLE) results in chronic inflammatory symptoms. TREX1 is a potent 3’ - 5’ 

DNA exonuclease, and point mutations in the TREX1 gene cause dysfunctional TREX1 

enzyme and lupus-like autoimmune diseases in humans. To address how mutation in 

TREX1 affects antitumor CD8+ T cell responses, we took advantage of TREX1D18N/D18N 

mice, which have the same point mutation as Aicardi–Goutières syndrome (AGS). By 

comparing tumor growth and CD8+ T cell differentiation in D18N and wild type mice we 

show that TREX1 mutation leads to increased tumor rejection and dendritic cell maturation. 

CD8+ TILs from D18N mice have decreased expression of inhibitory receptors and 

moderately lower cytokine production. Taken together, our results suggest that TREX1 

mutation increases the rejection of primary tumors and alters the phenotype and function 

of CD8+ tumor infiltrating lymphocytes. 
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TREX1 D18N mice display better antitumor responses. To characterize the role 

of chronic inflammation in the control of tumor development, we challenged D18N and 

WT mice with 5 ´ 106 H31m1 cells. Positive tumor growth could be detected in WT mice 

as early as day 5 post transplant (Fig. 12), which reached 4.2 mm in diameter. At day 9 

post transplant, tumors progressively grew to ~7mm in diameter, and their sizes were not 

significantly decreased until day 15. By contrast, H31m1 cells had a slower growth rate in 

D18N mice. After reaching its peak at day 9 post transplant, the mean tumor size was 

reduced in mutant animals, indicating greater antitumor responses.  

At days 8 and 15 post transplant, we enumerated cells in the spleen, contralateral 

lymph nodes (CLN), tumor draining lymph nodes (TDLN) and tumors of WT and D18N 

mice. As a result, we did not observe a significant difference between them (Fig. 13A). 

Nevertheless, there were a larger number of cells in TDLN compared to CLN, suggesting 

the greater expansion of lymphocytes in response to tumors in the former organ. When 

CD8+ and CD4+ T lymphocytes were quantitated, there was no signficant difference 

between WT and D18N mice (Fig. 13B). Consistent with the finding in total lymphocytes, 

we observed more T cells in TDLN than in CLN, indicating that H31m1 sarcoma cells 

triggered T cell expansion. CD44 is a molecule expressed on activated or memory T cells, 

and is widely used as an activation marker. To measure T cell activation during tumor 

development, we quantitated CD44hi T cells in the lymphoid organs, and did not observe a 

significant difference between WT and D18N mice (Fig. 13C). Interestingly, there were a 

higher percentage of CD8+ T cells expressing upregulated levels of CD44 compared to 

CD4+ T cells, leading to a ratio of CD44hi CD8+ to CD44hi CD4+ T cells higher than CD8+ 

to CD4+ T cells. Collectively, the number of T cells was similar in WT and D18N 
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Figure 12. TREX1 mutation suppresses tumor growth. 5 ´ 106 H31m1 tumor cells were 

subcutaneously (s.c) injected in 200 µl PBS into the shaved right flanks of D18N and WT 

mice. Tumor size was measured by a digital caliper on the indicated days. The average and 

SEM of the cube of tumor diameters are plotted. Eight to twenty-one mice were analyzed 

in a minimum of 3 independent experiments. *, p<0.05. **, p<0.01. ***, p<0.001. *****, 

p<0.00001. 
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Figure 13. T cell responses to tumor challenges in WT and D18N mice. 5 ´ 106 H31m1 

tumor cells were subcutaneously (s.c) injected in 200 µl PBS into the shaved right flanks 

of D18N and WT mice. On days 8 and 15 post transplant, mice were sacrificed, and the 

tumor, spleen, contralateral and draining lymph nodes were removed. Total cells (A), T 

cells (B), and CD44hi T cells (C) from the indicated organs of WT and D18N mice were 

quantitated. The average and SEM are plotted. Seven to eight mice were analyzed in a 

minimum of 2 independent experiments.  
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mice, and the latter have greater rejection of H31m1 sarcoma cells. 

TREX1 mutation alters the phenotype of CD8+ T lymphocytes. To dissect the 

antitumor immune responses in D18N and WT animals, we examined the phenotype of 

adaptive and innate immune cells at day 8 post transplant. Since CD8+ T lymphocytes play 

a crucial role in the control of cancer, we measured the expression of inhibitory receptors 

and activation markers to reveal the changes in their quality. We found that CD8+ tumor 

infiltrating lymphocytes (TILs) displayed a pronouncedly different phenotype compared to 

lymphoid organs. Most of CD44+ CD8+ T lymphocytes from lymphoid organs expressed 

high levels of BTLA, while in tumors they were almost all BTLAlo (Fig. 14A). We also 

observed increased PD-1hi BTLAlo CD8+ T cells in tumors, which were relatively rare in 

the lymphoid organs (Fig. 14B). Then we compared the phenotype of CD8+ TILs in WT 

and D18N mice, and found cells from the latter expressed relatively lower levels of LAG-

3 (Fig. 14C and D). Since LAG-3 is an inhibitory receptor whose expression is upregulated 

in activated or functionally impaired T cells, this suggests that CD8+ TILs displayed a less 

exhausted phenotype in mutant mice.  

The changes in CD8+ TILs prompted us to examine the phenotype of CD8+ T 

lymphocytes from the lymphoid organs. Grieves and colleagues have demonstrated that 

CD8+ T cells in the spleen of D18N mice are more activated (Grieves et al., 2015). To test 

if a similar result can be observed during tumor development, we examined LAG-3, CD44 

and CD69, whose expression is upregulated on effector T lymphocytes. As a result, CD8+ 

splenocytes from D18N mice had higher LAG-3 expression, which contrasts with CD8+ T 

cells in tumors (Fig. 14D). We also found increased CD8+ T cells in the lymph nodes of 

D18N mice had upregulated expression of CD44 (Fig. 14E), indicating that they were more 
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Figure 14. TREX1 mutation alters the phenotype of CD8+ T cells during tumor 

development. 5 ́  106 H31m1 tumor cells were subcutaneously (s.c) injected in 200 µl PBS 

into the shaved right flanks of D18N and WT mice. On day 8 post transplant, mice were 

sacrificed, and the tumor, spleen, contralateral and draining lymph nodes were removed. 

Dot plots (A and B) are gated on CD8+ T cells in the indicated organ of a WT or D18N 

mouse, and the number in the plots indicates the percentage of CD8+ T cells that are present 

in that gate. The percentages of CD8+ T cells from indicated organs expressing high levels 

of LAG-3 (C), CD44 (E) and CD69 (F) were determined. (D) The expression of LAG-3 by 

CD8+ T cells in the tumor and spleen was measured. (G) CD8+ splenocytes with high 

expression of CD69 were quantitated. The average and standard deviation are plotted. Four 

to seven mice were analyzed in a minimum of 2 independent experiments. *, p<0.05. **, 

p<0.01. 
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activated in mutant mice. In addition, there were a higher percentage and number of CD8+ 

T cells expressing high levels of CD69 (Fig. 13F and G) in D18N mice, suggesting 

inflammatory responses ongoing in their lymphoid organs.   

To analyze and visualize the difference in the phenotype of CD8+ T lymphocytes 

between TREX1 mutant and WT animals, we performed k-means cluster analysis. The 

expression of PD-1, LAG-3, BTLA, CD69 and CD44 were entered into our model, and 

there were nine clusters in the population (Fig. 15A). When splenocytes were examined, 

D18N mice significantly increased CD8+ T cells in cluster 1 (PD-1hi LAG-3int-hi BTLAlo 

CD69hi) and cluster 8 (PD-1hi LAG-3hi BTLAint-lo CD69hi) (Fig. 15B). By contrast, WT 

animals had more CD8+ splenocytes in cluster 5 (PD-1lo LAG-3int BTLAhi CD69lo), 

indicating that they were less inhibited. Cluster 1, 2 and 8 represent cells expressing high 

levels of PD-1. We added up the percentages of cells from these three clusters, and 

compared the sum across organs and genotypes. As a result, a great portion of TILs fell 

into the PD-1hi clusters (Fig. 15C), which contrasts with cells in TDLN and CLN. Similarly, 

we sum up the percentages of cluster 2 and 8 to quantitate CD8+ T lymphocytes with 

upregulated expression of both LAG-3 and PD-1. We found that a higher percentage of 

WT TILs were assigned to these clusters (Fig. 15D), indicating that CD8+ TILs were more 

inhibited in WT compared to D18N mice. Taken together, clustering techniques reveal the 

differential activation of T cells in WT and D18N mice, and TREX1 mutation decreases 

expression of LAG-3 by CD8+ TILs. 

CD8+ TILs from D18N mice have decreased cytokine production. To determine 

the functional changes in CD8+ T cells at day 8 post transplant, we measured their cytokine  
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Figure 15. K-means clustering reveals difference in CD8+ T cell activation and 

exhaustion between D18N and WT mice. 5 ´ 106 H31m1 tumor cells were 

subcutaneously (s.c) injected in 200 µl PBS into the shaved right flanks of D18N and WT 

mice. On day 8 post transplant, mice were sacrificed, and the tumor, spleen, contralateral 

and draining lymph nodes were removed. CD8+ T cells were identified by using anti-

CD8a, and then pooled across different organs as a population. Variables selected for 

clustering were PD-1, LAG-3, BTLA, CD69, and CD44. After preprocessing, optimized 

ArcSinh transformation and normalization, k-means clustering was conducted, and the 

number of cluster was set to 9. (A) The expression of surface proteins on CD8+ T cells in 

different clusters was plotted as stacked density plots. (B) The percentages of CD8+ 

splenocytes in cluster 1, cluster 8, and cluster 5 were plotted as scatter plots. The average 

is indicated by the horizontal bar. The percentages of CD8+ T cells from the indicated 

organs that were in PD-1hi (C), and PD-1hi LAG-3hi (D) clusters were calculated and 

displayed as bar plots. The average and standard deviation are plotted. Four to seven mice 

were analyzed in a minimum of 2 independent experiments. *, p<0.05. ***, p<0.001. ****, 

p<0.0001. 
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production following stimulation with phorbol myristate acetate (PMA) and ionomycin 

(ION). PMA and ION synergistically exert mitogenic effects on T lymphocytes by 

activating protein kinase C (PKC) (Vandenbark et al., 1984) and inducing calcium flux 

(Chatila et al., 1989) respectively, and they are widely used for T cell stimulation to 

measure cytokine production. We found D18N mice had decreased IFN-g and IL-2 

producing CD8+ TILs, while the production of TNF-a remained unchanged (Fig. 16A). 

During chronic viral infection, CD8+ T cells are impaired hierarchically and IL-2 is 

demonstrated to be the most susceptible cytokine (Wherry et al., 2003). To test whether 

TREX1 mutation along with tumor microenvironment brought about changes in a similar 

fashion, we measured IL-2 production by IFN-g/TNF-a secreting CD8+ TILs, and found it 

was also lower in D18N mice (Fig. 16B). However, it should be noted that more than 20% 

of CD8+ TILs in D18N mice were still able to produce IL-2, indicating that the observed 

functional change is distinct from T cell exhaustion. Apart from the frequency, mean 

fluorescence intensity (MFI) of a cytokine also reveals changes in its secretion. We 

observed that TREX1 mutation decreased MFI of IFN-g in IFN-g secreting cells (Fig. 16C), 

and MIP1-a in IFN-g/MIP1-a  secreting cells (Fig. 16D), indicating that CD8+ TILs from 

D18N mice had lower production of these cytokines. 

To further analyze changes in CD8+ T cells secreting multiple cytokines, we 

performed cluster analysis on the pooled dataset. There were 8 clusters within this 

population (Fig. 16E). TREX1 mutation did not significantly alter cytokine production of 

CD8+ T cells in the lymphoid organs, leading to a similar distribution pattern of CD8+ T 

cells between WT and D18N mice (Fig. 16F). Most of CTLs in the lymphoid organs were  
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Figure 16. CD8+ TILs from D18N mice have decreased IL-2 production. 5 ´ 106 

H31m1 tumor cells were subcutaneously (s.c) injected in 200 µl PBS into the shaved right 

flanks of D18N and WT mice. On day 8 post transplant, mice were sacrificed, and the 

tumor, spleen, contralateral and draining lymph nodes were removed. Cells were either left 

unstimulated or stimulated with PMA/ION for 5 hours at 37oC. Following stimulation, cells 

were stained with CD8a, CD90.2, IFN-g, TNF-a, MIP1-a, Granzyme B, and IL-2 Abs. 

Frequencies of dual-functional CD8+ TILs (A), and the percentage of IFN-g and TNF-a 

secreting CD8+ T cells that produce IL-2 (B) were calculated. MFI of IFN-g by IFN-g 

producing CD8+ T cells (C), and MIP1-a by IFN-g and MIP1-a producing CD8+ TILs (D) 

were determined. The average and standard deviation are plotted. CD8+ T cells were then 

identified, and pooled across different organs as a population. Variables selected for 

clustering were IFN-g, TNF-a, MIP1-a, and IL-2. After preprocessing, optimized ArcSinh 

transformation and normalization, k-means clustering was conducted, and the number of 

cluster was set to 12. (E) The expression of cytokines on CD8+ T cells in different clusters 

was plotted as stacked density plots. The distribution of CD8+ T cells from the lymphoid 

organs (F) and tumors (G) to clusters was aggregated by mouse and displayed as polar 

plots. The radius of a sector represents the mean percentage of cells that are in the indicated 

cluster, and the error bar stands for standard deviation. Three to four mice were analyzed. 

*, p<0.05. ***, p<0.001. 
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assigned to cluster 1 (IFN-glo TNF-aint-hi IL-2lo MIP1-alo) and 2 (IFN-glo TNF-alo IL-2lo 

MIP1-alo), indicating their limited ability to produce cytokines. This contrasts with TILs, 

most of which fell into cluster 6, 7 and 8. Since cells from all these three clusters secreted 

high levels of IFN-g and MIP1-a, these results suggest that CD8+ TILs had greater effector 

function than CTLs in the lymphoid organs. We also found that how CD8+ TILs from two 

genotypes of mice were assigned to the 9 clusters was strikingly different (Fig. 16 G). 

Animals with TREX1 mutation had increased TILs in cluster 5 (IFN-gint TNF-alo IL-2lo 

MIP1-aint) and 8 (IFN-ghi TNF-ahi IL-2lo MIP1-ahi), while WT mice augmented cells in 

cluster 6 (IFN-ghi IFN-ghi TNF-ahi IL-2hi MIP1-ahi) and cluster 7 (IFN-ghi TNF-aint-hi IL-2int-

hi MIP1-ahi). Cells in cluster 6 and 7 were the most functional because they could express 

high levels of all four cytokines. That D18 mice had fewer cells in these subpopulations 

suggests TREX1 mutation had a negative impact on the generation of poly-functional cells. 

Collectively, our results demonstrate that CD8+ TILs in D18N mice had lower cytokine 

production.  

CD4+ T cells are more activated in the lymphoid organs of D18N mice. CD4+ 

T lymphocytes play an important role in adaptive immune system, and contribute to 

maturation of CD8+ T and B lymphocytes. TREX1 mutation has been demonstrated to 

increase activated CD4+ splenocytes (Grieves et al., 2015). To test whether we could 

observe similar changes at day 8 post transplant, we examined surface markers such as 

CD27, CD62L, CD69, CD127, and KLRG1. CD62L allows T lymphocytes to enter 

secondary lymphoid organs, and its expression is downregulated on effector T cells. We 

found an increase in CD27+ CD62L- CD4+ T cells in the TDLN of D18N mice (Fig. 17A), 

demonstrating that they were more effector-like in mutant animals. Similar to CD8+ T cells,   
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Figure 17. CD4+ T cells in the lymphoid organs of D18N mice are more activated. 5 ´ 

106 H31m1 tumor cells were subcutaneously (s.c) injected in 200 µl PBS into the shaved 

right flanks of D18N and WT mice. On day 8 post transplant, mice were sacrificed, and 

the tumor, spleen, contralateral and draining lymph nodes were removed. The percentages 

of CD4+ T cells from indicated organs that were CD27+ CD62L- (A), CD69hi (B), CD127hi 

KLRG1hi double positive effector (C) and CD127hi KLRG1lo memory precursor effector 

(D) cells were determined. The average and standard deviation are plotted. Six to seven 

mice were analyzed in a minimum of 2 independent experiments. *, p<0.05.  
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CD4+ T cells from TREX1 mutant mice had upregulated expression of CD69 (Fig. 17B), 

suggesting that their activation state is increased. In addition, we observed that mutation in 

TREX1 increased double positive effector cell-like subset (CD127+ KLRG1+) (Fig. 17C), 

while there were higher percentage of CD127+ KLRG1- CD4+ T cells in WT (Fig. 17D). 

KLRG1 is a co-inhibitory receptor that marks T cell senescence (Voehringer et al., 2001), 

and not highly expressed on naïve or memory T cells. Therefore, these data are consistent 

with previous studies, demonstrating that CD4+ T cells were also more effector-like in 

D18N mice.  

To further examine the changes in activated CD4+ T lymphocytes, we limited the 

scope of our analysis to CD44+ CD4+ T cells and performed k-means clustering on them. 

The expression of differentiation markers such as CD127, KLRG1, CD27 and CD62L were 

entered into our model. As a result, there were 9 clusters in this population (Fig. 18A). 

Mice with TREX1 D18N mutation had higher percentages of TDLN CD44+ CD4+ T cells 

in cluster 8 (CD127hi KLRG1lo CD27hi CD62Llo) and cluster 9 (CD127lo KLRG1lo CD27hi 

CD62Llo), but lower in cluster 3 (CD127hi KLRG1lo CD27hi CD62Lhi) (Fig. 18B). Cells in 

cluster 9 displayed an early effector cell-like phenotype (CD127lo KLRG1lo), and cluster 8 

represented effector memory cells because they expressed low levels of CD62L. On the 

contrary, cluster 3 represented central memory cells due to their upregulated expression of 

CD127 and CD62L. Within the spleen, D18N had increased cells in cluster 1 (CD127hi 

KLRG1hi CD27hi CD62Lhi) and decreased cluster 3 compared to WT animals (Fig. 18C). 

These data are consistent with manual gating demonstrating that CD4+ T cells were more 

effector-like in D18N mice. Then we examined the expression of PD-1, LAG-3, BTLA  
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Figure 18. CD44hi CD4+ T cells in D18N mice are more effector-like. 5 ´ 106 H31m1 

tumor cells were subcutaneously (s.c) injected in 200 µl PBS into the shaved right flanks 

of D18N and WT mice. On day 8 post transplant, mice were sacrificed, and the tumor, 

spleen, contralateral and draining lymph nodes were removed. (A) Cells were stained with 

anti-CD4, anti-CD44, anti-CD127, anti-KLRG1, anti-CD27 and anti-CD62L. CD44hi 

CD4+ T cells were identified and pooled across different organs. After preprocessing, 

optimized ArcSinh transformation and normalization, k-means clustering was conducted 

to analyze the expression of CD127, KLRG1, CD27 and CD62L, and the number of cluster 

was set to 9. The distribution of CD44hi CD4+ T cells from the TDLN (B) and spleen (C) 

to the indicated clusters was displayed as bar plots. (D) Cells were stained with anti-CD4, 

anti-CD44, anti-PD-1, anti-BTLA, anti-LAG-3 and anti-CD69. CD44hi CD4+ T cells were 

identified and pooled across different organs. After preprocessing, optimized ArcSinh 

transformation and normalization, k-means clustering was conducted to analyze the 

expression of PD-1, BTLA, LAG-3 and CD69, and the number of cluster was set to 9. The 

distribution of CD44hi CD4+ T cells from the CLN (E) and spleen (F) to the indicated 

clusters was displayed as bar plots. Six to seven mice were analyzed in a minimum of 2 

independent experiments. *, p<0.05. **, p<0.01. ****, p<0.0001. 
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and CD69 on CD44+ CD4+ T cells, and found that D18N mice had increased CLN CD4+ T 

cells in cluster 1 (PD-1int LAG-3hi BTLAhi CD69hi) (Fig. 18D and E), and fewer cells in 

cluster 7 (PD-1lo LAG-3lo BTLAlo CD69lo). Similarly, D18N mice had increased CD4+ 

splenocytes in cluster 1, and fewer in cluster 4 (PD-1int-lo LAG-3int BTLAhi CD69lo) and 6 

(PD-1lo LAG-3lo BTLAhi CD69lo) (Fig. 18F), indicating that they expressed higher levels 

of CD69. Taken together, CD4+ T lymphocytes are more activated in D18N mice compared 

to WT during tumor development. 

TREX1 mutation decreases cytokine production by CD4+ TILs. Biologically, 

CD4+ T cells contribute to activity of CD8+ T and B lymphocytes through the expression 

of multiple cytokines and CD40 ligand. To determine whether this function is altered by 

TREX1 mutation at day 8 post transplant with tumors, we stimulated measured cytokine 

secretion of CD4+ T cells following the stimulation with PMA/ION. As a result, the 

frequency of IFN-g  producing CD4+ splenocytes was similar in WT and D18N mice (Fig. 

19A). CD4+ T cells in the TDLN and CLN did not have high IFN-g secretion, which 

contrasts with CD4+ TILs. We also found that CD4+ TILs in D18N mice had decreased 

IFN-g production compared to WT, indicating their impaired function in mutant animals. 

When poly-functional CD4+ T cells were examined, we found significantly more IFN-

g/TNF-a producing cells in tumors compared to the lymphoid organs (Fig. 19B). However, 

the frequencies of IFN-g/TNF-a producing CD4+ TILs were similar between. WT and 

D18N animals, indicating TREX1 mutation did not alter TNF-a production by CD4+ TILs. 

By contrast, the percentage of CD4+ TILs secreting both IFN-g and IL-2 was lower in 

D18N mice (Fig. 19C), even though the difference did not reach significance. This is  
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Figure 19. TREX1 mutation decreases production of IFN-g and IL-2 by CD4+ TILs. 5 

´ 106 H31m1 tumor cells were subcutaneously (s.c) injected in 200 µl PBS into the shaved 

right flanks of D18N and WT mice. On day 8 post transplant, mice were sacrificed, and 

the tumor, spleen, contralateral and draining lymph nodes were removed. Cells were either 

left unstimulated or stimulated with PMA/ION for 5 hours at 37oC. Following stimulation, 

cells were stained with CD4, CD90.2, IFN-g, TNF-a, and IL-2 Abs. The frequencies of 

CD4+ TILs that produce IFN-g (A), IFN-g and TNF-a (B), and IFN-g and IL-2 (C) were 

calculated and displayed as bar plots. The average and standard deviation are plotted. Three 

to four mice were analyzed. *, p<0.05. 
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consistent with changes in CD8+ T cell function, demonstrating that TREX1 mutation 

decreased IL-2 production by tumor infiltrating lymphocytes. 

Mutation in TREX1 alters innate immune responses during tumor 

development. Since the differentiation of CD8+ and CD4+ T cells was altered in D18N 

animals, we were prompted to determine whether innate immune cells were also influenced 

by TREX1 mutation. We first examined the phenotype of dendritic cells, because they 

directly interact with T lymphocytes and contribute to their maturation. At day 8 post 

transplant, although the numbers of lymphoid (CD8a+ CD11c+) and myeloid (CD11b+ 

CD11c+) dendritic cells were not significantly different between WT and D18N mice (Fig. 

20A), dendritic cells from these two groups were in distinct maturation states. Expression 

of CD86 was measured to reveal the maturation of dendritic cells because it serves as an 

important costimulatory receptor. We found that splenic CD8a+ and CD11b+ dendritic cells 

in D18N mice had upregulated expression of this molecule (Fig. 20B). Interestingly, CD80, 

the other costimulatory receptor that contributes to T cell activation, was not increased by 

TREX1 mutation (data not shown), suggesting its differential impact on these two co-

stimulatory molecules. We also observed increased CD103 expression on dendritic cells of 

D18N mice (Fig. 20C), which was especially pronounced in myeloid dendritic cells. The 

percentage of myeloid dendritic cells that are CD103+ was significantly higher in mutant 

animals (Fig. 20D), giving rise to a two-fold increase in numbers (Fig. 20E). Collectively, 

mutation in TREX1 increases the maturation state of myeloid and lymphoid dendritic cells 

during tumor development. 

The frequency and number of F4/80hi CD11b+ splenocytes were significantly 

increased in D18N mice (Fig. 21A), but the percentage of Gr-1int-lo cells was lower 



 74 

Figure 20. TREX1 mutation increases the maturation state of dendritic cells. 5 ´ 106 

H31m1 tumor cells were subcutaneously (s.c) injected in 200 µl PBS into the shaved right 

flanks of D18N and WT mice. On day 8 post transplant, mice were sacrificed, and the 

tumor, spleen, contralateral and draining lymph nodes were removed. CD8a+ CD11c+ 

lymphoid, CD8a- CD11b+ CD11c+ myeloid (A) and CD103+ CD11b+ CD11c+ (E) dendritic 

cells in the spleen were quantitated. The expression of CD86 (B) and CD103 (C) by 

lymphoid and myeloid dendritic cells in the spleen were measured. (D) The percentage of 

myeloid dendritic cells expressing high levels of CD103 was determined in the spleen. The 

average and standard deviation are plotted. Six to seven mice were analyzed in a minimum 

of 2 independent experiments. *, p<0.05. **, p<0.01. ***, p<0.001. 
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Figure 21. Myeloid cells in D18N mice have upregulated expression of Ly6C and Gr-

1. 5 ´ 106 H31m1 tumor cells were subcutaneously (s.c) injected in 200 µl PBS into the 

shaved right flanks of D18N and WT mice. On day 8 post transplant, mice were sacrificed, 

and the tumor, spleen, contralateral and draining lymph nodes were removed. The 

expression of F4/80 and CD11b (A), and CD11b and Gr-1 (B) on splenocytes was 

measured. The frequency (C) and number (D) of splenic Gr-1+ CD11b+ myeloid-derived 

suppressor cells were determined. (E) Myeloid cells were identified by anti-CD11b and 

anti-CD19, and pooled across different organs as a population. Variables selected for 

clustering were Ly6C, Gr-1 and F4/80. After preprocessing, optimized ArcSinh 

transformation and normalization, k-means clustering was conducted, and the number of 

cluster was set to 9. The percentages of myeloid cells in clusters expressing high levels of 

Ly6C or Gr-1 (F), and low levels of Ly6C and Gr-1 (G) were determined. The average and 

standard deviation are plotted. Four to seven mice were analyzed in a minimum of 2 

independent experiments. *, p<0.05. **, p<0.01. ***, p<0.001. 
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compared to WT (Fig. 21B), resulting in a similar number of macrophages (F4/80hi CD11b+ 

Gr-1-) in the two groups of animals. Nevertheless, the increase in Gr-1 expression exhibited 

by mutant mice drove us to examine changes in myeloid-derived suppressor cell (MDSC), 

because this cell subpopulation express high levels of Gr-1 and CD11b. As a result, we 

observed an ~3-fold increase in the frequency and number (Fig. 21C and D) of splenic 

MDSCs in D18N mice. To dissect the changes in myeloid cells, we identified CD19- 

CD11b+ cells by manually gating and examined the expression of Ly-6C, Gr-1 and F4/80 

by k-means clustering. Cluster 1, 2, 3, 4 and 8 were myeloid cells expressing high levels 

of Ly-6C or Gr-1 (Fig. 21D), and the percentages of TILs and splenocytes belonging to 

these clusters were higher in D18N animals (Fig. 21E), suggesting these mutant mice had 

increased inflammatory monocytes and MDSCs in the spleen and tumors. This contrasts 

with WT mice, where more myeloid cells were in the subpopulations displaying a Ly-6Clo 

Gr-1lo resident monocyte-like phenotype (cluster 6 and 9) (Fig. 21F). Taken together, 

mutation in TREX1 results in a higher maturation state of dendritic cells, and increases in 

MDSCs and inflammatory monocytes. 

Summary statement. In this study, we used unsupervised learning techniques to 

determine the effects of TREX1 mutation on CD8+ T cell differentiation during tumor 

development. We observed that H31m1 sarcoma tumor cells had a slower growth rate and 

were cleared more rapidly in TREX1D18N/D18N mice. At day 8 post transplant, CD8+ TILs 

from D18N mice had decreased expression of PD-1 and LAG3, and they also had lower 

production of IL-2 and MIP1-a. CD8+ and CD4+ T lymphocytes from lymphoid tissues of 

D18N mice were more activated, characterized by upregulated expression of CD44 and 

CD69. In the innate immune cell compartment, TREX1 mutation led to greater maturation 
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of CD8a+ CD11c+ and CD11b+ CD11c+ dendritic cells, and increased classical monocytes 

in the spleen and tumor draining lymph nodes. In addition, D18N mice were observed to 

have more myeloid-derived suppressor cells in the tumors. Taken together, CD8+ T cells 

from TREX1D18N/D18N mice have decreased expression of inhibitory receptors and cytokine 

production, which may result from autoimmune responses and contribute to tumor 

rejection.  
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DISCUSSION AND CONCLUSIONS 

The goal of this study was to examine the effects of latent gammaherpesvirus 

infection and lupus-like autoimmune disease on CD8+ T cell differentiation. Due to the 

immunosurveillance by CTLs, gammaherpesvirus infection remains asymptomatic in 

healthy hosts. However, these viruses become reactivated and manifest clinical disease 

when the host receives immunosuppressive treatment. Therefore, understanding how the 

quality of CD8+ T cells is altered by latency is crucial. Even though MHC class I tetramer 

technology allows identification of antigen-specific CD8+ T cells, it is still challenging to 

compare T cells primed in latency with those generated in other infections. In addition, 

how autoimmune diseases such as SLE impact CD8+ T cell responses to primary tumors 

requires further study. To address these questions, we utilized a novel MHV68 strain 

expressing a LCMV epitope to compare the same antigen-specific T cells generated in 

acute, high-level chronic and latent viral infections. We also took advantage of the 

TREX1D18N/D18N mouse model with lupus-like disease to examine their antitumor CD8+ T 

cell responses. Our study reports novel observations on the effects of gammaherpesvirus 

latency and TREX1 mutation on CD8+ T cell differentiation. 

Heterogeneity in CD8+ T cell differentiation and challenge of data analysis. 

Memory CD8+ T cells are highly heterogeneous, and their diversity can be revealed by 

their expression of proteins. Surface proteins can be used to categorize memory T 

lymphocytes into three subpopulations: effector memory, central memory (TCM) and stem 

memory (TSCM) T cells. For example, central memory and effector memory cells can be 

distinguished by the levels of CCR7 and CD62L (Sallusto et al., 1999), and TSCM can be 

recognized by their high expression of CD122 and Sca-1 (Gattinoni et al., 2009). Apart 
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from surface protein expression, cytokine production by T lymphocytes can also show their 

functional diversity. Expression of IFN-γ and TNF-α is widely measured to determine T 

cell function, because they regulate antigen presentation and mediate killing of intracellular 

pathogens (Seder et al., 2008). IL-2 is also commonly examined to assess the memory 

capacities of CD8+ T cells (Seder et al., 2008), and effector-like CTLs have been 

demonstrated to have a low IL-2 production (Hamann et al., 1997). Heterogeneity of 

memory T lymphocytes can also be revealed by transcription factors, because their 

interplay regulates T cell differentiation. For example, high amounts of T-bet skews T cells 

to a terminal effector fate, while EOMES fosters the differentiation of memory cells (Joshi 

et al., 2007). Therefore, in this study, we determined expression of surface proteins, 

transcription factors and cytokines to reveal the quality of memory T lymphocytes. For the 

first time to our knowledge, we could compare the same antigen-specific T cells following 

acute, high-level chronic and latent viral infections.  

With these parameters taken into consideration, the dimensions of data are greatly 

increased, making it difficult to work by performing manual gating analysis. Similar issues 

will be encountered in the studies using advanced multicolor flow cytometry and CyTOF, 

which allow the measurement of over 30 parameters (Bendall et al., 2011; Newell et al., 

2012). To overcome this challenge, many computational methods have been applied to 

immunological data, and signatures of T cells (Newell et al., 2012; Spitzer et al., 2015), 

dendritic cells (Guilliams et al., 2016) and B cells (Nair et al., 2016) have been studied. 

However, application of unsupervised learning techniques to memory T lymphocyte data 

requires further study. Here, we performed clustering and SOM to reveal the diversity of 

memory T cells in the expression of surface proteins, transcription factors and cytokines. 
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By comparing how memory T cells were populated into clusters following acute, high-

level chronic and latent viral infections, we clearly revealed differential quality of CTLs. 

This can contribute to understanding of heterogeneity of memory T lymphocytes during 

infections.  

Effects of gammaherpesvirus latency on CD8+ T cell quality. How does 

gammaherpesvirus affect the phenotypes of memory CD8+ T lymphocytes? We found an 

increase in CD127lo KLRGhi short-lived effector CD8+ T cells during latency. Previous 

studies showed that expression of CD127 (Kaech et al., 2003) and KLRG1 (Voehringer et 

al., 2001) identifies fate of effector T cells, and CD127lo KLRGhi SLECs would become 

terminally differentiated and sharply declined during contraction phase (Joshi et al., 2007). 

Therefore, our data suggest that MHV68 latency skews CD8+ T cells to be more terminally 

differentiated, which may reduce their expansion capacities in response to secondary 

challenge. By contrast, we found high-level chronic infection augments CD127lo KLRGlo 

EEC-like cells, which is consistent with prior studies (Wherry et al., 2007). EECs account 

for a great part of CTLs in the early stage of acute infection and would give rise to MPECs 

and SLECs, but it is uncommon to observe a large EEC population at 50 dpi. Since EECs 

from different pathogen infections have been demonstrated to exhibit distinct gene 

expression profiles (Plumlee et al., 2015), a possible explanation could be CD127lo 

KLRG1lo CD8+ T cells generated in chronic infection may be distinct from LCMV 

Armstrong EECs. We also observed that latent infection increased CD27lo CD62Llo CD8+ 

T cells. CD27 is linked to quality of T lymphocytes, because it contributes to the 

maintenance of antigen-specific CD8+ T cells (Hendriks et al., 2000). CD27lo CD62Llo 

CD8+ T cells generated in acute infection were shown to have decreased secondary 
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expansion capabilities (Nolz et al., 2012). Van Montfrans et al. have also demonstrated the 

association between CD27 deficiency and persistent symptomatic EBV viremia (van 

Montfrans et al., 2012). Thus, the increase in CD27lo T lymphocytes expression during 

latency may also indicate impaired quality of CD8+ T cell memory. Taken together, our 

data suggest that MHV68 latency skews CD8+ T cells to be terminally differentiated, which 

negatively impacts their quality. 

We found that alteration of CD8+ T cell function during latency occurred in a 

fashion similar to hierarchical changes caused by LCMV clone 13 infection (Wherry et al., 

2003). First, the production of IL-2 was decreased in both latent primed and chronic primed 

cells. Second, the production of TNF-α was less reduced and that of IFN-γ almost remained 

unchanged during latency. What is the mechanism by which CD8+ T cell function is altered 

during latency? Our hypothesis is persistence of MHV68 impairs CTL function. In our 

engineered virus, DbGP33-41 epitope is fused to MHV ORF61 epitope, and the latter can 

be presented in the spleen at early and late time points (Liu et al., 1999). As a result, GP33-

41-specific CD8+ T cells would be repeatedly presented with the epitope, and become 

functionally compromised. Support for this idea comes from Obar and colleagues who 

demonstrated that MHV68 persistence resulted in decreased virus-specific CD8+ T 

lymphocytes producing IL-2 (Obar et al., 2006). Moreover, we examined expression of 

transcription factors that are linked to T cell function, and found latent infection led to 

intermediate EOMES and T-bet levels. T-bet has been reported to downregulate expression 

of inhibitory receptors, and it can sustain T cell function during chronic infection (Kao et 

al., 2011). By contrast, EOMEShi CD8+ T cells are increased during chronic infection, and 

they have less cytokine production (Buggert et al., 2014; Paley et al., 2012). Thus, the 
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intermediate expression of EOMES and T-bet matches with the compromised production 

of cytokines, showing that MHV68 moderately impairs CTL function.   

How can our findings with murine herpesvirus 68 be related to human 

herpesviruses infection? MHV68 is demonstrated to be genetically related to human 

Epstein-Barr virus (Efstathiou et al., 1990), and is widely used as a mouse model to study 

EBV infection (Flano et al., 2002). Thus, it is very likely that the impact of EBV and other 

human gammaherpesvirus on T cell quality is similar to that of MHV68 observed in our 

study. Prior studies have shown the phenotype (Appay et al., 2002) and gene expression 

profile (Haining et al., 2008) of EBV memory CD8+ T cells are distinct from those primed 

in acute or high-level chronic viral infections. By comparing T lymphocytes of the same 

antigen specificity following acute, chronic and latent infections, we have built on these 

prior studies and demonstrated that MHV68 specific cells occupy an intermediate 

differentiation space. After gammaherpesviruses enter latency, their infection remains 

asymptomatic in healthy hosts and their reactivation is also prevented. However, when 

patients receive immunosuppressive treatments following the organ transplantation, 

viruses such as EBV can reactivate and result in serious diseases (Cohen et al., 2005). Since 

CD8+ T lymphocytes play a crucial role in immunosurveillance, our findings of altered 

quality during latency may contribute to understanding mechanisms by which human 

gammaherpesviruses lead to clinical disease or become reactivated. As a next step, we 

could further examine how latent primed CD8+ T cells would be altered during 

gammaherpevirus reactivation. We could administrate immunosuppressants such as 

cyclosporine A to mice challenged with MHV68 to bring about reactivation (Hwang et al., 

2008), and perform clustering and PCA to determine how the positions of latent primed 
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cells are shifted. By these means, we could mimic the clinical situation, and reveal the 

association between lymphocyte differentiation and the outcomes of infection. 

Effects of TREX1 mutation on antitumor CD8+ T cell responses. Previous 

studies have demonstrated the indispensable role of adaptive immune cells in the control 

of primary tumor development (Shankaran et al., 2001). In this study, we found augmented 

PD-1hi LAG3hi CD8+ TILs in WT compared to D18N mice. PD-1 inhibits the proliferation 

and activation of lymphocytes by interacting with its ligands, PD-L1 and PD-L2 (Freeman 

et al., 2000; Latchman et al., 2001). During chronic viral infection or cancer development, 

functionally impaired CD8+ T cells express upregulated levels of PD-1 (Ahmadzadeh et 

al., 2009; Barber et al., 2006; Day et al., 2006), and the blockade of the PD-1/PD-L1 

pathway is demonstrated to restore their effector function (Barber et al., 2006). Similar to 

PD-1, expression of LAG-3 by CD8+ T cells is also elevated during chronic LCMV 

infection (Wherry et al., 2007), however, T cell exhaustion cannot be reverted by blocking 

LAG-3 alone (Richter et al., 2010). Instead of acting independently, PD-1 and LAG-3 are 

demonstrated to synergistically control T cell responses (Blackburn et al., 2009; Okazaki 

et al., 2011; Woo et al., 2012), and combined blockade of PD-1 and LAG-3 leads to a 

greater restoration of T cell function compared to single blockade (Blackburn et al., 2009). 

Therefore, our data suggest CD8+ TILs in D18N mice displayed a less inhibited phenotype. 

However, we found that T cell suppression predicted by the expression of inhibitory 

receptors was at odds with T cell function determined by cytokine production. Instead of 

being less functional, CD8+ TILs in WT mice, which expressed higher levels of LAG-3, 

had upregulated production of IFN-g and IL-2. Previous studies have reported that T cells 

in lupus patients and the mouse model of SLE have reduced IL-2 secretion (Alcocer-Varela 
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and Alarcon-Segovia, 1982; Altman et al., 1981). Therefore, the decrease in IL-2 

production by CD8+ TILs in D18N mice may be attributed to the lupus-like autoimmune 

response. Despite the fact that type I IFNs contribute to clonal expansion and effector 

function of CD8+ T cell during viral infection (Jennings et al., 2014; Kolumam et al., 2005), 

prolonged type I IFN signaling results in T cell exhaustion (Teijaro et al., 2013; Wilson et 

al., 2013). D18N mutation has been demonstrated to abrogate DNA degradation by TREX1 

(Fye et al., 2011). As a result, undigested DNA in the cytoplasm activates STING through 

cyclic GMP-AMP, and induces type I IFNs (Sun et al., 2013; Wu et al., 2013). Therefore, 

the chronic type I IFN signaling in D18N mice may decrease the cytokine production of 

CD8+ TILs. We also observed augmented myeloid-derived suppressor cells (MDSCs) in 

the tumors of TREX1 mutant animals. MDSCs suppress antitumor responses (Kusmartsev 

et al., 2005). In tumor microenvironment, they downregulate T cell function through 

arginase I (ARG1) and inducible nitric oxidase synthase (iNOS) pathways (Bronte et al., 

2003; Mazzoni et al., 2002). Therefore, the increase in MDSC in D18N mice may also 

contribute to the observed lower cytokine production by CD8+ TILs. In addition, it has 

been reported that inhibitory receptors are not changed as a group in autoimmunity, and 

upregulated expression of these receptors on T cells could actually be linked to favorable 

clinical outcomes of autoimmune diseases (McKinney et al., 2015). This may also explain 

why the expression of PD-1 and LAG-3 failed to predict the function of CD8+ TILs in 

D18N mice. In support of this idea, we found that expression of BTLA was not 

coordinately upregulated with PD-1 or LAG-3. Indeed, there were more BTLAlo CD8+ T 

cells in tumors compared to other lymphoid organs (Fig. 14A). Haymaker and colleagues 

propose that BTLAhi CD8+ TILs are less differentiated and more functional than BLTAlo 
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cells (Haymaker et al., 2015), indicating that these co-inhibitory receptors can be impacted 

by multiple factors and may not always predict T cell function. Collectively, CD8+ TILs in 

D18N animals express downregulated levels of PD-1 and LAG-3, and they also secrete 

less IL-2 and IFN-g. 

Why do D18N mice have greater tumor rejection when their CD8+ TILs do not 

produce more cytokines? It should be noted that there are several factors besides cytokine 

production that can affect CD8+ T cell response. First, cytotoxicity of CD8+ TILs is directly 

involved in killing tumors, and cannot be thoroughly revealed by cytokine production. A 

hypothesis could be that CD8+ TILs in D18N mice have greater cytotoxicity, which gives 

rise to stronger response against tumors. To test this, a CTL killing assay could be 

performed by incubating CD8+ TILs with 51Cr- labeled H31m1 tumor cells as described 

previously (Hildner et al., 2008). Second, resistance of CD8+ TILs to cell death may also 

affect tumor rejection. It is likely that CD8+ TILs in D18N mice are more resistant to 

apoptosis, which leads to increased antigen-specific T cells (Weant et al., 2008) and thus 

strengthened immunity against cancers. This hypothesis could be substantiated by 

measuring cell viability or quantitating tumor-specific T cells using MHC class I tetramer. 

Third, CD8+ TIL trafficking is also to be taken into consideration. Blohm and colleagues 

have reported the existence and potent effector function of tumor-specific CD8+ T cells in 

peripheral blood (Blohm et al., 2002). There is a possibility that more tumor-specific CD8+ 

T cells in D18N mice are localized towards tissues other than tumors, elevating the overall 

anticancer response. This could be tested by quantitating tumor-specific T cells in 

peripheral blood and lymphoid organs using MHC class I tetramer. Fourth, tumor 

microenvironment is important for the persistence of CD8+ TILs (Olurinde et al., 2011), 
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thus the reduced cytokine production observed in D18N mice could be a result, rather than 

a cause, of the decrease in tumor size. CD8+ TILs harvested at different stages of cancer 

could be compared to examine if T cell function is reduced with tumor shrinkage.  

Moreover, innate immune cells play a crucial role in the control of tumors. 

Dendritic cells, especially CD8a+ DCs, mediate cross-presentation of antigens (Belz et al., 

2005), and their deficiency impairs CD8+ T cell responses to viral infection and cancer 

(Hildner et al., 2008). Although we did not observe a significant difference in the number 

of CD8a+ dendritic cells between WT and D18N animals, CD8a+ DCs expressed higher 

levels of CD86 in mutant mice. CD86 provides costimulatory signals for T cell activation 

and cytokine production (Freeman et al., 1993; Lanier et al., 1995), and reveals maturation 

state of dendritic cells. These results suggest that TREX1 mutation increases DC maturation, 

making contributions to antitumor responses in D18N mice. Previous studies have reported 

that type I interferon signaling gives rise to maturation of dendritic cells and strengthens 

their abilities for antigen-presentation (Luft et al., 1998; Montoya et al., 2002). During 

tumor challenge, type I IFNs are selectively needed by dendritic cells for immune rejection, 

and the deletion of IFNAR1 on DCs brings about massive tumor growth (Diamond et al., 

2011). In contrast, adaptive immune cells or macrophages do not require type I IFNs for 

tumor rejection (Diamond et al., 2011). The elevated type I IFNs in D18N mice may have 

a positive impact on their DC maturation. Support of this idea comes from a previous study, 

in which increased IFNa from the serum of SLE patients  is demonstrated to induce 

differentiation of dendritic cells (Blanco et al., 2001). In addition, dendritic cells with 

TREX1 deficiency are reported to be sufficient for the initiation of autoimmunity (Peschke 

et al., 2016), suggesting that a direct impact of D18N mutation on DCs besides through 



 89 

elevated Type I IFN signaling. Taken together, our observations suggest that TREX1 

mutation may increase the maturation of dendritic cells, and gives rise to greater tumor 

rejection in D18N mice. 

How can our findings with the D18N mouse model be linked to human autoimmune 

responses? TREX1D18N/D18N mice have the same point mutation as Aicardi–Goutières 

syndrome (AGS) (Grieves et al., 2015), thus it is likely that increased immune rejection of 

primary tumors could also be observed in patients with AGS or other autoimmune diseases 

caused by TREX1 mutation. In addition to the evidence from knockout animal models, a 

study on cyclophosphamide also demonstrated that the function of this anticancer drug is 

involved in increasing CD8a+ DC expansion (Schiavoni et al., 2011), suggesting the 

importance of this cell in cancer immunotherapy. Although we did not observe an increase 

in the number of CD8a+ dendritic cells, our data suggest TREX1 mutation may lead to 

greater antitumor responses by increasing maturation of CD8a+ DC. These results may cast 

light on using autoimmune responses to develop anticancer treatment. It should be noted 

that H31m1 sarcoma cells are highly immunogenic (Shankaran et al., 2001) and could be 

finally cleared by WT mice (Hildner et al., 2008), which would not always happen 

clinically. In the next step, we may address how TREX1 mutation alters the control of tumor 

immunoescape and metastasis by challenging D18N mice with malignant cancers. 

Conclusions 

In conclusion, we present evidence that both viral infections and autoimmune 

responses alter the quality of CD8+ T cells. For the first time to our knowledge, we compare 

differentiation of the same pathogen-specific CD8+ T lymphocytes primed in acute, high-

level chronic and latent infections. By performing k-means clustering and principal 
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component analysis, we report that MHV68 leads to intermediate function and expansion 

capabilities of virus-specific CD8+ T cells. Additionally, latent infection skews CD8+ T 

cells to be effector-like and terminally differentiated. By comparing tumor growth and 

CD8+ T cell differentiation in D18N and WT mice during tumor challenge, we demonstrate 

that autoimmunity increases tumor rejection and decreases the expression of inhibitory 

receptors and cytokines by CD8+ TILs. TREX1 mutation also elevates activation of CD8+ 

and CD4+ T lymphocytes in lymphoid organs and increases dendritic cell maturation. 

These results may provide foundation for using machine learning techniques to understand 

differentiation of human lymphocytes in diseases, and cast light on the strategy for 

manipulating immunological memory for the treatment of infections and cancer. 
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