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ABSTRACT OF THE DISSERTATION 
 
 

Transforming Growth Factor-beta mediated suppression of cellular response to 
chronic viral infection 

 
 

Gavin M. Lewis 
 
 

Doctor of Philosophy in Biology 
 
 

University of California, San Diego, 2015 
 
 

Professor Elina Zuniga, Chair 
 

Chronic viral infections remain a global health burden.  Here we study the role 

of immunosuppressive Transforming Growth Factor-Beta (TGFß) signaling on the 

immune response to different chronic infections in mice. We use genetic systems to 

modulate TGFßRII and SMAD4 adapter availability in a cell type specific and 

inducible manner similar to therapeutic approaches.  We found that TGFß signaling 

minimally influenced Dendritic cell or Natural Killer cell responses early during 

infections.  We further found TGFß signaling did not alter antiviral CD8 T cell number 

and function but did however suppress CD4 T cell differentiation during chronic viral 

infection.  TGFß signaling on any of these cell types alone did not promote viral 

persistence. Importantly, we found TGFß/SMAD4 signaling did prevent 

hematopoietic-based pathology during chronic infection, which should be considered 

in therapy design to combat chronic infections.   
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Introduction 

Chronic viral infections are a significant global health burden.  

Approximately 33 million people are infected with Human Immunodeficiency 

virus (HIV-1 or -2), 170 million with Hepatitis C Virus (HCV) and 350 million with 

Hepatitis B Virus (HBV), many who progress to severe disease pathology.  Herpes 

viruses and human cytomegalovirus (HCMV) reach up to %50 prevalence in human 

populations and can cause serious complications in immune-compromised 

individuals, such as HIV infection or cancer patients.   

Rapid viral dissemination has been associated with low antiviral host 

responses and viral persistence in both mice and humans (1, 2).  Indeed, the 

coordinated magnitude of both innate and adaptive immune responses can be critical 

to limit the establishment and maintenance of potentially chronic infections. Chronic 

viral infections in both mice and humans then create an immunosuppressive 

environment detrimental to both ongoing antiviral responses as well as secondary 

immune responses to unrelated pathogens or cancers (3, 4).  

The innate immune response is an immediate host reaction, comprised of 

mainly dendritic cells (DC), Natural Killer cells (NK), and macrophages, utilizing 

generalized Pattern Recognition Receptors (PRRs) such as Toll-Like Receptors 

(TLR) and Retinoic acid Inducible gene-I-like Receptors (RLR) for DCs, or activating 

and inhibitory self-ligands for NK cells, to recognize invading pathogens (5, 6).  

Activation of innate cells triggers the release of antiviral cytokines including Type I 

Interferons (IFN-I) and pro-inflammatory cytokines to limit viral replication, and 

alongside antigen presentation by Dendritic cells, promotes the adaptive immune 

response (7-11).  
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The adaptive immune system responds by clonally expanding lymphocytes 

containing highly specific receptors against foreign pathogens to potently to eliminate 

viruses and microbes, all while maintaining self-tolerance and avoiding immune 

mediated pathology. Major histo-compatibility (MHC) haplotypes in unique DC 

subsets present specific antigens on either MHC-I or MHC-II molecules to activate 

CD8 cytotoxic or CD4 helper T cells(12). Native antigen recognized by B cells also 

generates many neutralizing antibody, some requiring CD4 T cell help to undergo 

affinity maturation(13).  Indeed CD8 T cells, CD4 T cells, and B cell are necessary to 

control chronic infections (14-20).      

 

Models of Chronic Infection.   

Lymphocytic Choriomeningitis Virus (LCMV) is a negative sense single strand 

RNA virus of the Arenaviridae family and is a natural mouse pathogen and model of 

persistent replicating viruses such as HIV and HCV infections.  In addition, members 

of this family of viruses are responsible for significant disease in humans(21-23). One 

strain of LCMV, Armstrong 53b (ARM), efficiently primes adaptive CD8 cytotoxic T 

cells leading to viral clearance and memory T cell development. The Clone13 (Cl13) 

strain of LCMV via only two amino acid substitutions has expanded cell tropism, 

pronounced reduction of antiviral T cells, and persists as a continuously replicating 

virus in the host (24-28). This replication continuously subverts both innate Dendritic 

cell and adaptive T cell responses (29-32), the nature of which is an active area of 

research.  

Human cytomegalovirus (HCMV) lays dormant in a latent phase to hide from 

immune surveillance and maintain low level persistence(33).  MCMV is a natural 
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mouse model to study responses to CMVs. Early during MCMV infection innate 

responses such as NK cells and Dendritic Cell Interferon production are critical to 

eliminate pathogen and survive acute infection (1, 34-37).  Upon establishing latency 

in the salivary gland, viral re-activation is controlled by CD8 and CD4 T cell adaptive 

immune responses (38).   

 

CD8 T cell response to chronic infection. 

 CD8+ T cell responses to persistent replicating viruses are required for 

ultimate control of pathogens. Indeed, studies in LCMV chronically infected mice as 

well as SIV and HBV infected monkeys have shown that CD8 T cells are able to 

control viral replication without causing excess immunopathology (39-42). T cell hypo-

responsiveness has been termed “exhaustion” and is a distinctive feature in 

numerous chronic viral infections from mice to humans(43).   

 Exhaustion was originally defined in LCMV Cl13 as a progressive loss of 

antiviral functions, with first IL-2, then TNFα and finally IFNγ secretion being lost upon 

cognate peptide recognition (4, 44), Exhausted T cells also express many inhibitory 

surface receptors, including PD-1, LAG3, TIM3, and 2B4 that negate specific 

functions upon antigen encounter (31, 45-48). In addition, degranulation and overall 

cytotoxic capability are lower in exhausted compare to effector or memory T cells (44, 

49, 50).  Importantly therapeutic blockade of inhibitory receptors can restore T cell 

function(51, 52).   

 Exhaustion is also defined on a transcriptional level, first in LCMV, and 

subsequently HIV (31, 53, 54) as transcriptionally distinct from the other forms of T 

cell hypo-responsiveness, senescence and anergy (55), memory (53) or continuously 
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stimulated effector memory CD8 T cells (56). Exhausted CD8 T cells are 

characterized by unique transcription factor milieu of reduced expression of Tbet and 

up-regulation of Eomes, Blimp1, and BATF (31, 57, 58). During an acute infection 

subsets of CD8+ T cells with memory potential or terminally differentiation can be 

distinguished by CD127 and KLRG1 expression respectively, with the transcription 

factor Tbet driving effector differentiation (59). Chronic infection leads to a population 

that is devoid of the KLRG1+ Short-lived effector T cells, yet the cells also fail to 

upregulate IL-7R (CD127) to form memory, which results in an Eomeshi Tbetlo antigen 

dependent cellular phenotype(4).  Importantly CD4 T cell as well as innate DCs and 

NK cells shows signs of dysfunction during chronic infection (30, 32, 60).    

 

CD4 T cell response to chronic infection. 

 Subsets of CD4+ helper T cells differentiate into Th1 cells and have the 

capacity to sustain and enhance both CD8+ T cells via IFNγ and IL-2 production.  

Alternatively CD4 T cells aid the humoral antibody response through T follicular 

helper cell expression of CXCR5, BCL6 and IL-21 production(61). CD4+ T cell help is 

a critical component of the anti-viral immune response during chronic, but not acute 

LCMV infection(62, 63). Enhanced virus specific CD4+ T cell responses early after 

HIV, HBV or HCV infection correlate with viral control (64-66). Similarly CD4+ T cells 

promote control of LCMV in mice, as CD4 depleted mice fail to control chronic LCMV 

infection in mice (18, 67, 68).   

 CD4+ T cells also exhibit altered function during chronic infection including 

loss of IL-2, TNF-α and IFN-γ production (60, 62, 67). Indeed comparative analysis of 

antigen specific CD4+ and CD8+ T cells described a common core exhaustion gene 
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signature during chronic LCMV(69). Persistent antigen also drives CD4 differentiation 

towards a follicular T cell helper phenotype characteristic high PD1 as well as 

CXCR5, ICOS, and BCL6 to drive germinal center B cell and antibody responses(70). 

However there remains a late emergence of antibody mediated immunity during 

chronic infection(17, 71).   

 

TGFß signaling in the immune system. 

 In addition to antigen driven exhaustion, chronic infection drives a cellular 

environment with dynamic waves of inflammation(72), devoid of select stimulatory 

cytokines, yet contains increased inhibitory cytokines such as IL-10 and Transforming 

Growth Factor-Beta (TGFß) that inhibit immune responses (73-76).  Indeed increased 

TGFß production and signaling is present in immune cells during human chronic 

infections with Hepatitis C, HIV, and Tuberculosis as well as mouse models of 

infections with Lymphocytic Choriomeningitis Virus (LCMV), Malaria, or Listeria 

Monocytogenes (74, 77-82). In addition, influenza Neuraminidase protein has evolved 

to activate latent TGFß (83). However the role of TGFß signaling on individual cells 

types at different times after infection in-vivo remains unclear. 

TGFß is a pleiotropic cytokine with critical roles in the development of the 

hematopoietic system indicated by mouse genetic knockouts of the receptor subunits, 

RI and RII (84, 85).  TGFß is normally produced as an inactive complex associated 

with Latency Associated Protein (LAP).  Upon cleavage by a variety of proteases and 

integrins in-vitro TGFß is available to signal through its receptor. Downstream TGFß 

signaling is typical mediated by canonical phosphorylation of SMAD2/3 with adapter 

SMAD4 or TIF1γ as well as phosphorylation of MAP kinase pathways in different 
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settings (86-88).  SMAD proteins have weak DNA binding affinity and associate with 

different transcription factors to regulate unique target genes in every cell type(89).   

TGFß1-null mice or T cell specific targeting of TGFß-RII deficiency during 

development results in lethal multifocal inflammatory diseases by 3-4 weeks of age 

that is CD4 T cell dependent (90-94).  In contrast deletion of TGFβRII in post-thymic 

T cells using dLCK-cre model or in adult CD4 T cells using an inducible CD4 specific 

(ER)Cre system did not lead to colitis or wasting syndrome in-vivo (95, 96). T cells 

are a main target but TGFβ has been shown to also suppress cells of the innate 

immune system that lead to autoimmunity (97-100).  

 

TGFß mediated therapies. 

 Importantly, long-term treatment of mice or humans with TGFß antagonists 

does not lead to the severe autoimmune phenotype of TGFß deficiency during 

development (101, 102).  On the other hand, TGFß antagonists have been used 

successfully in animal cancer models of melanoma and breast cancer via CD8 T cell 

activity and are currently in use in clinical trials to boost intra-tumor responses in 

humans (103-105). Furthermore, we and others have reported that T-cell-specific 

dominant negative TGFß receptor transgenic mice exhibit increased pathogen and 

tumor specific CD8 T cell responses (74, 80, 106), a result only modestly replicated 

by initial therapeutic attempts of TGFß antagonism during chronic infection (107, 

108). Hence, the developmental abnormalities in T cells has precluded analysis of the 

direct effects of TGFß signaling in-vivo on individual cell types, especially during 

immune response to pathogens.    
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Here we utilized advanced genetic models that allow cell-type specific and 

temporal ablation of TGFß/SMAD signaling in adult mice in order to establish the role 

of TGFßR signaling on 3 distinct inflection points of the immune response: Early DC 

and NK innate responses, adaptive CD4 and CD8 T cell responses, and finally late 

hematopoietic resolution of inflammation during chronic viral infection. The results are 

presented here as three respective chapters.   

First, TGF-βR deficient mice showed comparable early innate NK and DC 

responses to both LCMV and MCMV pathogens by inflammatory cytokine production 

as well as surface activation markers and underlying transcription factor networks.   

Second, while TGFßR deficient animals contained similar adaptive CD8 T cell 

responses; we found enhanced CD4 T cell proliferation, terminal differentiation and a 

cytotoxic program characterized by Granzyme B and K, Perforin and transcription 

factor EOMES expression in the absence of cell-intrinsic TGF-βR signaling in both 

LCMV and MCMV infections. 

Strikingly, SMAD4 deficiency gave opposing results. Importantly, TGFβ 

signaling was continuously necessary late during chronic LCMV infection to suppress 

Eomes and terminal differentiation in CD4 T cells. EOMES overexpression was 

sufficient to recapitulate the terminally differentiated phenotype of TGFßR deficient 

CD4 T cells.  

Third and finally, we show TGFβ/SMAD4 signaling in hematopoietic cells is 

necessary at both early and late time points during chronic inflammation to prevent 

lethal pathology upon chronic but not acute infections, a result not dependent on 

TGFß signaling in T cells.  Overall our data highlight several important roles for TGFß 

signaling during immune response to chronic viral infection. 
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Chapter 1: TGFβ and Innate immune responses to chronic infection 

 

Rapid innate responses to viral encounters are crucial to shaping the outcome 

of infection, from viral clearance to persistence.  Transforming Growth Factor-Beta 

(TGFβ) is a potent immune suppressor that is up-regulated early upon viral infection 

and maintained during chronic infections in both mice and humans. However, the role 

of TGFβ signaling in regulating individual cell types in vivo is still unclear. Using two 

different infections with potentially persistent viruses, Murine Cytomegalovirus 

(MCMV) and Lymphocytic Choriomeningitis Virus (LCMV Cl13), in their natural rodent 

host, we observed that TGFβ signaling on Dendritic cells (DCs) did not dampen DC 

maturation or cytokine production in the early stages of either chronic viral infection in 

vivo. In contrast, TGFβ signaling prior to (but not during) chronic viral infection directly 

restricted Natural Killer (NK) cell number and effector function.  This restriction likely 

compromised both early control and host survival upon MCMV infection but not long-

term control of LCMV infection. These data highlight the context and timing of TGFβ 

signaling on different innate cells that contribute to the early host response, which 

ultimately influences the outcome of chronic viral infection in vivo.   
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Introduction 

The coordinated effort of both the innate and adaptive immune system is 

necessary to control invasive pathogens. Rapid viral dissemination has been 

associated with low antiviral host responses and viral persistence in both mice and 

humans (1, 2).  Thus the magnitude of initial innate responses can be critical to limit 

the establishment of potentially chronic infections. Human chronic infections with 

hepatitis C virus (HCV), Hepatitis B (HBV), human immunodeficiency virus (HIV), and 

Tuberculosis as well as mouse infections with Lymphocytic Choriomenigitis virus 

(LCMV) and Malaria are associated with increased production and/or signaling of the 

immunosuppressive molecule TGFβ in immune cells (74, 76-79).  However the 

precise role of TGFβ-mediated suppression on innate and adaptive immune 

components during infection is not fully deciphered.  

Among innate cells, dendritic cells (DCs) and natural killer (NK) cells play 

pivotal roles in anti-viral defense. DCs are a heterogeneous population that can be 

broadly subdivided into conventional (c) and plasmacytoid (p) DC subsets. cDCs are 

required for priming antigen specific T cells, while pDCs are specialized to produce 

large amounts of type I interferons (IFN-I), a group of potent anti-viral mediators (109-

111). On the other hand, NK cells sense high levels of activating receptor and/or 

decreased levels of inhibitory receptors in virally infected cells to induce cell death 

through the release of ready-made cytotoxic granules containing granzymes and 

perforin (5).  DC-derived cytokines drive maturation of NK cells, including 

upregulating transcription factors TBET and BLIMP1 to enhance cytotoxic effector 

functions during inflammation (112). NK cells can also kill DCs and T cells, to limit 
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antiviral immune responses or pathology, establishing a fluid cross talk with other 

immune cell populations (34, 113, 114). 

Transforming growth factor beta (TGFβ) is an important negative regulator of 

the immune system, as best illustrated by rapid death of TGFβ deficient mice due to 

multi-organ inflammatory disease at 3-4 weeks of age (92).  T cells are the main 

mediators of this pathology (91) but TGFβ has been shown to also suppress cells of 

the innate immune system. For example, autocrine TGFβ is required for the 

development of tissue resident DC subtypes including Langerhans Cells and 

tolerogenic CD103+ DC in the gut (97-99).  TGFβ also inhibits IFN-I production by 

pDCs ex vivo (100) and the expression of co-stimulatory molecules MHCII, CD40 and 

CD80/CD86 in bone marrow derived DCs in vitro (115). Notably, DCs from mice 

infected with a persistent strain of Lymphocytic Choriomenigitis virus (LCMV CL13) 

have reduced maturation (30) and pDCs produce substantially reduced IFN-I 

compared to pDCs from non-infected hosts (32) similar to pDCs from HIV infected 

individuals (116).  These studies raised the possibility that TGFβ signaling may limit 

DC maturation and/or cytokine production during in vivo viral infection, attenuating 

early viral containment and promoting viral persistence.  

TGFβ also suppresses NK cell function ex-vivo during HBV, HIV and HCV 

infection (117-119).  Treatment of mice with recombinant TGFβ in vivo can suppress 

early NK cell activation in response to acute infection with parental strain LCMV-

Armstong53b (120).  Furthermore, Laouar and colleagues used mice expressing a 

dominant negative TGFβ-receptor transgene in both CD11c+ DCs and NK cells 

(hereafter referred to as CD11c-dnTGFβRII mice) to show that TGFβ suppresses NK 

cell maturation in neonatal mice in vivo, resulting in enhanced NK cell numbers both 
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before and after infection with murine cytomegalovirus (MCMV) (121, 122).  However, 

whether TGFβ directly limits innate responses to chronic viral infections in adult mice 

after infection is unknown.  

We therefore set out to determine the role that TGFβ signaling may play on 

DCs and NK cells during early response to in vivo chronic viral infections in two 

animal models. First, we used CD11c-dnTGFβRII mice to attenuate TGFβ signaling 

only on DCs and NK cells. Second, we crossed mice with temporally controlled 

tamoxifen responsive ERcre transgene (123, 124) to mice harboring a conditional 

TGFβRII flox allele (125) (hereafter referred to as ERcre-TGFβRII). We then 

evaluated the early innate responses in these genetically modified adult mice 

following infection with the actively replicating persistent RNA virus LCMV Cl13 and/or 

the latent DNA virus (MCMV).  

We observed that while TGFβ signaling blockade in innate cells indirectly 

affected DC numbers, cytokine production and maturation, direct TGFβ signaling had 

minimal or no effects on early DC responses during either MCMV or LCMV infections. 

In contrast, CD11c-dnTGFβRII adult mice had increased numbers and differentiation 

of NK cells before and during both MCMV and LCMV infections. This enhanced NK 

cell response was accompanied by increased viral control and improved survival 

upon MCMV (but not LCMV) infection. In contrast, deletion of the TGFβRII conditional 

allele (ERcre-TGFβRII) in adult mice (just prior to infection) did not directly affect 

either DC or NK cell responses to MCMV.  Taken together these data indicate that, 

while cell-intrinsic TGFβ signaling suppresses NK cell response before infection, its 

direct signaling after in vivo infection with either DNA or RNA persistent viruses does 

not play a major role in regulating DC or NK responses.  
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Materials and Methods 

 

Mice and viral stocks.  C57BL/6 (CD45.2), B6.SJL-Ptprca Pep3b/BoyJ 

(CD45.1) and ERt2-cre mice were purchased from The Jackson Laboratory (Bar 

Harbor, Maine).  CD11c-dnTGFβRII mice on a C57BL/6 background were a kind gift 

of R. Flavell (Yale University) as described previously (121). Mice were bred and 

maintained as transgene hemizygotes to C57BL/6 or congenic CD45.1 mice and 

transgene negative age- and sex-matched littermates used as WT controls. 

TGFβRIIflox/flox mice (126) were generously provided by Dr. M. Li (Sloan Kettering) and 

crossed to hemizygous ER-cre mice, both on C57BL/6 backgrounds. 1:1 mixed 

chimeras were generated by transferring 2x106 bone marrow cells of each indicated 

genotype into irradiated CD45.1 mice and allowed 8 weeks to reconstitute. 1mg/day 

Tamoxifen (Sigma) emulsified in Sunflower seed Oil (Sigma) was injected 

intraperitoneal (i.p.) for 5 days and mice were used for experiments 7 days after last 

treatment.  Mice were maintained in a closed breeding facility in compliance with the 

requirements of the National Institutes of Health and the Institutional Animal Care and 

Use Guidelines of the University of California San Diego. 6-12 week old mice were 

infected intravenously (i.v.) with 2x106 plaque forming units (PFU) of LCMV Cl13 or 

2x104 or 2x105 PFU of MCMV (Smith strain) i.p.  All viruses were grown, identified, 

and quantified as previously described (24, 127).  

Cell Purification. Spleens were treated with collagenase D (1mg/mL, Roche, 

Indianapolis, IN) 20 min @ 37˚C and were depleted of T and B cells using Thy1.2 and 

CD19 antibodies and bead magnetic enrichment.  Splenic NK cells and pDCs were 

FACS-purified using a BD ARIA (BD Biosciences, San Jose, CA) for pDCs (CD19-
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Thy1.2-NK1.1-CD11c+CD11b-B220+PDCA+) and NK cells (NK1.1+CD11c+ Thy1.2-).  

For TGFβRII deletion, T cells (Thy1.2+), B cells (B220+), NK cells (NK1.1+ CD11b+), 

Monocytes (Thy1.2- B220- NK1.1- CD11b+, Ly6C+ Gr1-) and Neutrophils (Thy1.2- 

B220- NK1.1- CD11b+, Ly6clo, Gr-1+) were sorted from pooled blood by congenic 

marker (CD45.1, CD45.2).  Purity for all cell types was >95%.   

  Flow cytometry. Surface and intracellular cytokine staining and gating 

strategy for DCs was performed as previously described (128). pDCs were gated as 

(CD19-Thy1.2-NK1.1-CD11c+CD11bloB220+PDCA1+), cDCs gated as (CD19-Thy1.2-

NK1.1-CD11c+CD11bhi/mid B220-CD8α+/-), and NK cells as (CD3- NK1.1+ DX5+ Ly49H+/-

) and separated by congenic marker CD45.1 and CD45.2 where indicated.  

Antibodies used were purchased from Ebioscience or BD Pharmingen (San Diego, 

CA) to stain splenocytes except LIVE/DEAD (Aqua-Invitrogen) and TGFβRII-PE 

(R&D systems): CD16/CD32 Fc block, CD19 PerCPCy5.5, Thy1.2 PerCPCy5.5, 

NK1.1 PE or PE-TR, DX5 PE or PB, CD3 PB, GranzymeB PE, IFNγ APC or 

Alexa700, Ly49H APC, CD11c APC or PE, PDCA1 FITC, CD11b PECy7 or PB, 

CD40 PE, PDL1-PE, B220 Alexa780, CD8a Alexa700, IL-12 Alexa647, TNFα 

efluor450, CD86 PeCy7, IAb FITC or PB, KLRG FITC, CD69 PerCPCy5.5, CD45.1 

BV605, CD45.2 BV650. LCMV specific tetramers Db:GP31-41 and I-Ab:GP67-77 were 

provided by the NIH tetramer core facility.  Samples were acquired on a BD LSR II 

(BD biosciences) and analyzed using FlowJo software (Treestar, Inc., Ashland, OR).   

Cytokine Measurements. IFN-I bioactivity was measured using L-929 cells 

transfected with an interferon-sensitive luciferase standardized with recombinant 

mouse IFNβ (Research Diagnostics, Concord, MA) (129). To measure NK and DC 

intracellular cytokines by flow cytometry, splenocytes were incubated in the presence 
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of 1 µg/mL Brefeldin A (BFA-Sigma, St. Louis, MO) without exogenous stimulation for 

5 hrs at 37˚C before staining. Secretion of IFNγ, TNFγ and IL-2 in LCMV specific T 

cells was performed ex-vivo using GP31-41 or GP67-77 peptide stimulation and BFA.   

Quantitative Real-time RT-PCR analysis. Total RNA was extracted from 

purified cells using RNeasy Microkit (Qiagen, Valencia, CA) digested with DNase I 

and reverse transcribed into cDNA (Superscript III, Invitrogen, Carlsbad, CA).  cDNA 

quantification was performed using SYBR Green PCR and Real-Time PCR Detection 

System (Applied Biosystem, Carlsbad, CA), normalized to glyceraldehydes 3-

phosphate dehydrogenase (GAPDH) RNA. Primers used were: gapdh: F 5’- 

CCAGTATGACTCCACTCACG-3’ R 5’- GACTCCACGACATACTCAGC-3’; ifn-α4/6 

(ifnα): F 5’- TATGTCCTCACAGCCAGCAG-3’ R 5’- TTCTGCAATGACCTCCATCA-3’, 

ifn-β: F 5’- CTGGCTTCCATCATGAACAA-3’ R 5’-AGAGGGCTGTGGTGGAGAA-3; 

tbx21: F 5’-AGCAAGGACGGCGAATGTT-3’ R 5’- GTGGACATATAAGCGGTTCCC-

3’; prdm1: F 5’-ACATAGTGAACGACCACCCCTG-3’ R 5’- 

CTTACCACGCCAATAACCTCTTTG-3’,TGFßr2: F5’-

ATGTGGAAATGGAAGCCCAGA-3’ R 5’- TGCAGGACTTCTGGTTGTCG-3’.   

Statistical Analysis.  Statistical differences were determined by student’s T-

test (or paired T-test for mixed chimeras) using the InStat 3.0 software (Graphpad, La 

Jolla, CA).   
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Results 

1.1 Limited DC response to MCMV infection in CD11c-dnTGFβRII  mice 

TGFβ signaling is rapidly activated in many tissues, especially the spleen and 

liver, within 6 hrs following TLR ligation in vivo (130). To examine the role of innate 

TGFβ signaling during pathogen challenge, we first infected transgenic CD11c-

dnTGFβRII mice, where CD11c+ cells have attenuated TGFβ signaling, or littermate 

controls (WT) with MCMV.  Early TLR recognition of MCMV by pDCs and subsequent 

cytokine (i.e. IFN-I and IL-12) production are critical for pathogen control (109), thus 

we initially characterized splenic DC populations by flow cytometry at peak response, 

36 hours post-infection (h.p.i).  As reported (131), MCMV infection of WT mice 

resulted in decreased numbers of DCs (Fig 1-1a); this decrease, however, was 

significantly attenuated in CD11c-dnTGFβRII infected mice which showed increased 

numbers of CD11b+ cDCs, CD8α+ cDCs and pDCs compared to WT infected mice 

(Fig 1-1a). We next analyzed the ability of DCs to produce cytokines upon MCMV 

infection. Because pDCs are a major source of IFN-I at 36 h.p.i. (132) we analyzed 

purified splenic pDCs from both WT and CD11c-dnTGFβRII mice and measured ifn-

α4/6 (ifnα) and ifn-β mRNA transcripts by qPCR.  While pDCs from WT MCMV 

infected mice showed high levels of ifn-α and ifn-β compared to naïve mice, pDCs 

from CD11c-dnTGFβRII mice had significantly reduced IFN-I transcripts (Fig 1-1b). In 

contrast to WT mice, which exhibited high levels of IFN-I activity in serum, CD11c-

dnTGFβRII mice had substantially reduced systemic IFN-I (Fig 1-1c). 

 Direct viral recognition of MCMV also induces production of IL-12 and TNFα 

by all DC subsets.  Both the proportion and total number of DCs producing IL-12 

and/or TNFα was substantially reduced in CD11c-dnTGFβRII compared to WT mice 
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challenged with MCMV (Fig 1-1d). All DC subsets in CD11c-dnTGFβRII mice also 

displayed reduced levels of the prototypic activation molecules CD86 and 

Programmed Cell Death Ligand 1 (PDL-1) compared to DCs in littermate control mice 

(Fig 1-1e).  Importantly, both DC number and activation were similar in CD11c-

dnTGFβRII and WT mice before infection (not shown).  Overall these data indicate 

that there is an attenuated DC response to MCMV infection in the absence of innate 

TGFβ signaling.  

 
Figure 1-1. Limited DC response to MCMV infection in CD11c-dnTGFβRII mice. CD11c-
dnTGFβRII (DN) mice or littermate control (WT) were infected i.p. with 2x104

 
pfu MCMV and 

sacrificed 36 hr p.i.  Naïve WT mice were processed as controls. A) Representative gating of 
CD11b, CD8α and pDCs and total number of DC subpopulations in splenocytes analyzed by 
flow cytometry  B) RNA from pooled groups of mice sorted for pDCs and analyzed for ifn-α 
and β transcripts by qPCR relative to gapdh. C) IFN-I bioactivity (U/mL) from serum obtained 
at indicated time points p.i D) IL-12 and TNFα production by spleen DCs after 5hr culture in 
BFA.  Representative FACS plot gated on total CD11c+ DCs (CD19- Thy1.2- NK1.1-) as in (A) 
(left) and total number plotted as individual mice (right). E) MFI of CD86 and PDL-1 
expression on indicated subpopulations of DCs. Data are representative of 3 experiments of 
3-5 mice/group.  *p<0.05, **p<0.005, ***p<0.0005.    
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1.2 Increased NK cell response during MCMV infection in CD11c-dnTGFβRII  

mice 

 NK cells are critical for the elimination of MCMV-infected cells.  Both IFN-I and 

IL-12 are important activators of NK cells, with IFN-I driving proliferation and 

cytotoxicity (e.g. granzyme B upregulation) and IL-12 and IL-18 promoting IFNγ 

production (133-135).  In C57BL/6 mice, MCMV resistance is dictated by direct 

recognition of infected cells by Ly49H+ NK cells (1, 36, 136), however early activation 

is cytokine-dependent and non-specific (37, 137).  Given our observed changes in 

DC-derived IFN-I and IL-12 in CD11c-dnTGFβRII MCMV infected mice (Figure 1b-c) 

and given that CD11c-dnTGFβRII mice were previously reported to exhibit 

significantly higher numbers of NK cells before and after MCMV infection (121, 122), 

we next examined NK cell responses in CD11c-dnTGFβRII mice infected with MCMV. 

 We observed that indeed CD11c-dnTGFβRII mice had substantially higher 

numbers of NK cells 36 h.p.i. compared to WT controls (Fig 1-2a). A large proportion 

of WT NK cells produced IFNγ and GranzymeB after MCMV infection. In contrast, a 

smaller fraction of NK cells from CD11c-dnTGFβRII mice secreted IFNγ compared to 

WT NK cells, and the mean fluorescence (MFI) intensity of IFNγ staining was also 

reduced in CD11c-dnTGFβRII mice. Despite the reduced proportion of IFNγ-

producing NK cells, the total number of IFNγ-producing NK cells was elevated in 

CD11c-dnTGFβRII mice compared to WT mice (Fig 1-2b). Both a greater proportion 

and total number of NK cells from CD11c-dnTGFβRII mice produced Granzyme B 

compared to WT NK cells (Fig 1-2c). Consistent with lower serum IFN-I levels, NK 

cells from CD11c-dnTGFβRII mice had lower levels of the early activation and IFN 
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sensitive marker CD69 (138), compared to WT mice (Fig 1-2d).  Lastly, to examine 

the differentiation state of NK cells we purified NK cells 36 h.p.i. and analyzed 

transcript levels of T-bet (tbx21) and Blimp1 (prdm1).  NK cells from CD11c-

dnTGFβRII mice had increased expression of these transcription factors compared to 

WT mice (Fig 1-2e).  Overall these data indicate that both NK cell number and 

differentiation towards terminal effector cells are more pronounced during MCMV 

infection in the absence of TGFβ signaling.  These results are consistent with 

previous characterization of CD11c-dnTGFβRII mice where increased differentiation 

to mature NK cells expressing CD11b and T-bet was present even before infection 

(122).   
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Figure 1-2. Increased NK cell response to MCMV infection in CD11c-dnTGFβRII adult 
mice. CD11c-dnTGFβRII (DN) mice or littermate control (WT) were infected i.p. with 2x104 pfu 
MCMV and spleen NK cells analyzed 36 hr p.i. Naïve WT mice were processed as controls. 
A) Total percent and number of NK cells (DX5+NK1.1+CD3-) B-C)  IFNγ and Granzyme B 
production were measured after 5hr culture ex-vivo in the presence of BFA.  Representative 
FACS plots IFNγ (B) or granzyme B (C) production in gated NK cells (left) with corresponding 
percentages and number plotted as individual mice (right). D) CD69 MFI on NK cells with 
representative histogram (left) depicting WT (dark fill), DN (open), Naïve (light fill)  and 
average MFI in bar graph (right) E) tbx21 (TBET) and prdm1 (BLIMP1) mRNA expression 
compared to gadph (x100) from FACS purified splenic NK cells from infected mice. Data are 
representative of 3 experiments of 3-5 mice/group. *p<0.05, **p<0.005, ***p<0.0005.  
 

 

1.3 Direct TGFβ signaling does not modulate DC responses during MCMV 

infection. 

To determine the intrinsic effects of TGFβ signaling on both DC and NK cell 

responses versus the indirect effects due to changes in the surrounding environment, 
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we generated mixed chimeras by co-transferring WT (CD45.2) and CD11c-

dnTGFβRII (CD45.1) bone marrow into irradiated C57BL/6 WT (CD45.2) mice.  Eight 

weeks post-reconstitution, chimeric mice were infected with MCMV and splenic DCs 

and NK cells were analyzed 36 h.p.i. The overall representation of WT versus CD11c-

dnTGFβRII CD11b+ and pDCs was unchanged compared to total spleen 

mononuclear cell (SMC) chimerism. However in this “competitive” setting, CD11c-

dnTGFβRII donor cells developed into CD8α+ DCs with reduced frequency compared 

to their WT counterparts (Fig 1-3a).  

 To measure inflammatory responses by DCs both WT and CD11c-dnTGFβRII  

pDCs and cDCs were analyzed. In contrast to non-chimeric CD11c-dnTGFβRII mice 

(Fig 1b above), WT and CD11c-dnTGFβRII derived pDCs had similar levels of ifn-α 

and ifn-β transcripts following MCMV infection (Fig 1-3b).  Similarly, both WT and DN 

derived DCs produced similar amounts of IL-12 (Fig 1-3c).  Furthermore, expression 

of co-stimulatory molecules CD86 and PDL-1 were similarly low before infection and 

equally up regulated after infection in both WT and DN derived DCs (Fig 1-3d&e).  

These results suggest TGFβ signaling on DCs does not directly influence acute 

cytokine production or co-stimulatory molecule expression in vivo upon MCMV 

challenge and suggest that the reductions observed in non-chimeric CD11c-

dnTGFβRII mice (Fig 1) were a result of changes in the DC surrounding environment, 

presumably increased viral control by NK cells.   
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Figure 1-3.  Direct TGFβ signaling does not modulate DC responses during MCMV 
infection.  Mixed BM chimeras of C57BL/6 (WT;CD45.2) and CD11c-dnTGFβRII 
(DN;CD45.1) BM cells transferred into irradiated C57BL/6 mice.  Eight weeks later, mice were 
infected i.p. with 2x104 pfu MCMV  and spleens were analyzed 36 hr p.i.  A) Percent 
chimerism of DC cell populations  from the  DN compartment was compared to that of all 
splenocytes (SMC) as determined by flow cytometry. B)  RNA from sorted pDCs analyzed for 
ifn-α4 and ifn-β transcripts by qPCR and graphed relative to gadph expression. C) IL-12 
production by total CD11c+ (CD19- Thy1.2- NK1.1-) cells after 5hr ex-vivo culture in the 
presence of BFA.  Representative FACS plots of total CD11c+ DCs (left) and total number 
plotted as individual mice (right). D-E)  CD86 and PDL1 expression on Naïve (D) and MCMV 
infected (E) total CD11c+ cells shown as representative histograms (left) with WT (grey fill) or 
DN (black line) compartments and MFI of individual mice (right).   Data are representative of 
2-3 experiments with n=4 mice/group. *p<0.05, **p<0.005, ***p<0.0005.  

 

1.4 Cell-intrinsic NK cell alterations in WT:CD11c-dnTGFβRII mixed chimeras. 

 In contrast to DCs, and consistent with recent work (122), NK cells from the 

CD11c-dnTGFβRII compartment were over-represented in proportion to WT NK cells 

in the blood both before and after infection compared to normal proportions of T cells 

from each WT or DN compartment (Fig 1-4a).  Before infection both WT and CD11c-

dnTGFβRII derived NK cells do not spontaneously produce IFNγ after 5hr in-vitro 

culture, however CD11c-dnTGFβRII derived NK cells do show enhanced Granzyme 

B expression (Fig 1-4b). Similar to non-chimeric CD11c-dnTGFβRII mice (Fig 2 

above), NK cells derived from CD11c-dnTGFβRII donors produced slightly less IFNγ 
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and maintained higher Granzyme B on a per cell basis than WT NK cells after MCMV 

challenge (Fig 1-4c). CD11c-dnTGFβRII NK cells also had slightly increased 

expression of CD69 prior to infection (Fig 4d) that changed to slightly reduced levels 

of CD69 compared to WT NK cells after MCMV infection (Fig 1-4e). Lastly, we 

analyzed the levels tbx21 & prdm1 to test whether intrinsic TGFβ signaling altered 

effector differentiation of NK cells.  Indeed CD11c-dnTGFβRII derived NK cells had 

higher levels of these transcripts compared to WT cells after MCMV infection (Fig 4f).  

Together the aforementioned results suggest that TGFβ signaling had a cell-intrinsic 

effect on NK cells, enhancing their numbers and effector functions before MCMV 

infection as previously described (122) while indirectly affecting DC numbers and 

function. 
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Figure 1-4. Cell-intrinsic NK cell alteration in WT:CD11c-dnTGFβRII mixed chimeras. 
Mixed BM chimeras of C57BL/6 (WT; CD45.2) and CD11c-dnTGFβRII  (DN;CD45.1) BM cells 
transferred into irradiated C57BL/6 mice.  Eight weeks later, mice were infected i.p. with 2x104 
pfu MCMV and splenic NK cells were analyzed 36 h.p.i. A) Percent chimerism of each 
compartment in NK cells (DX5+NK1.1+CD3-) in the  blood before and after infection were 
determined by flow cytometry and compared to T cells B-C)  IFNγ and Granzyme B production 
by NK cells after 5 hr ex-vivo culture with BFA in Naïve (B) or MCMV infected (C) animals. 
Representative FACS plots IFNγ or Granzyme B production in gated NK cells (left) with 
corresponding percentages plotted as individual mice (right). D-E)  CD69 expression on NK 
cells in Naïve (D) and MCM infected (E) mice depicted as histogram (left) of WT compartment 
(grey fill) to dnTGFβRII compartment (open) and MFI of individual mice (right).  F) tbx21 (T-
BET) and prdm1 (BLIMP1)  mRNA expression compared to gapdh (x100) from FACS purified 
splenic NK cells (CD3-Nk1.1+DX5+) during MCMV infection. Data are representative of 2-3 
experiments with n=4 mice/group. *p<0.05, **p<0.005, ***p<0.0005.  
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1.5 Increased NK cell (but not DC) responses during LCMV Cl13 infection in 

CD11c-dnTGFβRII mice 

To compare and contrast the responses of DCs and NK cells from CD11c-

dnTGFβRII mice upon infection with a persistent virus other than MCMV we 

inoculated mice with LCMV Cl13.  In contrast to the rapid control of replicating MCMV 

by NK cells (which precedes MCMV latency), LCMV is not highly susceptible to NK 

cell mediated clearance and can persist in a continuously replicating state for 60-200 

days post-infection (d.p.i.) in multiple tissues (24, 139).  However NK cells have 

recently been shown to limit adaptive immune responses early during LCMV infection 

to promote viral persistence or protect against immune pathology (113, 114).   

LCMV induces a potent IFN-I response that is dependent on many innate cells 

including pDCs (111, 140, 141) where pDCs ultimately contribute to late LCMV 

control (142, 143). We observed no difference in the number of pDCs or cDCs 

derived from WT or CD11c-dnTGFβRII compartment at day 1-3 p.i. (data not shown).  

Furthermore, we found that WT mice and CD11c-dnTGFβRII mice exhibited similarly 

high levels of IFN-I in the blood 24h after LCMV infection (Fig 1-5a). IFN-I is also a 

main contributor to cDC co-stimulatory molecule up-regulation by 3 d.p.i. (144). 

Accordingly, the expression of CD86 and CD40 were unchanged in DC subsets from 

CD11c-dnTGFβRII mice compared to WT mice (Fig 1-5b).  We next measured NK 

cell number and activity at 1 d.p.i. and found that CD11c-dnTGFβRII mice had 

increased NK numbers compared to WT mice (Fig 1-5c), however the proportions of 

NK cells producing IFNγ and Granzyme B were similar (Fig 1-5d).  Despite similar 

systemic IFN-I levels in the absence of innate TGFβ signaling, NK cells had slightly 

decreased CD69 compared to WT mice following infection (Fig 1-5e). Both CD4 and 
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CD8 T cells are critical to control persistent LCMV Cl13 infection, although they 

become deleted and functionally exhausted, producing low levels of antiviral 

cytokines (44, 60).  To assess the potential impact of innate TGFγ signaling on anti-

viral T cell responses we next examined the magnitude and function of 

immunodominant LCMV specific T cells in CD11c-dnTGFβRII mice at day 9 p.i.  We 

found similar numbers of anti-viral CD8 Db:GP31-41 T cells in WT versus CD11c-

dnTGFβRII mice; however CD11c-dnTGFβRII mice exhibited fewer numbers of 

LCMV specific CD4 T cells determined by I-Ab:GP67-77 tetramer staining (Fig 1-5f). 

Secretion of IFNγ, TNFγ and IL-2 upon ex-vivo GP31-41 or GP67-77 peptide stimulation 

was similar in CD8 and CD4 T cells from WT versus CD11c-dnTGFβRII mice, 

respectively (Fig 1-5g).  These results indicate that TGFβ signaling influences NK 

cells, but not DCs, therefore limiting NK cell early responses during chronic LCMV 

infection and this may in turn affect T cell responses as previously described (113, 

114).   
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Figure 1-5. Increased NK cell (but not DC) responses in LCMV infected CD11c-
dnTGFβRII mice.  CD11c-dnTGFβRII  mice or littermate controls (WT) were infected with 
2x106 pfu of LCMV Cl13. A) Serum IFN-β levels at 1 day post-infection (d.p.i.) B) CD86 and 
CD40 expression (MFI) in DC subsets were determined by flow cytometry 3 d.p.i. C) Total 
number of splenic NK cells 1 d.p.i. D) IFNγ and Granzyme B production after 5 hr culture in 
BFA at 1 d.p.i.  Representative FACS plot gated on total NK cells (left) with percent of NK cells 
and total number plotted as individual mice (right). E) CD69 expression on NK cells at 1 d.p.i. 
F) Total number of Db:GP31-41 and I-Ab:GP61-80 virus specific CD8 and CD4 T cell responses 9 
days p.i. in the spleen. G) Cytokine production as a percentage of virus specific cells from (F) 
upon cognate GP31-41  or GP67-77 peptide stimulation in the presence of BFA.  Data are 
representative of 2-4 experiments of 3-5 mice/group. *p<0.05, **p<0.005, ***p<0.0005.  
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1.6 Enhanced control of MCMV but not LCMV Cl13 viral loads in CD11c-

dnTGFβRII mice 

Infant CD11c-dnTGFβRII mice survived otherwise lethal MCMV challenge 

presumably due to enhanced NK cell maturity that is present in the first week of birth 

(122). In the next series of experiments we tested whether this observation could be 

extended to adult mice. We observed that CD11c-dnTGFβRII mice are better able to 

control acute MCMV replication in the liver than their WT counterparts by 3 d.p.i. (Fig 

1-6a). Consistently CD11c-dnTGFβRII mice were protected from an otherwise 50 

percent lethal dose of MCMV in WT C57BL/6 mice (Fig 1-6b).  In contrast, CD11c-

dnTGFβRII mice showed similar viral loads to WT mice in the liver at day 3 post 

LCMV Cl13 challenge (Fig 1-6c). Moreover, comparable or slightly increased viremia 

persisted for 60 days in CD11c-dnTGFβRII mice compared with WT mice when 

challenged with LCMV Cl13 infection (Fig 1-6d). These results suggest that 

heightened NK cell responses due to innate TGFβ blockade likely have the capacity 

to limit acute viral replication and enhance survival when adult mice are challenged 

with MCMV, but this is insufficient to influence the course of chronic LCMV infection. 

 

Figure 1-6.  Enhanced control of MCMV but not LCMV Cl13 viral loads in CD11c-
dnTGFβRII mice. CD11c-dnTGFβRII (DN) mice or littermate control (WT) were infected with 
2x104 (A) or 2x105 (B) MCMV or with 2x106 LCMV CL13 (C-D). A&C) Viral titers in liver 
homogenate measured by plaque assay at day 3 p.i. B) Percent surviving mice at indicated 
times, pooled results from 2 experiments: n=12 WT and n=10 DN mice. D) Viremia 
determined by plaque assay at indicated time points. Dotted line represents the limit of assay 
detection, 200 plaque-forming units (PFU).  Data are representative of 2-3 experiments of 3-5 
mice/group. *p<0.05, **p<0.005, ***p<0.0005.  
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1.7 Cell-intrinsic TGFβRII deletion in adult mice does not influence DC cell 

responses upon MCMV infection 

To assess the role of TGFβ signaling during infection (independently of its 

developmental roles (122)) and to rule out putative dominant effects of the 

dnTGFβRII transgene recently reported in T cells (145), we used ERcre-TGFβRII 

mice in which TGFβRII is ubiquitously deleted upon tamoxifen treatment (123, 146).  

To analyze the cell-intrinsic effect of TGFβ signaling in DC and NK cells in vivo 

(independent of TGFγ signaling on other cells) we created 1:1 ERcre-

TGFβRII:CD45.1 (WT) mixed BM chimeras. Eight weeks post-reconstitution mice 

were treated with Tamoxifen for 5 days and gene deletion was confirmed 5 days later 

in blood leukocytes (Fig 1-7a&b). While TGFβRII protein expression was readily 

detected by flow cytometry in WT (but not ERcre-TGFβRII) T cell and B cells, we 

could not detect minimal surface TGFβRII expression in NK cells, Monocytes or 

Neutrophils from either WT or ERcre-TGFβRII origin (Fig 1-7a). However, we did find 

tgβr2 mRNA in WT NK cells and monocytes and this was dramatically reduced to the 

limit of detection in ERcre-TGFβRII cells (Fig 1-7b).  These data indicated that five-

day tamoxifen treatment effectively deleted TGFβRII from ERcre-TGFβRII leukocytes.  

Therefore, we next infected the tamoxifen-treated ERcre-TGFβRII:WT mixed 

BM chimeras with MCMV and analyzed splenic DC responses 36 h.p.i. Unlike 

constitutive expression of dnTGFβRII, where CD11c-dnTGFβRII mice had reduced 

CD8γ+ DC differentiation in a competitive setting (Fig 3a) , all ERcre-TGFβRII DC 

subsets had similar representation to WT DCs in ERcre-TGFβRII:WT mixed chimeras 

(Fig 1-7c). In addition both WT and TGFβRII deficient DCs produced equivalent 
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amounts of IL-12p40 (Fig 1-7d) and comparable upregulation of I-Ab, CD86 and CD40 

molecules after MCMV infection (Fig 1-7e).  These data further support our 

conclusions from CD11c-dnTGFβRII mice, indicating that TGFβ signaling does not 

affect early DC responses to viral infections in vivo.  

 

Figure 1-7.  Inducible deletion of TGFβRII in adult mice does not affect DC responses to 
MCMV. 1:1 mix of BM from C57BL/6 (WT; CD45.1) and ERcre-TGFβRII (RIIflox ; CD45.2) mice 
was transferred into irradiated CD45.1 hosts.  Eight weeks later, 1mg/day of Tamoxifen (TAM) 
was injected I.P. for 5 days to induce Cre activity. Five days later blood leukocytes were 
analyzed for receptor expression (A-C), mice infected with 2x104 pfu of MCMV and splenic 
DCs were studied by flow cytometry 36 hrs p.i. (D-F).  A) TGFβRII protein expression was 
determined in indicated leukocytes populations by flow cytometry and MFI post-Tamoxifen is 
shown (right). B) TGFßr2 relative to gapdh mRNA levels were quantified in FACS-purified 
leukocytes populations by qPCR. Numbers in box indicate fold change. C) Percent chimerism 
of indicated DC subsets from each compartment.  D) IL-12 production by DCs after 5hr culture 
in BFA. Representative FACS plot gated on total CD11c+ DCs (left) and percentages plotted 
as individual mice (right). E) I-Ab, CD86 and CD40 expression on DC subsets. Representative 
histograms are shown for CD11b+ DCs with WT (grey fill) and ERcre-TGFβRII (black line) 
overlays. MFI for each molecule in indicated DC subsets is plotted for individual mice below. 
Data are representative of 2 experiments of 4 mice/group. *p<0.05, **p<0.005, ***p<0.0005.  
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1.8 Cell-intrinsic TGFβRII deletion in adult mice does not affect NK cell 

responses upon MCMV infection 

In the next series of experiments we measured early NK cells responses to 

MCMV infection in the ERcre-TGFβRII:WT mixed chimeras described above. We first 

observed similar proportion of WT and ERcre-TGFβRII NK cells in the blood before 

and after infection, indicating no preferential expansion sans TGFβ signaling (Fig 1-

8a). We further found the proportion of NK cells from the ERcre-TGFβRII 

compartment in spleen and liver after infection was similar to the blood pre-infection 

(Fig 1-8b). Early activation 36 h.p.i. is cytokine dependent and independent of Ly49H 

response (37), however we further found that the proportion of blood Ly49H+ NK cells 

increased during infection in both WT and ERcre-TGFβRII NK cells and that this 

increase is only slightly greater in ERcre-TGFβRII compared to WT NK cells at day 6 

(but not day 1.5) p.i. relative to their corresponding starting points (Fig 1-8c) indicating 

little MCMV-specific repression of Ly49H+ NK cells by TGFβ signaling. We next 

analyzed spleen NK cell cytokine production in WT:ERcre-TGFβRII chimeras at 36 

h.p.i. We observed that NK cells from the ERcre-TGFβRII compartment had 

equivalent production of IFNγ and Granzyme B to WT NK cells (Fig 1-8d).  Given that 

NK cells are recruited to the liver rapidly after MCMV infection (147, 148), we next 

examined NK cell function in the livers of infected WT:ERcre-TGFβRII chimeras at 36 

h.p.i.  Again, we found that WT and TGFβRII deficient NK cells exhibited similar 

levels of IFNγ and Granzyme B expression in the liver (Fig 1-8e).  Furthermore, we 

measured expression of CD69 in splenic NK cells and found that the acute deletion of 

TGFßRII did not affect CD69 upregulation after infection (Fig 1-8f). Finally, T-BET 

expression, which was intrinsically up-regulated in CD11c-dnTGFβRII NK cells (Fig 
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4d above), was unaltered in splenic ERcre-TGFβRII NK cells compared to their WT 

counterparts (Fig 1-8g).  Overall these data indicate that (in contrast to constitutive 

expression of dnTGFβRII) inducible deletion of TGFβRII in adult mice does not 

directly affect early NK cell responses upon MCMV infection.  

 

 

Figure 1-8. Inducible deletion of TGFβRII in adult mice does not affect NK cell 
responses to MCMV. 1:1 mix of BM from C57BL/6 (WT; CD45.1) and ERcre-TGFβRII (RIIflox; 
CD45.2) mice was transferred into irradiated CD45.1 hosts. Eight weeks later, 1mg/day of 
Tamoxifen was injected i.p. for 5 days, mice infected with 2x104 pfu of MCMV and NK cells 
studied by flow cytometry A&B) Chimerism of NK cells in the blood during infection (A) and 
tissues at 36 h.p.i. (B) C) Percent Ly49H+ cells within blood NK cells. Representative FACS 
plots (upper) and average values at indicated time points (lower).  D&E) IFNγ and Granzyme 
B production in the spleen (D) and Liver (E) NK cells after 5hr culture with BFA. 
Representative FACS plot gated on total NK cells (left) and percentages plotted as individual 
mice (right). F&G) CD69 (F) and T-BET (G) expression on NK cells depicted as histogram 
(left) of WT compartment (black open) to ERcre-TGFβRII compartment (grey open) , over 
Naïve mice (grey fill) and MFI of individual mice (right). Data are representative of 2 
experiments of 4 mice/group. *p<0.05, **p<0.005, ***p<0.0005.  
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Discussion 

The early presence of host resistance factors can influence the balance 

between host and microbe to favor rapid pathogen eradication. For example, a strong 

innate response via Ly49H+ NK cells controls MCMV in C57BL/6 mice whereas 

susceptible Balb/C mice, lacking a protective MCMV specific Ly49H+ haplotype, 

demonstrate a higher mortality rate or establish more latent virus depending on 

inoculation dose (1, 35). Similarly rapid and robust adaptive CD8 T cell responses 

correlate with improved outcome of LCMV in mice and SIV in macaques (2). TGFβ is 

a major immunosuppressive cytokine that limits innate (DC and NK cell) and adaptive 

immunity in-vitro and in-vivo in different systems, with high levels of TGFβ correlating 

with enhanced susceptibility and viral persistence to human HCV and SIV in rhesus 

macaques (149, 150) as well as LCMV and Malaria in mice (74, 79).  

In this study we show that while constitutive genetic attenuation of TGFβ 

signaling in innate cells (via expression of dnTGFβRII transgene in CD11c+ cells) did 

not directly affect key DC functions, it resulted in increased NK cell responses before 

and after infection and therefore promoted early control of MCMV but not LCMV 

chronic infections in vivo.  In contrast, genetic deletion of TGFβRII signaling in adult 

mice (just before infection) did not change early innate responses to MCMV infection. 

Our findings, therefore, support two conclusions. First, despite previous evidence that 

TGFβ suppresses DCs in vitro (100, 115) and in inflammatory disease models (97, 

151-153), cell-intrinsic TGFβ signaling does not modulate key DC responses early 

after infection with potentially persistent viruses in vivo. Second, that cell-intrinsic 
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TGFβ signaling on NK cells before (but not after) viral infection limits their early 

responses in vivo. 

By using either CD11c-dnTGFβRII mice or inducible TGFβRII deletion in 

adulthood, our results indicate that TGFβ does not directly affect early DC numbers, 

cytokine production or maturation in spleens after viral infection.  This is true for both 

LCMV and MCMV infections regardless of the different route and doses of 

inoculation, the RNA versus DNA nature of viral genomes, and the different pathogen 

recognition receptors activated upon these infections (111).  Our findings are 

unexpected given numerous previous reports supporting a role for TGFβ regulation of 

DCs in different settings. In vitro   TGFβ can suppress pDC IFN-I production (132, 

142) and cDC maturation and cytokine production (115). In addition, a number of 

studies using different models support an in vivo role for TGFβ on DCs. For instance, 

in long term chronic inflammatory models using CD11c-dnTGFβRII mice, such as 

EAE (153) and atherosclerosis (154), innate TGFβ signaling suppresses disease.  

Blockade of TGFβ on innate cells also decreases latent HSV-1 (155). Ramalingam et 

al recently showed Cd11c-Cre mediated DC deletion of TGFβRII causes increased 

IFNγ and TNFα in DCs in long-term spontaneous autoimmunity but did not affect 

steady state MHC-II co-stimulatory expression and had no apparent increase in NK 

cells (156), highlighting the differences in genetic models as well as infectious vs non 

–infectious contexts.     

pDCs and IFN-I are essential for control of MCMV (132, 142) and IFN-I 

induction by pDCs is tightly linked to the presence of virus and TLR9 activation in this 

infection (157).  Previous work by Andrews et al has shown that a protective 

haplotype of Ly49H in NK cell responses limits pDC cytokine response during MCMV 
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infection, clearly indicating feedback between NK cell and DC activation (35). This 

seems to be mediated both indirectly though viral control, reducing TLR9 stimulation, 

and also direct DC killing by NK cells. Thus, the limited DC activation and IFN-I 

production we see in MCMV infected CD11c-dnTGFβRII mice is most likely due to 

initial enhanced viral control by NK cells as mixed chimeras show that DCs with 

attenuated TGFβ signaling have the same activation potential and cytokine 

production as WT DCs when in the same environment in vivo. Consistently, in LCMV 

Cl13 infection, where viral loads are not altered in CD11c-dnTGFβRII mice, we did 

not detect differences in IFN-I or DC activation early after infection.   

 DC-derived IL-12 and IFN-I are potent inducers of IFNγ and Granzyme B in 

NK cells, respectively (111, 134) alongside MCMV m157 – Ly49H recognition in 

C57BL/6 mice (136).  In this study the constitutive attenuation of intrinsic TGFβ 

signaling on NK cells resulted in increased Granzyme B and decreased IFNγ and 

CD69 expression. Consistently, Laouar and colleagues have recently shown that 

TGFβ signaling suppresses number and maturation towards terminally differentiated 

NK cells without altering Ly49H, Ly49C/I, Ly49D or NKG2D distribution and infant 

CD11c-dnTGFβRII mice are resistant to MCMV for this reason (122). Terminally 

differentiated NK cells express the most Granzyme B and Blimp1 (112).  In line with 

this, we found that CD11c-dnTGFβRII NK cells were over-represented in competition 

with WT cells and had higher levels Granzyme B even before infection. CD11c-

dnTGFβRII NK cells maintained higher levels of TBET, BLIMP1 and Granzyme B 

expression after MCMV infection, confirming the presence of a more mature 

phenotype. Furthermore, we also observed enhanced MCMV resistance in adult 

CD11c-dnTGFβRII mice likely resulting from increased NK cell response.  
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 Interestingly, even in the presence of this heightened NK cell frequency and 

effector function LCMV Cl13 was able to rapidly establish infection, indicating the 

context specific capacity of NK cells to control viral loads.  Recent reports 

demonstrated NK cells are capable of directly killing CD4 and CD8 T cells during 

LCMV Cl13 infection to limit fatal immune pathology and promote viral persistence 

(113, 114). In line with these studies, we did observe reduced virus specific CD4 T 

cells in CD11c-dnTGFβRII mice at day 9 p.i, however, the enhanced NK cell numbers 

in CD11c-dnTGFβRII mice appears insufficient to alter CD8 T cell responses or the 

ultimate outcome of chronic LCMV infection. It should be noted, however, that the 

dominant negative TGFβRII transgene has recently been shown to enhance T cell 

homeostatic proliferation and activation when a CD4 promoter drives expression even 

in absence of the normal TGFβRII (145). Therefore, off-target effects of the TGFβRII 

transgene driven by CD11c promoter in CD11c-dnTGFβRII mice cannot be 

completely ruled out and represent a potential limitation of this model. 

 To assess the role of direct TGFβ signaling during infection independently of 

developmental effects of TGFβ in NK cells and putative off-target effects of the 

dnTGFβRII transgene, we utilized ERcre-TGFβRII:WT mixed chimeras in which 

TGFβRII was deleted in adult mice just before MCMV infection. In this system we 

observed minimal differences in MCMV specific spleen or liver NK cell accumulation, 

IFNγ and Granzyme B secretion, CD69 or T-bet expression between WT and 

TGFβRII deleted cells.  This is in contrast to a previous study showing that injection of 

recombinant TGFβ suppresses NK cell number during acute LCMV infection (120) 

possibly due to differences in endogenous versus inoculated TGFβ doses and target 

cells. Furthermore, the absence of endogenous TGFβ effect on NK cells after MCMV 
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infection may result, at least in part, from the low TGFβR expression that we 

observed in WT NK cells. 

 Taken together our study supports a role for TGFβ during the development of 

NK cells, as previously proposed (122), and contrasts this TGFβ function with no 

apparent direct effect on DCs. Furthermore, neither mature NK cells nor DCs in the 

periphery of adult mice appear susceptible to TGFβ mediated suppression as limiting 

cell-intrinsic TGFβ signaling did not affect their subsequent early anti-viral responses. 

However, TGFβ is known for its context-dependent effects and, therefore, signaling 

on innate cells could have different outcomes during tissue-specific infections, tumor 

models, or long-term chronic inflammatory environments.  
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Chapter 2:  TGFβ and Adaptive immune responses to chronic infection 

 

 Persistent viruses create a profound immunosuppressive environment that is 

conserved between mice and humans, including increased TGFβ signaling, 

accompanied by large reduction in quality and quantity of the adaptive immune 

response, including antiviral T cells. While several pathways suppressing CD8 T cell 

responses have been identified, much less is known about the immune regulatory 

molecules directly restricting the numbers and helper function of CD4 T cells. By 

using lymphocytic choriomeningitis virus (LCMV) infection in mice, we observed 

TGFβ-R signaling did not substantially influence CD8 T cell responses; however CD4 

T cell proliferation, terminal differentiation and a cytotoxic program characterized by 

Granzyme B and K, Perforin and EOMES expression were significantly suppressed 

by cell-intrinsic TGFβ-R signaling. EOMES expression was sufficient to mediate 

cytotoxic gene expression.  Finally, TGFβ signaling also suppressed cytotoxic 

molecules and EOMES in CD4 T cells late during established chronic infections as 

well as during MCMV infection. Altogether, these data uncover a common TGFβ-

dependent axis that restricts EOMES-driven differentiation in murine CD4 T cells 

throughout chronic viral infection.  
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Introduction 

 

Chronic viral infections in both mice and humans create an 

immunosuppressive lymphopenic environment detrimental to both ongoing antiviral 

responses as well as secondary immune responses to unrelated pathogens or 

cancers (3, 4, 158, 159).  As a result antiviral CD4 and CD8 T cells disintegrate and 

express many inhibitory surface receptors that negate specific functions upon antigen 

encounter (31, 45-47).  In addition, the cellular environment is devoid of stimulatory 

cytokines, and contains increased inhibitory cytokines such as IL-10 and 

Transforming Growth Factor-Beta (TGFß) that inhibit immune responses (73-76). 

 Indeed increased TGFß production and signaling is present in immune cells during 

human chronic infections with Hepatitis C, HIV, and Tuberculosis as well as mouse 

models of infections with Lymphocytic Choriomeningitis Virus (LCMV), Malaria, or 

Listeria Monocytogenes (74, 77-82). However the role of TGFß signaling on individual 

cells types at different times after infection in-vivo remains unclear. 

TGFß is a pleiotropic cytokine with critical roles in the development of the 

hematopoietic system indicated by mouse genetic knockouts of the receptor subunits, 

RI and RII (84, 85).  Downstream TGFß signaling is typical mediated by canonical 

phosphorylation of SMAD2/3 with adapter SMAD4 or TIF1γ as well as 

phosphorylation of MAP kinase pathways in different settings (87, 88).  TGFß1-null 

mice or T cell specific targeting of TGFß-RII deficiency during development results in 

lethal multifocal inflammatory diseases by 3-4 weeks of age that is CD4 T cell 

dependent (90-92).  Less complete abrogation of signal using a T cells specific 

dominant negative receptor transgene or conditional deletion of TGFß1 ligand in T 
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cells allowed early onset autoimmunity symptoms and colitis apparent at 3 months of 

age (93, 94).  In contrast deletion of TGFβRII in post-thymic T cells did not lead to 

colitis or wasting syndrome in-vivo (95, 96). Consistently, long-term treatment of mice 

or humans with TGFß antagonists does not lead to the severe autoimmune 

phenotype (101, 102).  

 On the other hand, TGFß antagonists have been used successfully in animal 

cancer models of melanoma and breast cancer via CD8 T cell activity and are 

currently use in clinical trials to boost intra-tumor immune responses in humans (103-

105). Furthermore, we and others have reported that T-cell-specific dominant 

negative TGFß receptor transgenic mice exhibit increased pathogen and tumor 

specific CD8 T cell responses (74, 80, 106, 160, 161), yet these mice have 

substantial autoimmunity as well as transgene dominant effects (93, 145). Indeed 

initial therapeutic attempts of TGFß antagonism during chronic infection only 

modestly replicate genetic models (107, 108). Hence, the developmental 

abnormalities in T cells has precluded analysis of the direct effects of TGFß signaling 

in-vivo on individual cell types, especially during immune response to pathogens.    

We utilized advanced models that allow cell-type specific and temporal 

ablation of TGFß/SMAD signaling in adult mice in order to revisit the role of TGFßR 

signaling in T cells during chronic viral infection. While TGF-βR deficient mice showed 

comparable CD8 T cell responses; CD4 T cell proliferation, terminal differentiation 

and a cytotoxic program characterized by Granzyme B and K, Perforin and EOMES 

expression were significantly enhanced in the absence of cell-intrinsic TGF-βR 

signaling. Strikingly, SMAD4 deficiency gave opposing results. Importantly, TGFβ 

signaling was continuously necessary late during chronic infection to suppress 
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Eomes and terminal differentiation in CD4 T cells while EOMES overexpression was 

sufficient to recapitulate the terminally differentiated phenotype of TGFßR deficient 

CD4 T cells. Finally, we show the aforementioned TGFβ-Eomes signaling network 

was common to chronic murine cytomegalovirus (MCMV) infection and human CD4 T 

cells from HIV+ patients.  Altogether, these data uncover a TGF-βR-dependent axis 

that restricts EOMES-driven terminal differentiation and potential cytotoxicity in 

murine and human CD4 T cells.   

 

Materials and Methods 

Mice and viral stocks. C57BL/6 (CD45.2), B6.SJL-PtprcaPep3b/BoyJ 

(CD45.1) and ERt2-cre mice were purchased from The Jackson Laboratory (Bar 

Harbor, Maine). CD8-cre;TGFβRIIflox (Exon2) were generously provided by Dr. M. Li 

(Sloan Kettering)(146). SMAD4flox mice on a C57BL/6 background were provide by 

Dr. Frank Jirik (University of Calgary)(162).  Hemizygous ER-cre mice were bred to 

TGFβRIIflox/flox mice (126) or SMAD4flox/flox both on C57BL/6 backgrounds. CD4-ERcre 

knock-in mice crossed to TGFβRIIflox/flox (Exon3/4) were generously provided by Dr. T. 

Buch (95).  1:1 mixed chimeras were generated by transferring 2x106 bone marrow 

cells of each indicated genotype into irradiated CD45.1 mice and allowed 8 weeks to 

reconstitute.  For gene deletion, 1mg/day Tamoxifen (Sigma) emulsified in Sunflower 

seed Oil (Sigma) was injected intraperitoneal (i.p.) for 5 days and mice were used for 

experiments 7 days after last treatment.  For gene deletion after infection mice were 

injected for 5 days starting 12 d.p.i.. 6-12 week old mice were infected intravenously 

(i.v.) with 2x106 plaque forming units (PFU) of LCMV Cl13 or 2x104 PFU of MCMV 

(Smith strain) i.p.  All viruses were grown, identified, and quantified as previously 
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described (24, 127).  Mice were maintained in a closed breeding facility in compliance 

with the requirements of the National Institutes of Health and the Institutional Animal 

Care and Use Guidelines of the University of California San Diego. 

Cell Purification and transfers. Spleens were treated with collagenase D 

(1mg/mL, Roche, Indianapolis, IN) 20 min @ 37˚C and were depleted B cells using 

CD19 antibodies and bead magnetic enrichment.  Splenic CD4+CD8-PD1+CD49d+ T 

cells from mixed chimeras were FACS-purified using a BD ARIA (BD Biosciences, 

San Jose, CA) by congenic marker (CD45.1, CD45.2).  For retroviral transduction, 

LCMV specific SMARTA T cells were transduced after 48 hours of anti-CD3 and anti-

CD28 as previously described(163).  For adoptive transfer 2500 congenic CD45.1 

LCMV specific SMARTA T cells FACS-purified by retroviral marker (GFP or Thy1.1) 

were injected i.v. 24 hours before LCMV infection.   Purity for all cell types was >95%.   

In-vivo CTL.  β2M KO splenocytes were incubated 3hours ex-vivo with 2.5uM 

pool of LCMV peptides GP67-77, GP126-140, and NP311-326 or 2.5uM irrelevant peptide 

OVA323-340, CFSE labeled with 500nM or 50nM CFSE and 2.5x106 splenocytes of 

each target transferred 7 days post-infection.  12 hours later, spleens and livers 

harvested and the ratio of Live MHCII+ B cells target with LCMV vs OVA targets 

calculated normalized to the ratio of LCMV vs OVA splenocytes in naive animals by 

equation: (1- Experimental ratio/ control ratio) x100.   

Flow cytometry. Surface and intracellular cytokine staining was performed as 

previously described (128) and separated by congenic marker CD45.1 and CD45.2 

where indicated.  Antibodies used were purchased from Ebioscience, Biolegend or 

BD Pharmingen (San Diego, CA) to stain splenocytes except LIVE/DEAD (Aqua-

Invitrogen) and TGFβRII-PE (R&D systems): CD16/CD32 Fc block, Eomes PE-TR, 
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CD8a Alexa700, CD4 BV650, GranzymeB PE, Granzyme A PeCy7, IFNγ APC, IL-12 

Alexa647, TNFα efluor450, IL2 PE, I-Ab eflour450, KLRG FITC, CD127 

APCeflour780, PD1 BV605, CD49d PerCPCy5.5, CD69 PerCPCy5.5, CD45.1 BV605, 

CD45.2 BV650. LCMV specific tetramers Db:GP31-41, Db:GP276-286, Db:NP396-404  and I-

Ab:GP67-77 were provided by the NIH tetramer core facility.  Samples were acquired on 

a BD LSR II (BD biosciences) and analyzed using FlowJo software (Treestar, Inc., 

Ashland, OR).   

Cytokine Measurements. Secretion of IFNγ, TNFα and IL-2 in LCMV specific 

T cells was performed ex-vivo using the following peptides: GP31-41 or GP67-77 peptide 

stimulation of splenocytes incubated in the presence of 1 µg/mL Brefeldin A (BFA-

Sigma, St. Louis, MO) for 5 hours at 37˚C before staining.   

Microarray Analysis.  RNA from 3 biological replicates, each pooled Splenic 

T cells from n=5 mixed chimeras were purified using Qiagen microRNA kit and 

microarray performed by UCSD genomics core facility on Affymetrix mouse 1.0 ST 

arrays.  Similarly 3 biological replicates of SMARTA+ T cells over-expressing Eomes 

or empty vector were analyzed by microarray, each from 5 mice pooled, 8 days after 

co-transfer into the same chronic infectious environment.  Differentially regulated 

genes were defined by False Discovery Rate (FDR) < 0.01 or Bonferroni adjusted p-

value using VAMPIRE software.  Hierarchical clustering and heatmaps of expression 

values for individual samples were generated using GENE-E.  Gene set enrichment 

analysis (GSEA)(164) was performed using the java implementation from the Broad 

Institute website (http://www.broadinstitute.org/gsea) and applied to the following 

available microarray data sets: virus specific CD4 and CD8 T cells from acute and 

chronic LCMV infection in-vivo(69), in-vitro differentiate T helper subsets Th1, Th2, 
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Th17, and Tregs(165), Tfh(166), Anergic T cells(167), CD4+ CD8+ T cells from 

ThPOK deficient spleens(168), CD4 T cells from Ezh2-/- lymph nodes(169). 

Statistics.  Means were compared using Student’s t-test in control littermates 

to corresponding gene-modified groups. Mann–Whitney U test was applied if data 

sets failed the Pearson omnibus normality test (alpha = 0.05). All analyses were two-

tailed and carried out using GraphPad Prism 6.0. *P ≤ 0.05, **P ≤ 0.005, ***P ≤ 

0.0005. Animal groups were matched by litter, age and sex. No blinding or statistical 

methods were used to predetermine sample size or groups.   

Results 

2.1 Sustained TGFβ signaling in CD8 and CD4 T cells during chronic LCMV 

infection 

We have previously found increased TGFß production and signaling by anti-

viral CD8 T cells early during chronic LCMV infection (74). Increased TGFß 

production and signaling by CD4 T cells also occurs during HIV infection (170).  We 

first measured TGFβ signaling in the murine cell types over the course of chronic 

LCMV infection (LCMV CL13) compared to acute LCMV–Armstrong53b (LCMV-ARM) 

infection by flow cytometry.  Gating on activated splenic CD4 and CD8 T cells 

expressing exhaustion marker PD1 we found sustained levels of intracellular 

phosphorylated SMAD2/3 during chronic LCMV CL13 infection over acute LCMV 

ARM infected or T cells from naive animals (Fig 2-1a).  We confirmed this finding over 

time by western blot for activated CD4 T cells during chronic infection (Fig 2-1b). 

Similarly we found sustained levels of SMAD7, a downstream target and negative 

regulator of TGFβ signaling in PD1+ T cells during chronic infection (Fig 2-1c). Next 

we analyzed SMAD7 levels on after gating on virus specific I-Ab:GP67-77 CD4 T cells 
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and Db:GP276-286 CD8 T cells.  Again LCMV specific CD4 and CD8 T cells from 

chronically infected mice have increased SMAD7 compared to acutely infected mice 8 

days p.i. (Fig 2-1d). Increased SMAD7 is also present in CD4 PD1 cells from multiple 

tissues (Fig 2-1e). Overall these data indicate sustained TGFß signaling in activated 

CD4 T cells during chronic infection.   

 

Figure 2-1.  Sustained TGFβ signaling during chronic infection. C57BL/6 mice were 
infected with 2x106 PFU of LCMV ARM or LCMV Cl13 i.v. or left uninfected.  A&C)  At 
indicated day post infection (d.p.i.) splenic CD4+ or CD8+ PD1+ T cells were stained for 
intracellular phospho-SMAD2/3 or SMAD7 by flow cytometry.  B) CD4+ CD44+ T cells were 
isolated from ARM and CL13 infected mice and phospho-SMAD2/3 (S465/7) measured by 
western blot at indicated times.  D)  LCMV specific CD4+ I-Ab-GP67-77  or CD8+ Db-GP33-41 T 
cells were stained for SMAD7 at day 8 p.i. E) SMAD7 levels on CD4 PD1+ T cells in indicated 
tissues 8 d.p.i.  Representative of 2 independent experiments of 3-4 mice/group.   
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2.2 CD8 restricted TGFβRII deletion does not influence the course of chronic 

infection 

To address the contribution of TGFβ signaling on individual cell types towards 

control of chronic infection we first used CD8(cre)xTGFβRIIfl/fl to delete TGFβ 

Receptor exclusively in CD8 T cells during development and monitor T cell responses 

and viral titer in the blood over the course of chronic LCMV Cl13 infection. FACS 

analysis of surface TGFΒRII expression before infection demonstrate ~90% reduction 

in TGFβRII expression in CD8 T cells but no reduction in CD4 T cells or B cells (Fig 

2-2a).  This model also has spontaneous activation of CD8 T cells expressing CD44 

and KLRG1 before infection (Fig 2-2b). After LCMV Cl13 infection, 

CD8(cre)xTGFβRIIfl/fl mice had similar early numbers of activated CD8 T cells in the 

blood 8 days p.i. compared to littermate control mice and maintained increased 

frequency of activated PD1+ CD8 T cell responses beyond day 30 post infection (Fig 

2-2c). The number of immune-dominant NP396 CD8 T cells, which undergo 

substantial deletion (44), was similar between TGFβRII deficient and WT T cells.  

Whereas TGFβRII deficient LCMV GP33-41 specific CD8 T cells were increased in 

percentage and number in blood after D45 days post infection compared to littermate 

controls (Fig 2-2d&e).  Heterozygous CD8cre+ TGFßRIIflox/+ mice resemble Cre- WT 

littermate controls and are omitted for clarity.   

To assess the degree of functional exhaustion we measured virus specific 

LCMV GP33-41 CD8 T cells cytokine production after cognate peptide stimulation ex-

vivo. LCMV GP33-41 CD8 T cells produced more IFNγ in absence of TGFβRII 

compared to control CD8 T cells only after 30 days post infection (Fig 2-2f). These 

TGFβRII deficient cells also expressed more terminal differentiation marker KLRG1 
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late but nor early after chronic infection (Fig 2-2g).  These results indicate TGFβRII 

signaling limits accumulation and function of some anti-viral CD8 T cells late, but not 

early, after chronic infection. 

However despite some increase in CD8 T cell number and function, viremia in 

CD8(cre)xTGFβRIIfl/fl mice persisted similar to WT controls falling below limit of 

detection around Day 60 p.i. (Fig 2-2h).  These data suggest that deletion of TGFβ 

signaling on CD8 T cells is not sufficient to impact viral control.  Because CD8 T cells 

from CD8(cre)xTGFβRIIfl/fl mice delete the TGFβ-Receptor during development and 

they are more activated and express more KLRG1 (prior to infection), as well as 

Granzyme B and Eomes (not shown) we cannot rule out a contribution of TGFβ 

signaling before infection in this model.  
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Figure 2-2. CD8 restricted TGFβRII deletion does not influence the course of chronic 
infection.  A) CD8cre+ TGFβRIIflox/flox (RIIflox) mice and Cre- littermate controls were infected 
with 2x106 PFU of LCMV Cl13 . Blood was monitored for the presence of LCMV specific T 
cells by flow cytometry. A) TGFßRII expression on B cells CD4 T cell and CD8 T cells prior to 
infection.  B) Percentage of activated CD8 T cells expressing KLRG prior to infection. C) 
Number of PD1+ CD49d+ CD4 T cells. D) Number of virus specific Db:NP396-404

+
 cells over 

time post infection. E) Percentage and number of virus specific Db:GP33-41
+

 cells over time post 
infection. F) IFNγ and TNFα production upon cognate peptide ex-vivo graphed as a 
percentage of tetramer+ cells from (c). G) KLRG expression on GP33 virus specific CD8 T 
cells. H) Control of viremia over time by plaque assay as PFU/mL serum (dotted line, limit of 
detection).  Representative of 3 independent experiments of n=4-5 mice/group.  
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2.3 Cell-intrinsic TGFβRII signaling in adults does not influence LCMV-specific CD8 T 

cells 

To examine the contribution of TGFß signaling toward immune regulation 

solely during chronic viral infection we next used a temporally controlled ERcre strain 

crossed to TGFßRII conditional allele (TGFßRIIflox/flox) to proximately delete the 

TGFßRII using injection of Tamoxifen (TAM) in adult mice(123).  To further isolate 

direct effects of TGFß on the immune response to LCMV we generated mixed bone 

marrow chimeras of 50 percent WT (CD45.1) bone marrow and 50 percent 

ERcre+TGFßRIIfl/fl (RIIflox) bone marrow into lethally irradiated CD45.1 host mice. 

Eight weeks post reconstitution, mice were tamoxifen injected and subsequently 

infected with high dose LCMV CL13 to establish chronic infection.  After 5-day 

treatment, surface TGFßRII levels in circulating lymphocytes were reduced to 90 

percent of levels in ERcre- littermate control mice (Fig 2a).  We have previously 

shown that this treatment leads to 95% reduction in TGFβr2 mRNA in circulating 

leukocytes(171).  Previous pan-mouse or T cell specific genetic models in which 

TGFß signaling is decreased exhibited T cell activation associated with TGFß 

deficiency during development and lymphopenia in young mice (96, 145).  In contrast, 

we observed that after TGFßRII deletion in adult mice, CD4 and CD8 T cells had 

similarly low levels of activation as WT mice before infection, analyzed by CD44 and 

CD62L expression (Fig 2b).    

To find potential cell intrinsic differences in hematopoietic cell types in 

absence of TGFßRII we analyzed lymphocyte responses of mixed chimeric animals in 

multiple tissues at 9 days post-infection. Antiviral CD8 T cell responses to the 

immuno-dominant epitope Db:GP33-41 were similar in representation from either the 
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WT compartment or TGFßRII KO CD8 T cell compartment in both lymphoid and non-

lymphoid organs (Fig 2-3c).  Both NP396-404 and GP276--286 epitopes were also similar 

between WT and TGFßRII KO CD8 T cells (Fig 2-3d).  TGFß signaling also minimally 

changed antiviral cytokine secretion by Db:GP33-41 LCMV specific CD8 T cells upon 

cognate peptide stimulation, where WT exhausted T cells lose TNFα and IL-2 

production early after chronic infection (Fig 2-3e).  

Consistent with similar chimerism above, we do not see changes in 

proliferation of TGFβRII deficient CD8 T cells compared to WT T cells in the same 

environment (Fig 2-3f). We also found adult TGFßRII deletion only minimally 

suppresses KLRG or Ly6C expression in virus specific CD8 T cells (Fig 2-3g&h). In 

addition, total Granzyme B expression in CD8 T cells was similar between WT and 

TGFßRII KO compartments in both spleen and peripheral tissues early during chronic 

infection (Fig 2-3i).  Consistent with effector function and differentiation, we found 

similar TBET expression and equally high levels of EOMES in antiviral CD8 T cells 

without TGFβRII compared to their WT counterparts during chronic LCMV infection 

(not shown).  Overall these data suggest that inducible deletion of TGFβRII in adult 

mice only minimally affected CD8 T cell antiviral responses early after chronic LCMV 

infection, dramatically contrasting the profound cell-intrinsic CD8 T cell effects that we 

and others previously reported in dnTGFßRII mice challenged with LCMV Cl13, or 

other pathogens and tumors(74, 80, 106, 155, 160, 161).  
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Figure 2-3. Cell-intrinsic TGFβRII signaling in adults does not influence LCMV-specific 
CD8 T cells.  8 weeks post-bone marrow reconstitution with 1:1 mix of WT(CD45.1) and 
ERcre+ TGFβRIIflox/flox (RIIflox-CD45.2) bone marrow, mice were tamoxifen treated and infected 
with 2x106 PFU of LCMV Cl13.  Spleens and tissues were analyzed 9 days p.i. for the 
presence of LCMV specific T cells by flow cytometry. A) Prior to infection, levels of surface 
TGFßRII on circulating leukocytes.  B) CD44 and CD62L activation markers on total CD4 and 
CD8 T cells before infection.  C)  Percentage of  Db:GP33-41  CD8 T cells after gating on CD8 T 
cells from donor compartments in indicated tissue D) percentage of Db:NP396-404 and Db:GP276-

286 specific LCMV T cell in the spleen.  E) Co-production of intracellular IFNγ, TNFα, IL-2 after 
5 hr stimulation with GP33-41  cognate peptide. F) Incorporation of BrdU after 16 hour pulse in 
splenic CD8 PD1+ T cells from either WT compartment (upper) or ERcre+TGFßRIIflox/flox 
(lower). G&H) Overlays and percentages of virus specific Db:GP33-41

+
 cells expressing KLRG 

and Ly6C in WT (Black) and ERcre+ TGFβRIIflox (Red) compared to Naïve Cd4 T cells (Grey).  
I) Granzyme B expression in CD8 T cells from WT or TGFβRIIflox compartments.  

Representative of 2-3 independent experiments of n=4-5 mice/group.  
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2.4 Cell-intrinsic TGFβRII signaling in adults limits CD4 T cell proliferation  

CD4 T cells are critical to maintain CD8 T cell and B cell responses during 

chronic infection.  Here, TGFß signaling significantly limited the accumulation of 

activated PD1+ CD4 T cells across tissues during infection (Fig 2-4a). Accumulation of 

PD1+CD4 T cells was accompanied with enhanced proliferation measured by Brdu 

incorporation in the absence of TGFßRII but not significant changes in the apoptosis 

marker Annexin V (Fig 2-4b). To specifically compare virus specific CD4 T cells we 

analyzed I-Ab:GP61-80 tetramer staining in WT versus TGFßR deficient CD4 T cells. 

Again TGFßRII deficient LCMV specific T cells accumulated over their WT 

counterparts (Fig 2-4c).  

We next evaluated CD4 T cell differentiation in WT versus TGFßR deficient 

compartments in mixed chimeric mice. Th1 responses that are typically generated in 

viral infection depend on TBET and IFNγ secretion. TGFβ is known to inhibit TBET 

and IFNγ production by CD4 T cells in-vitro and in-vivo (172, 173). Chronic infection 

also causes progressive decreases in cytokine production and TBET expression 

compared to acute infection (60, 70). We found, however, similar levels of IFNγ 

secretion per tetramer+ cell upon cognate peptide stimulation with GP67-77 LCMV 

peptide (Fig 2-4d). Consistently we found no difference in TBET expression (Fig 2-

4e). In addition, TGFßRII deficient IFNγ+ producing CD4 T cells produced similar 

TNFα and Il-2 than IFNγ+ WT CD4 T cells after stimulation on a per cell basis 

indicating no change in T cell exhaustion. 

Th1 CD4 T cells exhibit increased SLAM expression whereas Tfh subset can 

be distinguished by high CXCR5 surface levels alongside increased expression of the 
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transcription factor BCL6 (174).  We found TGFßRII KO I-Ab:GP61-80 CD4 T cells 

trended toward decreased proportion of CXCR5+ cells (Fig 2-4g). However, we found 

no differences levels of BCL6 expression, delineating T follicular helper T cells (Tfh), 

in virus specific GP61-80 CD4 T cells (Fig 2-4f).  CD4 T regulatory cells (Treg) that 

express FOXP3 relies on TGFß for development in-vitro and in-vivo (175-177). 

 However, TGFß signaling is not necessary for the maintenance of FOXP3 or Treg 

function in-vivo(95). While I-Ab:GP61-80
+ T cells do not become Treg cells (178) we 

observed slight decreases in Treg representation in activated CD4 PD1+ T cells 

between TGFßRII deficient and WT animals consistent with previous work (Fig 2-4h).  

Overall these data indicate TGFß signaling limits CD4 proliferation but does not 

substantially influence Th1 differentiation.   
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Figure 2-4. Cell-intrinsic TGFβRII signaling in adults limits CD4 proliferation.  Eight 
weeks post-bone marrow reconstitution with 1:1 mix of WT(CD45.1) and ERcre+ TGFβRIIflox/flox 

(RIIflox-CD45.2) bone marrow, mice were tamoxifen treated and infected with 2x106 PFU of 
LCMV Cl13. Spleens and tissues were analyzed 9 days p.i. for the presence of LCMV specific 
T cells by flow cytometry. A) Percentage of PD1+ CD4 T cells after gating on CD4 T cells from 
each donor compartment in indicated tissue B) Incorporation of BrdU after 16 hour pulse in 
splenic CD4 PD1+ T cells from either WT (upper) or ERcre+TGFßRIIflox/flox (lower) or Annexin 
V staining (right) C) Percentages of virus specific I-Ab:GP67-77

+
 cells in indicated tissue.  D) Co-

production of intracellular IFNγ, TNFα, IL-2 after 5 hr stimulation of splenocytes with GP67-77 

cognate peptide. E&F) Representative overlays and MFI plotted for TBET and BCL6 
expression in CD4 I-Ab:GP61-80 T cells in WT (Black) and Ercre+ TGFβRIIflox (Red) compared to 
Naïve Cd4 T cells(Grey). G) SLAM vs CXCR5 staining on CD4 I-Ab:GP61-80 T cells.  H) FOXP3 
expression in CD4 PD1+ T cells from WT or TGFßRII KO compartment  Representative of 2-3 
independent experiments of n=4-5 mice/group.  
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2.5 Direct TGFβRII signaling in CD4 T cells suppressed terminal differentiation 

and NK/CD8 T cell cytotoxic gene program during chronic LCMV infection 

We next performed microarray analysis on sorted PD1+ CD49d+ CD4+ (CD8-) 

T cells from chronically infected mixed chimeric mice.  We found that CD4 T cells 

from the TGFßRII deficient compartment expressed more Granzyme K, Granzyme B, 

Perforin, KLRG, Ly6C and the transcription factor EOMES than their WT counterparts 

(Fig 2-5a). TGFβRII deficient CD4 T cells also expressed more NK cells markers 

associated with cytotoxicity, NKG2C, CrTAM, and CD94.  Concomitantly TGFβRII 

deficient cells had decreased FOXP3, BCL6, IL6r, and other Treg and Tfh associated 

genes.  We further analyzed TGFΒRII deficient microarray by GSEA analysis to 

published in-vitro derived helper subsets as well as T cell exhaustion signatures 

comparing CD4 and CD8 T cells from acute and chronic LCMV infections (31, 69).  

Indeed we found TGFβRII deficient CD4 T cell gene network over-represented in 

Th1, Th2 and Th17 specific genes in-vitro, where as Tfh and Treg genes were 

underrepresented (Fig 2-5b).  Strikingly, TGFβRII deficient CD4 T cells gene 

networks more closely resembled exhausted CD8 T cells as well as effector CD8 T 

cell during acute LCMV infection rather than effector or exhausted CD4 T cells (Fig 2-

5c).   

Previous reports of responding CD4 T cells in acute LCMV infection are 

described as expressing both PSGL1 and Ly6C where PSGL1-Ly6C- are enriched for 

Tfh, PSGL1+Ly6C- are effector memory, and PSGL1+Ly6C+ are terminally 

differentiated Th1 cells(179). These Ly6C+ Th1 CD4 T cells express more TBET and 

Granzyme B during acute infection, which is silenced ultimately by DNA methylation 

in Tfh (180). During chronic infection Ly6C effector cells are lost (181), and Tfh 
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predominate as a T helper cell subset (182).  In absence of TGFß signaling, we found 

that activated CD4 T cells in the spleen and non-lymphoid tissues express more 

Granzyme B (Fig 2-5d). Gating on activated PD1+ CD49d+ CD4 T cells showed 

increased PSGL1 and Ly6C as well (Fig 2-5e).  Importantly, gating on splenic Ly6C+ 

cells expressed more Eomes and Granzyme protein on a per cell basis (Fig 2-5f), 

indicating the gene pattern by microarray cannot fully be explained by shifts in Tfh vs 

Th1 differentiation or proliferation of TGFßRII deficient Ly6C+ T cells and might 

represent a gain of function.   

Given the increased expression of cytotoxicity associated genes in TGFßR 

deficient CD4 T cells we next evaluated if this phenotype resulted in increased CD4 T 

cell CTL activity during chronic LCMV infection. Cytotoxicity by CD4 T cells does 

occur in-vivo during peak LCMV-ARM response in intact C57BL/6 mice and can be as 

efficient as CD8 T cells (183, 184). CTL-like CD4s are also generated in influenza 

and West Nile Virus infection (185, 186). To test CTL activity during chronic infection 

we performed an in-vivo CTL assay with adoptively transferred 1:1 ratio of CFSE 

labeled β2M-/- splenocytes coated with either NP311 GP126 GP67 (LCMV-Targets) or 

OT-II peptides (OVA-Control) followed by organ analysis.  Indeed acutely infected 

LCMV-ARM mice have decreased proportion of LCMV coated MHC-II+ B cell targets 

to control targets compared to proportions of MHC-II- cells in the same mouse or to 

proportions of MHC-II+ B cell targets in naïve mice, found in both the Spleen and 

Liver.  However at the same time after chronic LCMV Cl13 infection, there is little 

detectable change in LCMV target to control target proportions, indicating minimal in-

vivo MHC-II dependent CTL activity during chronic LCMV infection (Fig 2-5g).  These 
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results suggest, consistent with CD8 effector function, CD4 T cells CTL activity is also 

suppressed early during chronic infection.   

To investigate the role of TGFß signaling on endogenous CD4 T cell cytotoxic 

activity during chronic infection, we transferred target cells into WT or tamoxifen-

treated ERcre TGFßRII deficient mice at day 8 p.i.. Although some experiments 

suggested a tendency towards more CD4 T cell CTL activity in ERcre+ TGFßRII 

deficient animals compared to WT mice, we were unable to reproducibly detect 

increased CTL activity (Fig 2-5h), indicating ablation of TGFß signaling is not 

sufficient to restore CTL activity to CD4 T cells during chronic infection.   

Overall, these results indicated TGFß signaling prevented terminal 

differentiation of CD4 T cells and suppressed aberrant expression of cytotoxic 

associated genes normally not expressed by CD4 T cells but rather in CD8 T cells 

and NK cells.  
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Figure 2-5. Direct TGFβRII signaling in CD4 T cells suppressed terminal differentiation 
and NK/CD8 T cell cytotoxic gene program during chronic LCMV infection.  8 weeks 
post-bone marrow reconstitution with 1:1 mix of WT(CD45.1) and ERcre+TGFβRIIflox/flox (RIIflox-
CD45.2) bone marrow, mice were tamoxifen treated and infected with 2x106 PFU of LCMV 
Cl13  and spleens and tissues analyzed 9 days later. A) FACS sorted CD4+CD8- PD1+CD49d+ 
cells from each compartment were analyzed by microarray.  Representative genes shown as 
a relative heat map of expression values  (Blue = Min; Red = Max) from differentially regulated 
genes (FDR<0.05) B) GSEA analysis and Noramlized enrichment score (NES) score  of 
TGFßRII CD4 T cell array signature compared to different published T cell helper subsets  
generated in-vitro C) GSEA comparison to published exhausted Cd4 and Cd8 T cells 
microarrays during LCMV infection. D) Flow cytometry analysis of Granzyme B in total CD4 T 
cells in tissues.  E) PSGL1 and Ly6C gated on CD4 PD1+ cells   F) Eomes and Granzyme A 
expression gated on Ly6C+ from (d).  G) In-vivo CTL assay in spleen and liver 12 hours after 
transfer 2.5x106 B2M-/- splenocytes coated with LCMV target or control peptides with 500nM 
or 50nM CFSE.  H) In-vivo CTL in LCMV CL13 infected ER-cre+TGFßRII deficient mice 8 days 
p.i.  Representative of 2-3 independent experiments of n=5 mice/group.  
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2.6 SMAD4 and EOMES oppositely recapitulated TGFΒRII deficient CD4 T cell 

phenotype during chronic LCMV infection 

SMAD4 binds and suppresses Granzyme and Perforin cytotoxic loci in CD8 T 

cells in tumors (187). SMAD3 and SMAD4, but not SMAD2 suppresses EOMES and 

not TBET downstream of TGFßRI chemical inhibition to regulate cytotoxic function in 

CD8 T cells allowing control of B16 melanoma bearing C57LB/6 mice in-vivo(188). 

However in CD4 T cells Eomes expression is only mildly SMAD2/3 dependent and is 

functionally JNK dependent in the context of Th17 differentiation in-vivo (189, 190).   

To determine if TGFßRII induced changes are SMAD dependent in activated 

CD4 T cells we again utilized conditional temporal knockout of SMAD4flox allele with 

Tamoxifen responsive ERcre.  Mixed chimeras of 1:1 WT and ERcre+ SMAD4flox were 

allowed to reconstitute for 8 weeks followed by tamoxifen treatment and LCMV Cl13 

infection.  We found that in contrast to TGFβRII deficiency, SMAD4 deficiency during 

infection substantially limited accumulation of both anti-viral CD4 in the blood 8 days 

p.i. (Fig 2-6a).  In addition SMAD4 KO T cells express low amounts of Ly6C, 

Granzyme B, Eomes, and KLRG (Fig 2-6b).  These results correspond to recent work 

using GrzB-Cre to delete SMAD4 in CD8 T cells upon LCMV-ARM infection, which 

identified SMAD4 as a necessary co-factor for c-myc up-regulation to drive cell 

division underlying a similar cellular deficiency (191).  Here we find SMAD4 deficiency 

compromises effector differentiation as well.   

 On the other hand, Eomes is sufficient to drive cytotoxicity genes directly in 

CD8 T cells and NK cells early during immune responses as well as in CD4 T cells in-

vitro (192-194). To test the role of Eomes in modulating antiviral T cell differentiation 

in-vivo we retrovirally transduced SMARTA TCR-transgenic T cells specific for the 
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LCMVI-Ab:GP61-80
+ epitope (195) to express constitutively active Eomes (EOVP16) or 

dominant negative EOMES (EODN) (194) and adoptively transferred T cells into 

C57BL/6 mice prior to LCMV CL13 infection. SMARTA cells were analyzed in the 

blood 9 days after infection.  SMARTA T cells expressing constitutive active Eomes 

significantly increased in number compared to empty vector controls, whereas 

dominant-negative Eomes suppressed T cell accumulation (Fig 2-6c).  Constitutive 

active Eomes also expressed more PSGL1 and Ly6C compared to empty vector 

SMARTA T cells in vivo while dominant negative Eomes reduced Ly6C expression 

(Fig 2-6d). These results indicate modulating Eomes expression partially recapitulates 

the accumulation and terminal differentiation phenotype of TGFßRII deficient CD4 T 

cells during chronic LCMV infection.  

To evaluate the extent of overlap we co-transferred SMARTA over-expressing 

Eomes (IRES-GFP) with SMARTA expressing empty vector (IRES-Thy1.1) into the 

same mice prior to chronic LCMV infection.  Eight days post infection splenic 

SMARTA cells were isolated and analyzed by microarray (Fig 2-6e). Eomes induced 

gene expression pattern overlapped with that of TGFβRII deficiency. Nineteen of 150 

genes upregulated in absence of TGFßRII overlap with the 60 genes upregulated by 

Eomes (Fig 2-6f left).   A heatmap of these overlapping genes, all of which are NK 

associated or cytotoxic molecules including perforin, Granzyme A and K, klrg1, and 

klrc2 are modulated by EOMES in CD4 T cells (Fig 2-6f right).  These changes were 

confirmed by protein via FACS where SMARTA-EOMESVP16 cells were analyzed for 

Eomes and Granzyme A and B expression in a competitive setting (Fig 2-6g).  Indeed 

EOMES expressing cells had higher levels of Granzyme B and Granzyme A in-vivo 

compared to empty vector control SMARTA T cells.  These data indicate a portion of 
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TGFβRII induced changes, including proliferation, terminal differentiation, and 

cytotoxic gene expression can be replicated by constitutively active Eomes.   

Recently ThPOK suppressed CD8 identity and a similar set of cytotoxic genes 

including CD8a in CD4 T cells during development(168).  Indeed cross analysis of 

TGFβRII array targets here with SMARTA-Eomes above or published ThPOK 

deficient CD4+ CD8+ double-positive T cell microarrays shows significant overlap of 

gene networks enriched by GSEA analysis (fig 2-6h).  Similarly, Ezh2 deficiency 

leads to Eomes up regulation in CD4 T cells(169) and Ezh2 microarrays overlap 

substantially with TGFßRII arrays during chronic infection (Fig 2-6h). Overall these 

data suggest SMAD4 and Eomes integrate TGFβ signaling to suppress both number 

and terminal differentiation of CD4 T cells.  TGFβ might also maintain CD4 identity 

distinct from cytotoxic T cells during inflammatory conditions, similar to ThPOK and 

Ezh2.    

Finally we tested whether transfer of EomesVP16 or EomesDN SMARTA cells 

could impact long-term outcome of LCMV infection.  For that, we monitored viremia 

over time after adoptive transfer into individual mice as in (a).  EOMES modulation in 

SMARTA CD4 T cells did not change the outcome of CL13 infection (Fig 2-6i), 

compared to empty vector SMARTA T cell transfer.  These data indicate sustained 

Eomes expression in CD4 T cells does not overtly influence the viral load of chronic 

LCMV infection.  
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Figure 2-6.  SMAD4 and EOMES oppositely recapitulated TGFΒRII deficient CD4 T cell 
phenotype during chronic LCMV infection. A) 8 weeks post-bone marrow reconstitution 
with 1:1 mix of WT(CD45.1) and ERcre+SMAD4flox/flox (SMAD4flox-CD45.2) bone marrow, mice 
were tamoxifen treated and infected with 2x106 PFU of LCMV Cl13  and spleens and tissues 
analyzed 9 days later for the presence of LCMV specific T cells by flow cytometry.  Percent of 
activated PD1+ CD4 T cells after gating on congenic marker. B) Expression of indicated 
markers on PD1+ cells from (A). C) Retroviral over expression of constitutively active EOMES 
(EOVP16) or Dominant negative Eomes (EODN) compared to empty vector (MIG-empty) in 
Transgenic LCMV specific SMARTA+ CD4 T cells (congenic CD45.1+) transferred into 
C57BL/6 mice 24hr before infection and analyzed 9 days later. C) Number of SMARTA T cells 
in the blood 9 d.p.i.  D) Expression of PSGL1 and Ly6C in Eomes modified T cells from (C) E) 
Co-transfer of MIG-Eomes and Thy1.1+ empty vector transduced SMARTA+ T cells analyzed 
9 days post-infection by microarray F) Venn diagram of overlap between genes upregulated in 
absence of TGFbRII and Eomes over-expression (left) and heatmap of 16 overlapping genes.  
G) Granyzme A and B expression in cells from (E). H) Normalized enrichment score (NES) 
from GSEA analysis of TGFßRII regulated genes against, SMARTA-EOMES, CD4+ CD8+ DP 
cells from thPOK-/-, and CD4 T cells from Ezh2-/- mice. I) Viremia of mice from (A) 
determined by plaque assay.  Representative of 2-3 independent experiments of n=4-5 mice 
per group.   
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2.7 Cell-intrinsic TGFβRII signaling in adults does not limit LCMV-specific CD8 

T cell accumulation after established chronic infection 

We found sustained TGFβ signaling in T cells during chronic infection. Many T 

cell fate decisions including Th1 vs Tfh can be made as early as 3 days p.i. in acute 

LCMV (196, 197). To determine cell-intrinsic effects of TGFßRII signaling on 

individual cells types during a therapeutic window of established chronic infection we 

also performed TGFßRII deletion two weeks after LCMV CL13 infection using mixed 

bone marrow chimeras of 50% WT BM and 50% ERcre+TGFßRII bone marrow as 

above.  TGFßRII deletion was initiated starting 12 days p.i. and efficiently deleted in 

blood leukocytes by day 20 p.i. (Fig 2-7a). Spleens were further analyzed at 30 days 

p.i. Late deletion of TGFßRII does not allow accumulation of virus specific Db:GP33-41 

CD8 T cells in the Spleen or peripheral tissues (Fig 2-7b). Antiviral CD8 T cells 

without TGFßRII are also similarly exhausted as WT CD8 T cells in producing IFNγ 

with only minimal differences in TNFα and IL-2 upon cognate peptide stimulation (Fig 

2-7c).  Virus specific CD8 T cells do not have increased KLRG, Granzyme B or 

EOMES expression sans TGFßRII signaling (Fig 2-7d).  Overall these data again 

indicate minimal regulation of antiviral CD8 T cells by TGFß late during established 

chronic infection, in contrast to developmental deletion of TGFßRII in CD8 T cells 

which accumulated anti-viral T cells late in chronic infection.   
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Figure 2-7. Cell-intrinsic TGFβRII signaling in adults does not limit LCMV-specific CD8 T 
cell accumulation after established chronic infection.  8 weeks post-bone marrow  
reconstitution with 1:1 mix of WT(CD45.1) and ERcre+TGFβRIIflox/flox (RIIflox-CD45.2) bone 
marrow, mice were first infected with 2x106 PFU of LCMV Cl13 then tamoxifen treated 
between Days 12-17p.i. and spleens analyzed at day 30 p.i. for the presence of LCMV specific 
T cells by flow cytometry. A) Representative overlays of TGFβRII expression of CD19+ B cells, 
CD4+ and CD8+ T cells post-Tamoxifen in RIIflox and WT animals, MFI of cell types pre and 
post tamoxifen is graphed (right). B) Representative plots and percentage Db:GP31-41

+ of CD8 
T cells in indicated tissues. C) Co-production of intracellular IFNγ, TNFα, IL-2 after 5 hr 
stimulation with GP31-41 specific peptide D) Percent of Db:GP31-41

+ T cells expressing KLRG1, 
Ly6C and Eomes. Representative of 2-3 independent experiments of n=5 mice/group.  

 

2-8. Cell-intrinsic TGFβRII signaling in adults limits LCMV-specific CD4  T cell 

accumulation after established chronic infection  

Next we further compared CD4 T cells in absence of TGFß signaling late after 

LCMV CL13 infection. CD4 T cell proliferation and effector differentiation have largely 

subsided late in infection.  , we  cin proportions of TGFßRII deficient CD4 T cell 

compared to the WT T cell compartment.  While the proportion of proliferating cells 

was decreased compared to 8 days p.i., activated PD1+ TGFβRII deficient CD4 T 
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cells have significantly increased proliferation compared to WT cells (Fig 2-8b), as 

described above for early TGFßRII deletion.  This increased proliferation was likely 

insufficient to increase the numbers of virus specific I-Ab:GP61-80
+ T cells which were 

comparable in WT versus ERcreTGFßRII compartments (Fig 2-8c).  Similarly to early 

TGFßR deletion, we observed no differences in IFNγ expression and again minimal 

increases in TNFα and IL-2 secretion in TGFßRII deficient CD4 T cells upon cognate 

peptide stimulation (Fig 2-8d).  Consistently, we again observed no difference in 

TBET expression between WT and TGFβRII deficient CD4 T cell late in infection (Fig 

2-8e).  We further analyzed Tfh differentiation by BCL6 expression by I-Ab:GP61-80
+ 

LCMV specific CD4 T cells and found similar BCL6 expression with TGFßRII deletion 

(Fig 2-8f), as well as SLAM vs CXCR5 proportions of Th1 and Tfh cells between WT 

and TGFßRII deficient T cell compartments (Fig 2-8g). In contrast to the early 

TGFßRII deletion, there was no significant difference in Treg proportions in CD4 PD1+ 

T cells without TGFß RII late in infection (Fig 2-8h). There is however increased 

TGFΒRII KO T cell differentiation towards PSGL1+Ly6C+ cells (Fig 2-8i) with 

increased Eomes, (albeit similarly low Granzyme B) in both PD1+ and I-Ab:GP61-80
+ T 

cells (Fig 2-8j). These data indicate that similar to TGFßRII deletion before infection, 

receptor deletion after infection does not influence canonical T helper differentiation 

but does repress terminal differentiation and Eomes expression.   
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Figure 2-8. Cell-intrinsic TGFβRII signaling in adults limits LCMV-specific CD4 T cell 
differentiation after established chronic infection.  8 weeks post-bone marrow  
reconstitution with 1:1 mix of WT(CD45.1) and ERcre+TGFβRIIflox/flox (RIIflox-CD45.2) bone 
marrow, mice were first infected with 2x106 PFU of LCMV Cl13 then tamoxifen treated 
between Days 12-17p.i. and spleens analyzed at day 30 p.i. for the presence of LCMV specific 
T cells by flow cytometry.  A) Percentage of activated PD1+ CD4 T cells from each 
compartment in indicated tissues.  B) BrdU incorporation after 16hours in CD4 PD1+ T cells. 
C) Accumulation of CD4 I-Ab:GP61-80  T cells by tetramer staining in indicated tissues from 
either WT compartment (upper) or ERcre+TGFßRIIflox/flox (lower). D) Co-production of 
intracellular IFNγ, TNFα, IL-2 after 5 hr splenocyte stimulation with GP67-77  specific peptide. 
E&F) Overlays and MFI plotted for TBET and BCL6 expression in CD4 I-Ab:GP61-80  T cells, 
Naïve CD4 T cells(Grey), WT after infection (Black) and ERcre+ TGFβRIIflox (Red).  G) SLAM 
vs CXCR5 staining on CD4 I-Ab:GP61-80 T cells. H) FOXP3 expression on CD4 PD1+ cells I) 
PSGL1 and Ly6C gated on CD4 PD1+  J) Eomes and Granzyme B expression gated on CD4 
PD1+ cells. Representative of 2-3 independent experiments of n=5 mice/group.  
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CD4 restricted TGFβRII signaling does not influence the course of chronic 

infection.   

Multiple immune functions including CD4 T cell IL-21 production and Tfh 

escalation, together with CD8 T cell and antibody responses are necessary to control 

chronic LCMV infection (18, 198, 199). To further validate the effect of TGFßRII 

signaling in CD4 T cells in a non-chimeric setting and investigate its impact on CD8 T 

cells, antibody responses, and viral control we used CD4:ERcre TGFβRIIflox mice, 

which allow restricted TGFßRII deletion in CD4 expressing cells upon tamoxifen 

treatment(95). These mice have absence of detectable surface TGFβRII in CD4 T 

cells, but not CD8 T cell or B cells after tamoxifen compared to WT or heterozygous 

mice (Fig 2-9a) and maintained low expression of CD44 activation prior to infection 

(Fig 2-9b). 

 We then infected mice with LCMV Cl13 and investigated CD4 T cell 

responses in blood throughout the course of infection. Again we observed enhanced 

numbers of activated PD1+ CD49d+ T cells in absence of CD4-TGFßRII signaling 

(Fig 2-9c).  These cells also expressed increased PSGL1+ and Ly6C+ in the blood 

after Cl13 infection than WT littermate controls, enriching for terminally differentiated 

Th1 T cells.  Although there was a reduced percentage, the total number of 

progenitor/memory and Tfh subsets, enriched by differential PSGL1 and Ly6C 

expression were not different (Fig 2-9d).  Furthermore, we found GranzymeB and 

Eomes expression was increased in TGFßRII deficient CD4 T cells and maintained 

throughout infection (Fig 2-9e).  We also observed virus specific CD8 T cell number 

over the course of infection and did not observe significant differences between 

CD4:ERcre TGFβRII mice and littermate controls (Fig 2-9f). However we did see a 



67 

   

 

reduction in anti-LCMV specific antibody responses at 30 days post-infection.  While 

CD4-TGFßRII deficient mice had similar total anti-LCMV Immunoglobin (Ig), levels of 

IgG1 were substantially decreased from levels in WT mice.  Whereas levels of IgM 

and IgG2a against LCMV were similar between groups (Fig 2-9g).  Notably, viremia 

persisted to similar degree in CD4-TGFßRII deficient versus WT mice (Fig 2-9h) 

indicating the defect in antibody responses was not significant enough to delay 

control of infection. 

Overall these data suggest TGFß signaling is continuously necessary to 

repress CD4 T cell proliferation and differentiation towards terminal differentiated Th1 

cells both early and late during chronic viral infection. Relief of Th1 terminal 

differentiation via TGFβR ablation alone is, however, insufficient to change the 

outcome of LCMV Cl13 infection and may ultimately compromise Tfh function and 

antibody responses.   
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Figure 2-9. CD4 restricted TGFβRII signaling does not influence the course of chronic 
infection.  A) CD4-ERcre+ TGFβRIIflox/flox (RIIflox) mice, CD4-ERcre+ TGFβRIIflox/+ (HET) 
heterozygous and Cre- littermate controls were infected with 2x106 PFU of LCMV Cl13 . Blood 
was monitored for the presence of LCMV specific T cells by flow cytometry. A) TGFβRII 
expression on B cells CD4 T cell and CD8 T cells prior to infection, MFI for TGFβRII on CD4 T 
cells is graphed.  B) Percentage of activated CD44+ CD62L- CD4 T cells prior to infection.  C) 
Percentage and number of virus specific PD1+ CD49d+

 cells over time post infection. D) 
Percentage and number PSGL1+ Ly6C+ activated CD4 T cells D) Percentage and number of 
Eomes+ GranzymeB+ over time.  F) Percentage and number of virus specific Db:GP33-41

+
 cells 

over time post infection G) Anti-LCMV Ig levels in serum at Day 30p.i. H) Serum viremia by 
plaque assay. Representative of 3 independent experiments of n=4-5 mice/group.  

 
 
 
 
 



69 

   

 

2.10 TGFβ suppression of Eomes-driven CD4 T cell responses is common to 

chronic viral infections in mice 

We next examined if TGFß suppression of Eomes, terminal differentiation and 

cytotoxicity-associated molecules may be extended to chronic infections other than 

LCMV CL13. For that, we infected ERcreRII:WT mixed chimeras with Murine 

cytomegalovirus, MCMV, a latent herpesvirus that is commonly used as model for 

human CMV. Indeed, compared to WT counterparts, there were more activated 

TGFßRII deficient CD4 T cells in the blood 14 days after infection (Fig 2-10a). These 

activated CD4 T cells expressed more KLRG and Eomes, but not Granzyme B (Fig 2-

10b).  These results suggest TGFβ mediated suppression of CD4 T cell expansion 

and Eomes associated terminal differentiation are common to both LCMV and MCMV 

chronic infections.   

 CD4 CTL activity has also been shown by HIV-specific CD4 T cells ex-vivo 

(200). Indeed, Granzyme A expression in CD4 T cells correlates with HLA dependent 

CTL activity in-vitro and predates better outcomes during acute HIV infection (201).  

These data indicate that TGFβ may also restrict CD4 T CTL activity in human T cells 

during chronic infection.  

 

Figure 2-10.  TGFß limits CD4 CTL phenotype in MCMV infection. A) Mixed chimeras with 
TGFßRII deletion prior to 2x104 MCMV infection i.p., CD4 T cells analyzed by compartment for 
indicated markers 14 days p.i. in the blood.  
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Discussion 

Exogenous TGFβ mediated suppression of cytotoxic NK and T cell responses 

to viral infection has been appreciated for some time(202, 203). Indeed enhanced 

TGFβ signaling in T cell is associated with many chronic infections including LCMV in 

mice and HIV in humans (74, 82, 170).  However genetic models of TGFβ1 and 

TGFβRII deficiency succumb to CD4 T cell mediated inflammatory disease early in 

life, precluding analysis of peripheral T cell responses.  Here we show inducible, cell 

type specific deletions of TGFβR signaling vs adaptor SMAD4 have opposing roles 

regulating CD4 T cell numbers and an Eomes-driven terminal differentiation program 

characterized by Eomes, KLRG, Ly6C and Granzymes and other cytotoxic molecules.  

We show that TGFß mediated suppression of CD4 T cell number and Eomes 

expression is common in chronic LCMV and MCMV infections. 

Previous genetics models with inducible deletion TGFßRII signaling have 

indicated a blood based transplantable disease develops in about 2-3 months (204) 

that is largely CD4 T cell dependent in C57BL/6 mice (95, 205).  Increased 

self/microbiome reactivity of CD4 T cells underlie colitis and multi-organ T cell 

infiltration, as antibiotics or non-self TCR Transgenes can alleviate disease 

progression (126, 205, 206). In addition, ablation of TGFßRII during bone marrow 

reconstitution or transfer of TGFßRII deficient CD4 T cells into a severe but not mild 

lymphopenic environment induced pathology in about 6-9 weeks(95, 96, 204). 

Otherwise post-thymic development, deletion of TGFßRII in T cells does not induce 

autoimmunity(95, 96). 

  In multiple infectious and tumor models, dominant negative TGFßRII 

transgenic mice (CD4-dnTGFßRII) have increased responsiveness and function (80, 
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106, 121, 154, 207). Indeed we have shown complete control of LCMV-CL13 

infection by CD4-dnTGFßRII mice(74).  However, this model drives aberrant 

activation of T cells(145).  Indeed progressive auto-immunity, sterility, and reduced 

lifespan are present in many TGFß deficient genetic models; highlighting the 

cost/benefit trade of increased immune activation to defend against pathogens, yet 

protect self (91-93, 96, 145, 151, 156, 176, 205, 208, 209).  Interestingly, a 

TGFβRAP1 allele is also associated with disease progression in HIV infection as well 

as IFN-I responsiveness in HCV infection(210, 211), whereas TGFß1 alleles are also 

associated with susceptibility to Crohn’s disease in humans (212).    

Recently, use of dLCKcre TGFΒRIIflox to minimize autoimmunity, delayed 

exhaustion in tumor responding OT-1 cells but did not substantially change outcome 

in contrast to CD4-dnTGFβRII results(106, 213). Use of this genetic model also did 

not lead to increased CD8 T cell response in B16-OVA tumors or LCMV specific P14 

Transgenic CD8 T cells transferred into C57BL/6 mice before LCMV CL13 infection, 

in contrast to CD4-dnTGFßRII mice above (96, 214).  This group further showed that 

mutant OT-1 epitopes of lower affinity were more sensitive to TGFβ inhibition in-vitro 

than strong agonist peptide epitopes, like LCMV epitopes(96).  Similarly, over-

expression of TGFβ1 in the pancreas can suppress T cell mediated diabetes in NOD 

mice but not in Pancreas driven-LCMV transgenic mice (RIP-LCMV) when triggered 

with LCMV (208, 215). Indeed, initial attempts using early anti-TGFβ or late 

therapeutic of TGFβR chemical inhibition during chronic LCMV have only modestly 

amplified T cell responses reaching insufficient levels to improve viral control, leaving 

the net effect of TGFβ during infection unclear(107, 108).   
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Here we found absence of TGFßRII on endogenous LCMV specific CD8 T 

cells alone does not increase control of chronic viral infection.  Mice deficient in 

TGFßRII signaling in CD8 T cells from birth (CD8-cre) also have increased PD1 

activated T cells as well as KLRG, Granzyme B and Eomes expression prior to 

infection, indicating TGFß does regulate this pathway during development of CD8 T 

cells.  We further show that adult deletion of TGFβRII using ERcre did not influence 

endogenous CD8 T cells responses to multiple viral epitopes.  Together these results 

suggest TGFß signaling minimally alters CD8 T cell response driven by high avidity 

antigen signaling of LCMV epitopes, consistent with studies indicating antigen is 

sufficient to drive exhaustion of CD8 T cells.  CD8+ Tregs also depend on TGFβ 

signaling (216).  Indeed CD8cre TGFΒRII mice resemble transgenic mice lacking 

non-classical MHC-Ib Qa-1 recognition by CD8 Tregs (but not NK cells) and have 

increased Granzyme B and KLRG expression in CD8 T cells but only slightly 

enhanced viral control of chronic LCMV at 45 d.p.i. (217).   Whether there is 

increased autoimmunity in absence of CD8-TGFßRII signaling model, as in the CD8 

Treg deficient Transgenic animal model above is unknown.   

CD4 T cell responses are dampened in chronic infection yet are critical to 

ultimately clear the persisting virus providing both CD8 T cell and B cell help (18, 

218).  TGFβ signaling is known to regulate many T helper subtypes in-vitro.  Here, 

acute deletion of TGFß signaling in-vivo during chronic viral infection directly 

repressed both expansion and terminal differentiation of a CTL gene program in CD4 

T cells normally found in CD8 T cells and NK cells. TGFß signaling minimally effected 

Tregs or Tfh development as well as protocypic Th1 genes TBET and IFNγ.   
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CD4 T regulatory cells (Treg) that express FOXP3 rely on TGFß for 

development in-vitro and in-vivo (175-177). TGFβ mediated induction of Foxp3+ Tregs 

maintain immune system quiescence and prevent reactivity that would otherwise 

promote immuno-pathology (reviewed in (219)).  Recent work has shown that TGFβ 

signaling is not necessary to maintain FOXP3 suppressive activity ex-vivo and 

TGFβRII deletion in adult mice does not lead to spontaneous autoimmunity, similar to 

well-tolerated adult chemical inhibition of TGFβ signaling (95, 101, 102). However the 

proportion of activated Tregs is also increased in chronic LCMV over acute infection 

and Tregs are important to prevent pathology in absence of anti-viral CD4 T cell 

help(178). Here we see modest reduction in Tregs expressing activation markers in 

absence of TGFβ signaling, whereas Total Treg numbers are not affected.  However 

virus specific I-Ab:GP61-80 T cells do not develop into Tregs and the specificity of 

activated Tregs during LCMV CL13 infection remains unknown.   

Chronic LCMV infection leads to the pronounced accumulation of TFH cells  

driven by antigen and increased late IL-6 signaling to promote germinal center B cells 

and virus-specific antibodies(70, 72). At steady state TGFß signaling prevents 

accumulation of Tfh and auto-reactive B cells through CD4 survival and CD8 

dependent mechanisms in-vivo (216).  During acute LCMV infection, TGFβRII 

suppressed Tfh proportions via inhibiting early Cd25 and IL-2 signaling at Day 3 p.i. 

to drive effector differentiation in LCMV-ARM infection, however this phenotype was 

gone by Day 8 p.i.(220). IL-2 is known to promote Th1 expansion and Granzyme B 

expression while decreasing Tfh representation during acute infections in-vivo. We 

also see increased proliferation and Granzymes in Th1 cells but significantly 

decreased CD25 expression by microarray.   
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In our model, expanded CD4 effector numbers slightly decreases Tfh and 

Treg proportions, but not overall numbers, early during infection. Consistently, late in 

infection when proliferation is reduced, we saw no intrinsic change in Treg or Tfh cell 

proportions in absence of TGFßR. BCL6 levels were also the same of TGFßR 

sufficient and deficient virus specific I-Ab:GP61-80
+ CD4 T cells. Virus specific CD8 T 

cell responses are also intact with CD4 T cells sans TGFß signaling, despite CD4 

terminal differentiation, however anti-LCMV specific IgG1, but not IgG2a, responses 

were significantly diminished in absence of CD4-specifc TGFßRII signaling.  This 

suggests Tfh function is somewhat compromised by CD4 terminal differentiation.  

Interestingly CD4 T cells have lower antigen affinity than CD8 T cells perhaps 

making them more sensitive to TGFß signaling. In fact, TGFβ regulates the 3 

common signals needed for T cell activation suggesting a more general mode of 

action in T cell differentiation (80, 95, 126, 206, 221-225).  TGFß signaling and SMAD 

proteins have relatively low binding affinity (86, 226) and associate with different 

master regulators in different cells types (89) to influence gene transcription by 

recruitment of different epigenetic modifiers to gene promoters (227).  One epigenetic 

modifier, EZH2, of the Polycomb repressive complex 2 (PRC2) puts down the 

silencing H3K27me3 histone mark and is important in determining CD4 T cell fate 

(165).  Indeed, we found a EZH2 gene network by microarray analysis enriched in 

TGFßRII deficient CD4 T cells, highlight a potential lack of targeting EZH2 to these 

TGFß regulated loci. In support of this hypothesis, a recent report showed Eomes 

and Granzyme B are upregulated in absence of Ezh2 in CD4 T cells in-vitro (169). 

 EZH2/methyltransferase inhibitor DNzep also increase Eomes in CD4 T cells in-vivo 

during graft vs host disease (228).   
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In addition, using CD4cre SMAD2 or SMAD4 conditional KO CD4 T cell in-

vitro, Wang et al (229) showed TGFß/SMAD4 signaling (in the presence of IL-4) 

bound to and displaced EZH2 and H3K27me3 to activate IL-9 production.  Indeed, 

SMAD proteins also recruit JMJ3D3 demethylase (of the PRC2-H3K27me3) to 

Eomes during development (230) and JMJD3 is required for TGFβ dependent IL-17 

induction in CD4 T cells(231). TGFß mediated repression of EOMES is also required 

for IL-17 production in-vitro(189). Overall these suggest TGFß/SMAD signaling 

modulates Eomes through positive and negative H3K27me3 dynamics.  

Master regulator Th-POK is important for enforcing CD4 identity and 

repressing Eomes, Runx3, and cytotoxic molecules normally induced by Runx3 in 

CD8 T cells like GrzB and Perforin (233-235). CD4-Th1 cells, however, do express 

Granzyme B and high levels of Runx3 (236). By microarray comparison we found 

TGFβRII gene network resembles THPOK deficient CD4 T cells. SMAD2/3 proteins 

are known to complex with ThPOK, RUNX3 and EOMES, therefore TGFβ signaling 

may be in part responsible for ThPOK mediated maintenance of CD4 T cell fate 

during inflammatory responses driving T cell cytotoxicity.   

TGFßRI inhibition upregulates Eomes and CD8 CTL activity against B16 

melanomas through SMAD4 degradation (188).  We found SMAD4 was unexpectedly 

required for accumulation of activated CD4 and CD8 T cells in response to infection 

as well as increased Eomes and Granzyme B expression.  Similarly, published work 

using inducible GrzB-Cre in CD8 T cells found deletion of SMAD4 reduces 

accumulation of activated T cells substantially due to failure to upregulate c-myc and 

cellular proliferation(191). Interestingly, CD4-cre SMAD4 deficient mice have 

enhanced T cell response to B16 tumor cells (and increased colon pathology and 
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cancer), perhaps highlighting differences in developmental deletion vs acute deletion 

of an important scaffold protein (162, 191). Indeed SMAD4 serves as a co-factor for 

both Notch and Wnt signaling which upregulate c-myc as well as Eomes in T cells in-

vitro as well as compromise effector differentiation in-vivo when absent(229, 232). 

This crosstalk might preclude analysis of the role of TGFβRII related SMAD4 during T 

cell differentiation. 

CD4 T cells expressing CD8 associated CTL markers have been described in 

human chronic infections, yet their contribution to viral control has yet to be shown 

conclusively (13). Recently Brown et al have shown CD4-Perforin dependent control 

in lungs of influenza infected mice(237, 238).  Antigen, IL-12, and IL-2 induce Eomes 

and Granzyme expression in CD8 T cells in-vitro and CD4 T cells in-vivo (239, 240), 

however IL-12 and IFN-I inflammation rather than IL-2 is necessary for Eomes 

expression during CD4 CTL differentiation in Influenza infection(241) where Eomes is 

required for CD4 CTL activity after OX40L and CD134 agonist treatment in-vivo (242).  

Here we show reduced CD4 Granzyme expression and CD4 CTL function in chronic 

infection compared to acute LCMV infection that correlates with high and low TGFß 

signaling in T cells.  

Interestingly, Granzyme A production and in-vitro cytotoxicity by CD4 T cells 

correlates with improved outcome after acute HIV infection (201). Low TGFß 

production in HCV specific CD4 T cells during acute co-infection of HIV patients also 

is predictive of HCV clearance. Here we show a clear decrease of CD4 CTL activity 

during chronic infection. However, relief of TGFß signaling was not sufficient to 

restore CD4 CTL activity during chronic infection. The relevance of CD4 granzyme 

expression and TGFβ signaling to chronic LCMV infection remains unknown, but 
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might be subordinate to existing negative regulators, like PD1, to dampen T cell 

function. Importantly reduced CD4-TGFβ signaling also does not cause loss of control 

of LCMV CL13 infection. Overall we found TGFβ signaling on either CD4 or CD8 T 

cells does not alter the viral load during infection. 

High Eomes expression is associated with CD8 T cell exhaustion where 

antigen-dependent expression is necessary for CD8 T cells to control viral infection 

(41) and is also expressed late but not early in exhausted CD4 T cells in chronic 

LCMV. Eomes has also been shown to drive terminal differentiation of CD8 

exhausted T cells from TbetHI effectors (193, 194). In our hands, Eomes is sufficient 

to drive terminal differentiation in a CD4-Th1 response.  Recent microarray analysis 

of virus specific CD4+ T cells from LCMV Cl13 infected mice shows a transcriptional 

signature distinct from the canonical CD4+ T cell fates(69). Interestingly, Crawford et 

al (69) found that high expression of EOMES was restricted to distinct BLIMP1hi (Th1) 

populations of CD4+ T cells late during infection that were most exhausted, lacking 

TNF and IL-2 production (181). We do see enrichment of TGFβRII deficient CD4 T 

cell gene network in both exhausted CD4 and CD8 T cells late in chronic infection 

that express high Eomes, suggesting TGFβ signaling could prevent some exhaustion, 

likely by down-regulating antigen singling. The role of Eomes in promoting CD4 T cell 

exhaustion later during infection remains unknown.  

Therapeutic treatments blocking TGFß signaling are currently being tested in 

a variety of human cancers.  Anti-TGFß treatment did not change the outcome of 

chronic LCMV viral infection. Early blockade led to small increases in CD4 and CD8 T 

cell responses in part similar to our proximal receptor deletion(108), whereas late 

blockade saw no increase in anti-viral CD8 T cell responses or viremia but CD4 T 
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cells were not examined (107).  Similarly we did not see positive anti-viral activity 

during deletion of TGFßRII in either CD8 or CD4 T cells.  We have previously shown 

that direct TGFßRII signaling on NK cells or Dendritic cells does not influence the 

outcome of chronic LCMV(171).  It remains open whether therapeutic blockade of 

TGFß signaling would be effective anti-viral treatment without inducing organ 

pathology.  
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Chapter 3: TGFβ mediated pathology during chronic viral infection 

 

 Chronic infections cause marked increased in pathology due to both ongoing 

viral replication as well as inflammation and host immune response.  Chronic infection 

induced Immune exhaustion is important for preventing death during chronic LCMV 

infection.  Here we found TGFß/SMAD4 signaling is essential to prevent mortality 

after LCMV and MCMV persistent viral challenge. TGFβ signaling was continuously 

necessary during infection as this pathology appeared upon TGFβ-R deletion both 

early before viral challenge and late during an established chronic infection. 

Importantly this pathology was hematopoietic based but independent of TGFβ 

signaling on the adaptive immune response.   
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Introduction 

Chronic viral infections induce pronounced bone marrow aplasia, liver, lung 

kidney and gut dysfunction.  Indeed dampening of immune response is important to 

protect from pathology during the extended immune activation caused by chronic 

infection (243-245). TGFß is a pleiotropic cytokine with critical roles in the 

development of the hematopoietic system (84, 85). TGFß1 null mice or T cell specific 

targeting of TGFß-RII deficiency results in lethal multifocal inflammatory diseases by 

3-4 weeks of age (90-92).  Less complete abrogation of signal using a T cells specific 

dominant negative receptor transgene or conditional deletion of TGFß1 ligand 

allowed early onset autoimmunity symptoms and colitis apparent at 4-6 months of 

age (91, 93, 94, 126, 205, 206). Innate cells such as NK cells and macrophages are 

also affected by TGFß signaling in-vivo but without spontaneous disease(121, 246) 

however Dendritic cell specific TGFßRII deletion increased IFNγ production and long-

term autoimmunity(156).  

Ligation of TGFß signals ALK5 phosphorylation of SMAD2/3 and subsequent 

binding to nuclear shuttling adapter SMAD4(87).  TIF1γ also competes for SMAD2/3 

binding and has opposing roles to SMAD4 in hematopoiesis (88).  SMAD DNA 

binding activity is weak and overlays strongly with ‘master’ regulators of any given cell 

type (89), hence the gene targets and role in regulation seems unique to many cell 

types. While conditional T cell specific SMAD2flox/SMAD3 double KO mice 

recapitulate inflammatory phenotype (190, 247), CD4cre-SMAD4 mice do not develop 

spontaneous autoimmunity. Hence the role of TGFß/SMAD signaling in the adult 

immune response to pathogens remains incompletely understood..    
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 Importantly, long-term treatment of mice or humans with TGFß antagonists 

does not lead to the severe autoimmune phenotype of TGFß deficiency during 

development.  Hence, the developmental abnormalities in T cells has precluded 

analysis of the direct effects of TGFß signaling in-vivo on individual cell types, 

especially during immune response to pathogens.   

Here we utilize a temporal system to modulate TGFß/SMAD signaling in adult 

mice and examine the contribution of TGFß signaling to the immune response to 

chronic LCMV infection. We show that inducible genetic ablation of TGF-β receptor 

(RII) or SMAD4 before infection resulted in rapid mortality upon chronic (but not 

acute) LCMV infection. Genetic TGFßRII ablation late after an established chronic 

infection also induced morbidity.  This mortality was T cell independent.   

 

Materials and Methods 

Mice and viral stocks.  C57BL/6 (CD45.2), B6.SJL-PtprcaPep3b/BoyJ 

(CD45.1) and ERt2-cre mice were purchased from The Jackson Laboratory (Bar 

Harbor, Maine). CD8-cre;TGFβRIIflox (Exon2) were generously provided by Dr. M. Li 

(Sloan Kettering). SMAD4flox mice on a C57BL/6 background were provide by Dr. 

Frank Jirik (University of Calgary)(162).  Hemizygous ER-cre mice were bred to 

TGFβRIIflox/flox mice (126) or SMAD4flox/flox both on C57BL/6 backgrounds. CD4-ERcre 

knock-in mice crossed to TGFβRIIflox/flox (Exon3/4) were generously provided by Dr. T. 

Buch (95). CD11c-dnTGFßRII mice were kindly provided by Dr. Flavell (Yale)(121). 

1:1 mixed chimeras were generated by transferring 2x106 bone marrow cells of each 

indicated genotype into irradiated CD45.1 mice and allowed 8 weeks to reconstitute.  

For gene deletion, 1mg/day Tamoxifen (Sigma) emulsified in Sunflower seed Oil 
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(Sigma) was injected intraperitoneal (i.p.) for 5 days and mice were used for 

experiments 7 days after last treatment.  For gene deletion after infection mice were 

injected for 5 days starting 12 d.p.i.. 6-12 week old mice were infected intravenously 

(i.v.) with 2x106 plaque forming units (PFU) of LCMV Cl13 or 2x104 PFU of MCMV 

(Smith strain) i.p.  All viruses were grown, identified, and quantified as previously 

described (24, 127).  Mice were maintained in a closed breeding facility in compliance 

with the requirements of the National Institutes of Health and the Institutional Animal 

Care and Use Guidelines of the University of California San Diego. 

Serum analysis. Whole blood was centrifuged for 15 min at 2000g and serum 

collected at indicated time point post-infection.  Mouse 23 parameter serum chemistry 

panel was run by UCSD core veterinary services. Serum cytokine production was 

analyzed by 20-plex mouse cytokine panel using Luminex beads (life technologies).    

Statistics.  Survival curves were compared using log-rank(Mantel-Cox) test. 

All analyses were carried out using GraphPad Prism 6.0. *P ≤ 0.05, **P ≤ 0.005, 

***P ≤ 0.001. Animal groups were matched unblended, by litter, age and sex, no 

statistical methods were used to predetermine sample size.  

 

Results 

3.1 Early TGFßRII signaling prevents pathology during chronic, not acute viral 

infection 

To examine the contribution of TGFß signaling toward immune regulation 

during chronic viral infection we used a temporally controlled ERcre strain crossed to 

TGFßRII conditional allele (TGFßRIIflox/flox) to proximately delete the TGFßRII using 

injection of Tamoxifen (TAM) in adult mice as performed in chapter 2 above (123). 
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 Mice were subsequently infected with 2x106 PFU high dose LCMV CL13 to establish 

chronic infection.  Both Tamoxifen treated WT and TGFßRII heterozygous mice 

survive the duration of infection past 120 days. In contrast, approximately 10-15 days 

post infection age and sex-matched littermate TGFßRII deficient mice succumbed to 

infection displaying excessive hunching, scruffiness, and shivering (Fig 3-1a).   

To test whether general acute inflammation post-infection was sufficient to 

cause death we took similar groups of tamoxifen treated ERcre+ and ERcre- 

littermates and infected them with acute strain LCMV-ARM.  Acutely infected ERcre+ 

TGFßRII deficient mice survived the course of acute infection similar to WT littermate 

controls (Fig 3-1b), indicating a transient strong anti-viral response was not sufficient 

to cause rapid death, compared to continuous inflammation in chronic viral infection. 

Of note, TGFßRII deletion in adult mice followed by acute infection does eventually 

lead to a lethal inflammatory disease at about 3 months of age, consistent with 

previously published results using Mx1-Cre mice inected with polyI:C to delete the 

TGFßRII, and seemingly unrelated to initial acute infection.  However both polyI:C for 

Mx1 and LCMV infection used here induce strong Type-I Interferon responses that 

could be a trigger for late onset inflammatory disease.  

To address the nature of pathology induced by chronic viral infection we 

measured serum levels of multiple clinical chemistry parameters of organ function.  

While chronic infection induced general pathology we found TGFßRII deficient mice 

had increased ALT, AST, and Bilrubin indicating slightly more Liver and Kidney 

pathology (Fig 3-1e).  We next measured a panel of inflammatory cytokine levels in 

serum of both acute and chronically infected WT and TGFßRII deficient mice.  

TGFßRII deficient mice infected with chronic LCMV had increased levels of many 
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cytokines associated with innate IL-1 responses at 9 days post-infection (Fig 3-1f).  

Cytokines were hierarchically clustered by expression pattern as individual mice after 

indicated infection and genotype.  Importantly, this inflammatory increase was not 

present during acute infection of TGFßRII deficient mice compared to their WT 

littermate controls (Fig 3-1f).  Overall these data indicate TGFß suppressed a 

generalized inflammatory environment with increased organ damage during chronic, 

but not acute LCMV infection.   

 

Figure 3-1. Early TGFßRII signaling prevents pathology during chronic, not acute viral 
infection.  ERcre+ TGFβRIIflox/flox mice (KO) and littermate controls ERcre+ TGFβRIIflox/+(HET) 
or ERcre--TGFβRIIflox/flox (WT) mice were treated for 5 days with 1mg/day Tamoxifen I.P., then 
5 days later infected with  2x106 PFU of LCMV ARM or LCMV Cl13 I.V.  Blood was analyzed 
for A) Survival curve after chronic infection LCMV-CL13. B) survival after acute infection 
LCMV-ARM. C)  Serum chemistry profile of WT and KO mice during LCMV-CL13 infection. D) 
Expression in pg/mL of indicated cytokine (rows-right) is shown as a relative heatmap 
normalized to each row mean and standard deviation where columns (top) are individual mice 
in LCMV ARM or CL13 infection. Hierarchical clustering of Serum Inflammatory profile is 
shown.  Pooled results of 2-3 independent experiments of n=4-7 mice/group. 
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3.2 TGFßRII signaling does not suppress viral replication 

Intermediate doses of LCMV Cl13 can fail to induce T cell exhaustion and 

cause enhanced mortality and tissue pathology partially dependent on NK cells and 

CD4 T cells (113, 245) for CD8 mediated Liver (ALT) and Lung pathology (244). 

During acute LCMV-ARM infection, WT and TGFßRII deficient mice both efficiently 

controlled virus in 1 week (Fig 3-2a).  Chronic LCMV persists in the blood at high titer 

for up to 60 days.  Importantly, deletion of TGFßRII did not influence viremia before 

death in chronic infection(Fig 3-2b).  TGFßRII deficiency also did not influence viral 

titers in peripheral tissues 9 days after infection (Fig3-2c). These data indicate 

undetectable net increase in anti-viral activity in absence of TGFß signaling. 

 

Figure 3-2. TGFßRII signaling does not suppress viral replication.  ERcre+ TGFβRIIflox/flox 

mice (KO) and littermate controls ERcre+ TGFβRIIflox/+(HET) or ERcre--TGFβRIIflox/flox (WT) 

mice were treated for 5 days with 1mg/day Tamoxifen I.P., then 5 days later  infected with 
2x106 PFU of LCMV ARM or LCMV Cl13 I.V.  Blood was analyzed for A) Viremia by plaque 
assay at days 5 and 9 post-infection (p.i.) with LCMV-ARM B) Viremia after LCMV-CL13 
infection. C) Viral load in tissues 9 days p.i. with LCMV-CL13.  Representative of 2-3 
independent experiments of n=4-7 mice/group. 

 

 

3.3 TGFßRII signaling late in established chronic infection to prevent pathology 

The immune response to chronic LCMV is very dynamic becoming both 

exhausted after a canonical anti-viral IFN-I response and continuously responding 

with late waves of inflammatory molecules such as IL-6 at later time points (32, 248). 

To test if pathology caused by induced TGFßRII deficiency during chronic infection is 
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unique to early inflammatory events we ablated TGFßRII signaling after the 

establishment of chronic infection and T cell exhaustion during a time of potential 

therapeutic intervention.  ERcre+TGFßRIIfl/fl mice and littermate controls infected with 

2x106 PFU of LCMV CL13 were injected starting 12 days p.i. with Tamoxifen for 5 

days and checked for receptor expression at 20 days p.i.. We have previously shown 

TGFßRII deficient mice lost over 90% of receptor expression with this treatment 

(Chapter 2). Again, WT and TGFßRII heterozygous mice survived the course of 

infection, whereas TGFßRII deficient mice presented with similar wasting disease of 

hunched, scruffiness and shivering and succumbed to death with only slightly delayed 

kinetics compared to TGFßRII deletion before infection, approximately 25 days after 

receptor deletion (40 days post-infection, (Fig 3-3a).  Similar to early deletion of 

TGFßRII, pathology was not accompanied by uncontrolled viral replication as WT and 

TGFßRII deficient mice had similar viremia after late deletion (Fig 3-3b).  This 

indicates that TGFß signaling is essential for host survival during the continuous 

inflammatory course of chronic infection.   

 

Figure 3-3. TGFßRII signaling late in established chronic infection to prevent pathology. 
ERcre+ TGFβRIIflox/flox mice (KO) and littermate controls ERcre+ TGFβRIIflox/+(HET) or ERcre--

TGFβRIIflox/flox (WT) mice were first infected with 2x106 PFU LCMV-CL13 and tamoxifen 
treated Days 12-17 to delete TGFβRII. A) Survival curve of mice after infection. B) Viremia 
after late deletion of TGFβRII starting Day 12 post- chronic infection with LCMV CL13. Pooled 
results of 2 independent experiments of n=4-5 mice/group.  
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3.4 Cell intrinsic, hematopoietic TGFßRII and SMAD4 signaling prevent 

pathology during chronic infection 

To further isolate direct effects of TGFß on the immune response to LCMV we 

generated mixed bone marrow chimeras of 50 percent WT (CD45.1) bone marrow 

and 50 percent ERcre+TGFßRIIfl/fl (RIIflox) bone marrow into lethally irradiated CD45.1 

host mice. Eight weeks post reconstitution, mice were tamoxifen injected to delete 

TGFßRII and subsequently infected with high dose LCMV CL13.  Interestingly, 

chimeric mice also succumbed to infection with similar kinetics as intact TGFßRII 

deficient mice (above), whereas tamoxifen treated chimeras without infection survived 

past 120 days (Fig 3-4a).  This indicates a pathology that is a hematopoietic based, 

dominant phenotype induced by LCMV chronic infection.   

To address whether this pathology was unique to LCMV chronic infection, we 

infected similar mixed chimeric animals with MCMV.  While MCMV persists at a much 

lower level, it still drives accumulation of adaptive immune effectors over time. Indeed 

MCMV infection led to wasting and death of WT:ERcre RII flox mixed chimeras within 

60 days of infection (Fig 3-4b). This is significantly delayed from rapid death following 

LCMV CL13 infection, however might be explained by the lower overall inflammation 

during MCMV infection.    

 Adapter molecules SMAD4 and TIFγ mediate different pSMAD2/3 effects of 

TGFß on hematopoiesis.  We next wanted to ask whether canonical signaling adapter 

SMAD4 was necessary for TGFßRII related pathology during infection.  Similar to 

published inducible model using mx1-Cre, Tamoxifen treated ERcre+ SMAD4flox mice 

rapidly wasted away within 2-3 weeks (not shown), likely due to non-hematopoietic 

defects in endothelial cells and colon(249), where hematopoietic reconstitution is 
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normal without SMAD4, unlike pathological absence of TGFßRII(250). To address 

SMAD4 in the hematopoietic immune response we created mixed bone marrow 

chimeras of 1:1 ERcre+SMAD4fl/fl (SM4flox) bone marrow with WT bone marrow.  

Chimeric mice were treated as above to delete SMAD4 gene before LCMV CL13 

infection.  ERcre+SMAD4fl/fl mixed chimeras also succumbed to death with two weeks 

of infection (Fig3-4c). Again, uninfected chimeras survived past 100 days post 

SMAD4 deletion. Overall these data indicate TGFßRII and SMAD4 are required in the 

hematopoietic compartment to protect against lethal pathology during chronic 

infections.   

 

Figure 3-4.  Cell intrinsic, hematopoietic TGFßRII and SMAD4 signaling prevent 
pathology during chronic infection. 8 weeks post-bone marrow reconstitution with 1:1mix of 
WT(CD45.1) and ERcre+ TGFβRIIflox/flox (RIIflox-CD45.2) bone marrow or ERcre+ SMAD4flox/flox , 
mice were tamoxifen treated before infection as above and infected with 2x106 PFU of LCMV 
Cl13, 2x104 PFU MCMV, or PBS as indicated. A) Percent survival WT:RIIflox  chimeras post 
LCMV CL13 infection.  B) Percent survival post MCMV infection.  C) Percent survival of 
WT:SMAD4flox chimeras after CL13 infection.  Pooled results of 2 independent experiments of 
n=3-5 mice/group.  

 

3.5 CD8 T cells, CD4 T cells, NK cells and Dendritic cells alone are not 

responsible for TGFßRII induced pathology 

Virus induced death 10-15 days p.i. is consistent with an exaggerated 

adaptive immune response, namely cytotoxic CD8 T cell mediated killing of target 

cells.  However we previously found the magnitude of CD8 T cell responses against 

both the acute and chronic strain of LCMV were similar between intact WT mice and 
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TGFßRII deficient mice (Chapter 2).  To further eliminate lack of TGFßRII in CD8 T 

cells as a cause of death we infected CD8cre TGFßRII deficient mice that lack 

TGFßRII solely in CD8 T cells from birth.  TGFßRII expression in blood lymphocytes 

is only absent on CD8 T cells, not CD4 T cells or B cells.  CD8-TGFßRII deficient 

mice survive infection similar to WT littermate controls (Fig 3-5a).   

Constitutive ablation of TGFß from birth result in a CD4 based lethal 

inflammatory disease resulting in multi-organ T cell infiltrates and pathology (90, 92, 

205).  To assess the role of CD4 T cells in infection induced pathology again utilized 

a temporal system, now restricted to Cd4 promoter driver ERcre protein. CD4-

ERcre+TGFßRII deficient mice were tamoxifen treated prior to infection with LCMV 

Cl13.  CD4-TGFßR deficient mice survive chronic infection similar to WT littermates 

indicating CD4 T cells are not required for this pathology (Fig 3-5b). NK cells are 

important rheostats of chronic infection and can prevent CD4 accumulation and death 

in chronic LCMV.  Using transgenic mice expressing a dominant negative TGFßRII in 

CD11c+ Dendritic cells and NK cells we found reduced TGFß signaling in innate cells 

also does not lead to pathology (Fig 3-5c). Overall these data indicate rule out many 

known causes of pathology during chronic infection and leave open the possibility of 

defects in monocytes and erythrocyte lineages.   
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Figure 3-5. CD8 T cells, CD4 T cells, NK cells and Dendritic cells alone are not 
responsible for TGFßRII induced pathology. Mice of indicated genotype and cre- littermate 
controls (WT) were infected with 2x106 PFU of LCMV Cl13 I.V. A) Survival of CD8cre+ 
TGFβRIIflox/flox   B) Survival curve CD4-ERcre+ TGFβRIIflox/flox after Tamoxifen treatment and 
infection as before C) Survival of CD11c-dnTGFßRII transgenic mice to littermate controls.  
Pooled results of 2-3 independent experiments of n=3-6 mice/group. 

 

Discussion 

Previous genetics models with inducible deletion TGFßRII signaling have 

indicated a blood based transplantable disease develops in about 2-3 months (204), 

which is largely CD4 T cell dependent (95, 205).   In addition, ablation of TGFßRII 

during bone marrow reconstitution or transfer of TGFßRII deficient CD4 T cells into a 

severe but not mild lymphopenic environment induced pathology in about 6-9 weeks.  

We see TGFßRII deficient mice acutely infected with LCMV-ARM succumb to 

death at 3 months of age, seemingly unrelated to initial infection and similar to 

inducible Mx1-cre TGFßRII mice. Using Cd11c-Cre, Raminglan et al recently showed 

TGFßRII is necessary for DC homeostasis in-vivo and ultimately leads to 

autoimmunity in 4-6 months(156). Whereas others have shown monocyte deletion 

using LysM-Cre TGFßRII flox mice to be normal and healthy but have increased 

tumor metastasis(251).  Both models have increased IFNγ from myeloid cells, albeit 

at different tissue sites, lung and spleen/tumor respectively.  

During chronic infection we show rapid mortality upon chronic infection in 

absence of TGFß signaling on hematopoietic cells.  We further show TGFßRII 
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deficiency in Cd4 or Cd8 T cells alone was not sufficient to induce pathology of 

TGFßRII deficiency.  We also show that TGFß signaling on dendritic cells or NK cells 

alone, using a dominant negative receptor transgene expressed by CD11c+ cells, 

does not cause excess pathology during chronic infection (171).   In addition to anti-

viral CD4 and CD8 T cell responses, inflammation in chronic infection puts a large 

strain on the hematopoietic system, causing bone marrow aplasia, thymic atrophy, as 

well as large inflammatory monocyte generation and all possibly contribute to 

increased pathology seen here(29, 243, 252, 253).  Indeed we see a strong 

inflammatory profile in the blood of activated innate responses in absence of 

TGFßRII, similar to cytokine storms in septic mice.  Indeed a large inflammatory 

monocyte population is generated during chronic but not acute LCMV infection (29). 

This population resembles suppressive MDSCs and limits Cd8 T cell responses.  

TGFß may be important for suppressing ROS activity in these cells.  The 

hematopoietic cellular target of TGFß signaling during chronic infection remains 

unknown, but is distinctly different than self-reactivity during development or long-

term autoimmunity.   

Therapeutic treatments blocking TGFß signaling are currently being tested in 

a variety of human cancers.  Interestingly, in a melanoma model, anti-tumor effects 

were dependent on Neutrophil enhancement of CD8 activity.  Anti-TGFß treatment 

did not change the outcome of chronic LCMV viral infection (107, 108). Importantly, 

neither treatment study reported pathology or death, nor reported the extent to which 

TGFßR signaling was abrogated.  In contrast we find both early and late deletion of 

TGFßRII leads to lethality during LCMV CL13 and MCMV chronic infections.  
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However, similar to previous reports we see do not see positive anti-viral activity 

during early or late deletion of TGFßRII. 

SMAD4 deficiency is also embryonic lethal, but mx1-cre conditional mice 

show a non-hematopoietic intestinal hemorrhage in the colon and death 5 weeks 

post-gene deletion without systemic lymphocyte infiltration of TGFßRII deficiency, 

where SMAD4 deficient T cell also cause similar colon pathology (162, 254).  Indeed 

we also found deletion of SMAD4 via ER-cre in adult mice led to rapid lethality within 

two weeks without infection (not shown). In isolating the blood compartment through 

mixed bone marrow chimeras we found non-infected SMAD4:WT chimeras are 

healthy, but waste away upon chronic infection.  Previously, inducible SMAD4 

deletion in hematopoietic cells does not lead to overt disease, similar to what we find 

in non-infected mixed chimeras (250). Similarly SMAD7 overexpression to dampen 

TGFß signaling does not lead to spontaneous blood based inflammatory disease 

(255).  

In contrast deletion of T cell SMAD4 can actually rescue TGFßR deficiency 

induced spontaneous autoimmunity (191).  Indeed we have previously found 

(Chapter 2) SMAD4 deficiency limits both activated CD4 and CD8 T cell accumulation 

and effector differentiation, a opposite phenotype from TGFßRII in T cells(188). In 

contrast we find that during chronic infection, absence of SMAD4 leads to excessive 

pathology similar to TGFßRII, and not dependent on T cells lacking TGFß signaling.  

 Our data clearly highlight differences between developmental and inducible 

genetic models as a window into potential therapeutics.  By understanding the cell 

specific roles of TGFß/SMAD in-vivo in the context of therapeutic treatment of 
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persistent infections we may be able to maximize therapeutic potential while limiting 

unintended pathology.   
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Conclusion 

 

 Chronic viral infections remain a global health burden.  Both preventative and 

therapeutic vaccination strategies have not proved successful for HCV, HIV chronic 

infections largely due to the evolved nature of the pathogen to continuously elude T 

cell and neutralizing antibody responses (256, 257).  Study of the immune response 

in animal models of chronic infection has led to many new avenues of immune based 

therapies to amplify immune responses and reduce viral loads. These same 

molecules might also potentiate vaccine strategies to treat chronically infected 

individuals.  

 Here we study the role of immunosuppressive TGFß signaling on the immune 

response to chronic infection in mice.  TGFß was originally identified as a tumor-

promoting molecule secreted by tumors, however it also has a role signaling on the 

immune system to suppress T cell responses.  As such anti-TGFß molecules are in 

clinical trials to treat melanoma and a variety of targeting strategies have been 

developed(103).  We and others have reported increased TGFß signaling in the 

immune system during human and mouse chronic infections.  

 Prophylactic attempts to block TGFß signaling in mice at the start of chronic 

LCMV infection showed increased adaptive CD4 and CD8 T cell responses in the first 

week, but this was not sufficient to reduce viral burden(108).  In addition therapeutic 

chemical inhibition of TGFßRII signaling later during established LCMV infection did 

not increase T cell responses substantially(107).  As TGFß has a complex activation 

process that occurs during antigen contact at cell synapses, the ability to block TGFß 

signaling on individual cell types is unknown(87, 103).   
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Here we use genetic systems to modulate TGFßRII and SMAD4 availability in 

a cell type specific and inducible manner similar to therapeutic attempts.  We found 

that TGFß signaling minimally influenced Dendritic cell or NK cell responses early 

during infection.  We further found TGFß signaling did not substantially alter antiviral 

CD8 T cell number and function during chronic infection.  TGFß signaling did however 

influence CD4 T cell differentiation.  Preventing TGFß signaling on any of these cell 

types alone did not provided protection from viral persistence. Importantly, we found 

TGFß signaling did prevent hematopoietic-based pathology during chronic infection, 

which should be considered in therapy design.   

Many immune stimulatory and inhibitory molecules have been tried 

therapeutically in chronic LCMV infection without success.  Indeed many stimulatory 

molecules cause pathology early in infection similar to death we observe in absence 

of TGFßRII signaling.  Yet only PD1 blockade has been sufficient to alleviate CD8 T 

cell exhaustion and lead to durable reduction in viral load.  However combination 

therapies of many flavors synergize with PD1.  Therefore it is likely that while TGFß 

does have immunosuppressive effects during chronic infection, other dominant 

signals such as antigen and PD1 continue to suppress T cell function.   
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