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Abstract

Lymphocytic choriomeningitis virus (LCMV) is the prototypic arenavirus and a natural mouse 

pathogen. LCMV Armstrong, an acutely resolved strain, and LCMV Clone 13, a mutant that 

establishes chronic infection, have provided contrasting infection models that continue to inform 

the fundamental biology of T cell differentiation, regulation of exhaustion, and response to 

checkpoint blockade. Here, we report the isolation and characterization of LCMV Minnesota 

(LCMV-MN), which was naturally transmitted to laboratory mice upon cohousing with pet shop 

mice and shares 80–95% amino acid homology with previously characterized LCMV strains. 

Infection of laboratory mice with purified LCMV-MN resulted in viral persistence that was 

intermediate between LCMV Armstrong and Clone 13, with widely disseminated viral replication 

and viremia that was controlled within 15–30 days, unless CD4 T cells were depleted prior 

to infection. LCMV-MN responding CD8+ T cells biased differentiation towards the recently 

described PD1+ CXCR5+ Tim-3lo stem-like CD8+ T cell population (also referred to as T 

exhausted progenitors, Tpex) that effectuates responses to PD-1 blockade checkpoint inhibition, 

a therapy that rejuvenates responses against chronic infections and cancer. This subset resembled 

previously characterized PD1+ TCF1+ stem-like CD8+ T cells by transcriptional, phenotypic, 

and functional assays, yet was atypically abundant. LCMV-MN may provide a tool to better 

understand the breadth of immune responses in different settings of chronic antigen stimulation 
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as well as the ontogeny of T exhausted progenitors and the regulation of responsiveness to PD-1 

blockade.
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Introduction

Lymphocytic choriomeningitis virus (LCMV), the prototypic Arenavirus, has long been used 

as a model virus to study virus-host interaction and the regulation of adaptive immunity. The 

common house mouse (Mus musculus) is a natural reservoir of LCMV. Laboratory, wild and 

pet rodents including rats, hamsters and guinea pigs are also susceptible to infections. Since 

its first identification in 1933 from a case of fatal encephalitis, now more than 30 different 

strains of LCMV have been isolated (1–3). The neurotropic strains usually cause an acute 

infection that is rapidly controlled by cytotoxic CD8 T cells (4), a typical example being 

LCMV-Armstrong. Splenic-origin strains cause viscerally disseminated infection throughout 

the host and can lead to lifelong viral persistence (5). The clone 13 variant isolated from the 

spleen of wild type LCMV-Armstrong infected carrier mice belongs to this latter group of 

strains.

Key concepts in T cell mediated immunity including MHC restriction, T cell memory, 

and functional exhaustion of T cells were enabled by pioneering work in the LCMV 

model system (6–12), and these concepts have been applied broadly to the regulation of 

immunity in diverse infections and tumors. The striking difference in biological outcome 

despite minimal genetic variation (5 nucleotide and 2 amino acid changes) between LCMV 

Armstrong and Cl13 has been oft-exploited to define the role of antigen-persistence in 

the regulation of T cell exhaustion and response to inhibitory checkpoint blockade, a 

common immunotherapy for the treatment of cancer (13). Programmed Death-1 (PD-1) is a 

co-inhibitory receptor expressed on T cells experiencing chronic antigenic stimulation that 

regulates excessive T cell responses to minimize self-damage. But PD-1/PD-L1 signaling 

pathways are often co-opted by cancer cells to induce repressive epigenetic states and muted 

antigen sensitivity in T cells leading to weakened antitumor functions (14). Antibodies 

that block PD-1’s engagement with PD-L1 can reinvigorate T cell function and potentiate 

their proliferation (15). While this restorative proliferation event was initially characterized 

at the population level, more refined analyses revealed that a subset of exhausted T cells 

(Tex) are more responsive to PD-1 checkpoint blockade (16). These cells are marked by the 

expression of transcription factor Tcf1 and also express B cell follicle homing chemokine 

receptor CXCR5 and have been referred to as progenitor exhausted T cells (Tpex) or 

stem-like CD8 T cells (17–20). Moreover, these cells maintain high expression of PD-1 

but have reduced expression of other inhibitory receptors including Tim-3, 2B4 and LAG-3 

in comparison to CXCR5neg terminally exhausted cells (17–21). Defining the ontogeny of 

Tpex is of interest for understanding the regulation of immunity to chronic infections as well 

as checkpoint blockade therapy of cancer (22).
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We developed a model of cohousing pet shop mice with laboratory mice in order to 

introduce more natural microbial experience to mice raised under specific pathogen-free 

(SPF) conditions (23). During the course of these studies, we detected a low frequency of 

LCMV seropositivity among pet shop mice. Isolation, purification, and sequencing revealed 

this to be an unreported LCMV strain, hereby referred to as LCMV-MN, reflecting its 

identification at the University of Minnesota. Here, we report a basic virological and 

immunological characterization, including the finding that infection of C57Bl/6 mice with 

LCMV-MN results in particularly abundant Tpex. LCMV-MN may provide a useful tool to 

advance our understanding of immune responses to persistent antigens.

Materials and Methods

Mice and infections

C57BL/6 (B6) and B6.SJL-PtprcaPepcb/BoyCrCrl (CD45.1) female mice were purchased 

from The National Cancer Institute and were maintained in specific pathogen free (SPF) 

conditions at the University of Minnesota. Pet store mice were purchased from various 

pet stores in the greater Minneapolis-St. Paul metropolitan area. Co-housing of SPF mice 

with sex-matched pet store partners was performed as described (23) within the University 

of Minnesota ABSL-3 facility. Mice were infected with the indicated strains of LCMV 

to characterize viral replication and immune responses within the ABSL-3 facility. The 

dose and route of infection are as follows: LCMV Armstrong-2X105 plaque-forming units 

(PFU) via intraperitoneal (i.p.) injection, LCMV Clone13–2X106 PFU via intravenous (i.v.) 

injection, and LCMV MN-2X106 PFU via i.v. injection. All mice were used in accordance 

with the Institutional Animal Care and Use Committees guidelines at the University of 

Minnesota.

LCMV-MN isolation and virus genomic sequencing

Kidneys were isolated from a lab mouse that became seropositive for LCMV virus 

after cohousing, as determined by Charles River EZ spot Multiplexed Fluorometric 

ImmunoAssay. Homogenized kidney samples were incubated on Vero cell monolayers for 

three days and the supernatant was passaged through fresh Vero cells. Evidence of LCMV 

viral growth was confirmed by indirect immunofluorescence using anti-Nucleoprotein 

monoclonal antibody (VL-4, (24)). The LCMV containing supernatants was triple plaque 

purified in BHK-21 cells and the virus isolate was sequenced.

Paired end Illumina sequencing was performed and sequencing reads were imported into 

Geneious Prime® 2021.1.1. The reads were mapped to the two segments corresponding to 

NCBI reference genome assembly GCA_004789475 using the Geneious mapper, with the 

medium sensitivity preset customized to use three iterations of fine tuning and a minimum 

overlap length of 50bp. Gene and open reading frame (ORF) annotations were lifted from 

the reference sequences to the consensus sequences from each segment. ORF boundaries 

were then manually adjusted to reflect the longest potential ORF corresponding to each 

protein.
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Phylogenetic analyses

Protein sequences of strain LCMV-MN were compared to published sequences available for 

other LCMV strains (Supplementary Table-1: Cl13, Armstrong, Docile, WE, and Traub). 

The Geneious Prime (2021.2.1) sequence analysis package (Biomatters Ltd) was used to 

compare the sequence homology of the 4 coding regions (the glycoprotein [S], viral RNA-

dependent RNA polymerase [LP], nucleocapsid protein [NP], and Z-protein).

Phylogenetic and molecular evolutionary analyses of the S, LP, and NP coding regions were 

conducted in Geneious Prime. The Geneious aligner was used for global pairwise alignment 

with free end gaps and BLOSUM matrices were used to score the alignments. Genetic 

distances were estimated by using the Jukes-Cantor model and phylogenetic trees were 

constructed by using the neighbor-joining method. Branch bootstrap values were determined 

by using 1000 iterations.

Lymphocyte isolation and phenotyping

Lymphocyte isolation from secondary lymphoid organs (SLOs) and non-lymphoid tissues 

(NLTs) was performed as described (25). Briefly, an intravascular staining method was used 

to discriminate between cells present in the vasculature from cells in the NLT parenchyma 

as described previously. Animals were injected i.v. with biotin/fluorochrome-conjugated 

anti-CD8α through the tail vein. Three minutes’ post-injection, animals were sacrificed, and 

tissues were harvested as described (26). Lymphoid tissues were mashed using the plunger 

of a 3-mL syringe and filtered through 70 μm mesh before staining. Indicated non-lymphoid 

tissues were chopped into small pieces and incubated with RPMI+5% FBS containing 

collagenase type-IV (0.5mg/ml) and Dnase I (2μg/ml) at 37°C with constant shaking for 

30 min-1 hour. After the incubation, tissues were further dissociated using a gentleMACS 

dissociator (Miltenyi Biotec) and filtered twice through a 70 μm mesh before staining.

Isolated lymphocytes were surface-stained with antibodies specific for CD3 (145–2C11), 

CD45 (30F-11), CD45.1 (A20), MHC II (Ia-Ie) (M5/114.15.2), CD8α (53–6.7), CD8β 
(YTS156.7.7), CD45.2 (104), CD62L (MEL-14), CD44 (IM7), CD69 (H1.2F3), CD103 

(M290), CX3CR1 (SA011F11), CCR7 (4B12), CD160 (7H1), CXCR3 (CXCR3–173), 

KLRG1 (2F1), CD28 (37.51), CD127 (A7R34), CD27 (LG.3A10), Ly6C (HK1.4), CD11a 

(M17/4), CD122 (TM-β1), CD49a (Ha31/8), CD5 (57–7.3), PD1 (RMP1–30), Tbet (4B10), 

Eomes (Dan11mag), TCF1 (S33–966), and Ki67 (B56). The above antibodies were 

purchased from BD Biosciences, Biolegend or Affymetrix eBiosciences. Cell viability 

was determined using Ghost Dye 780 (Tonbo Biosciences). Antibody against granzyme-B 

(GB11) was purchased from Thermofisher. For intracellular transcription factor, granzyme-

B and Ki67 staining, the eBioscience FoxP3/Transcription factor staining buffer set was 

utilized. Stained samples were acquired using LSRII or LSR Fortessa flow cytometers (BD) 

and analyzed with FlowJo software (Treestar).

Tissue freezing, tissue clearing and immunofluorescence staining

For immunohistochemistry, spleen and lymph nodes were fixed overnight in 2% 

paraformaldehyde at 4°C, dehydrated in 30% sucrose, and embedded in optimal cutting 

temperature compound (OCT). 7µm sections were cut, dried, and stained with unconjugated 
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anti-LCMV NP antibody (VL-4, BioXCell), followed by secondary staining with goat anti-

rat IgG AF488 (Jackson Immuno Research), and then additional stains were performed 

with the following conjugated antibodies: F4/80 efluor 570 (eBioscience), CD3 BV421 

(Biolegend), and B220 BV480 (BD Horizon). Each staining step was performed for 1h at 

room temperature. Images were captured by confocal microscopy using the Leica Stellaris 8 

at 40x final magnification, using a 20x objective (NA = 0.75).

The tissue clearing procedure was modified based on the protocol described elsewhere (26). 

Briefly, lymph nodes were fixed in 1% BD cytofix for 24h at 4°C. Tissues were then 

incubated in blocking buffer (1% BSA, 0.3% Triton X-100, and 1:100 mouse Fc block) for 

24h, stained in blocking buffer containing anti-NP CF633, F4/80 ef570 and B220 BV480 for 

3d, and washed in PBS containing 0.3% Triton X-100 and 0.5% 1-thioglycerol. Conjugation 

of VL-4 with CF633 was performed according to manufacturer recommendations (Biotium). 

The block, stain, and wash steps were performed at 37°C, and at 100 rpm. Tissues were 

cleared in clearing media containing 0.1% Triton X-100, 0.5% 1-thioglycerol in 86% (w/v) 

histodenz (Sigma) prepared in 40% (v/v) N-methylacetamide to achieve a final refractive 

index of 1.49–1.5. Clearing was performed for 8–24h at room temperature prior to image 

acquisition.

Confocal image acquisition and analysis

Stained and cleared tissues were embedded in clearing media in a 2.5mm silicone gel 

spacer (Electron Microscopy Sciences) on a microscope slide and sealed with a cover 

slip. Confocal imaging was performed on an inverted SP8 Stellaris microscope (Leica 

Microsystems) using a 20× 0.6NA, 1.5mm working distance objective. 512×512 voxel 

density at 2x optical zoom was used at 4um z-step to perform image acquisition. Collected 

images were analyzed using Imaris 9 (Bitplane Scientific Software).

Cell sorting, adoptive transfer and RNA preparation

Live CD8a+ H2/Db-gp33 tetramer+ cell populations were isolated from spleen and lymph 

nodes of LCMV-MN infected mice and separated into Slamf6+/Tim3− and Slamf6-/Tim3+ 

populations by sorting on a BD FACSAria II. For adoptive transfer, equivalent numbers 

of sorted cells were intravenously injected into congenically distinct recipient mice as 

indicated in the results section. The recipient mice were either infected with LCMV-MN 

soon after or treated with PD-L1 neutralizing antibodies as described in the results section. 

For PD-L1 blocking, animals were injected with 200 ug of anti-PD-L1 blocking antibody 

(clone 10F.9G2, Bioxcell) every 3 days. For RNA isolation, sorted cells were homogenized 

using QIAshredder columns (QIAGEN) and RNA was extracted using a RNeasy micro kit 

(QIAGEN) per the manufacturer’s instructions. RNA integrity was assessed using capillary 

electrophoresis with the Agilent 2100 BioAnalyzer system (Agilent Technologies, Santa 

Clara, CA, USA) which generated an RNA Integrity Number (RIN). Samples with an RNA 

Integrity Number (RIN) >7 were included in this study. Three biological replicates were 

included for each cell population.

Beura et al. Page 5

J Immunol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Library preparation, RNA sequencing and data processing

Sequencing libraries were prepared using the Clontech SMARTer® Stranded Total RNA-

Seq Kit v2 - Pico Input Mammalian kit. RNA sequencing (50-bp single-end) with the 

HiSeq 2500 Illumina was done at the University of Minnesota Genomics Center (UMGC). 

The sequences were processed with the Collection of Hierarchical UMII-RIS Pipelines 

(CHURP, v 0.2.2) developed by the Research Informatics Solutions (RIS) group at the 

Minnesota Supercomputing Institute. The reference implementation of the CHURP package 

is at: https://github.com/msi-ris/CHURP.git. (27). The Mouse mm10 reference was used for 

mapping the sequences.

Differential gene expression (DGE) and GSEA enrichment analyses

Within the CHURP pipeline, sequence reads were counted with featureCounts v.1.6.2 and 

the Empirical analysis of DGE (EDGE) tool was used to identify differentially expressed 

genes between the Slamf6+/Tim3− and Slamf6-/Tim3+ cell populations (28). Genes were 

considered differentially expressed if they had an FDR p value ≤ 0.05 and an absolute log 

fold change ≥ 1.5 (Supplemental Table-2).

A Tpex related ranked gene list was obtained from the output of a GSEA enrichment 

test (GSEA v3.0 [build:0160]) comparing previously published progenitor exhausted to 

terminally exhausted CD8 T cells that were generated with LCMV-Cl13 (GSE84105) (17). 

The limma barcodeplot function was used to plot enrichment of the up-regulated and down-

regulated LCMV-MN Slamf6+/Tim3− specific genes in the ranked Tpex gene list.

scRNA-seq analyses comparing Slamf6+ cells 30 days after infection with LCMV-MN to 
Tpex at early time point after infection with LCMV-Cl13

Single cell transcriptomes for P14 transgenic CD8 T cells (specific for the immunodominant 

LCMV epitope gp33) collected from mice days 4.5 and 7 after infection by acute (LCMV-

Armstrong) or chronic (LCMV-Cl13) were downloaded from GEO. (GSE119940; (29)). An 

integrated data set of these transcriptomes was created with Seurat v4.0 (30). Cells with a 

percentage of mitochondrial genes below 0.05% were included. Outlier cells expressing less 

than 1,000 or greater than 5,000 genes were removed and cells with an RNA library size 

between 1,000 and 20,000 UMI counts were retained.

The Seurat Convert() function was used to create an AnnData object from the integrated 

Seurat object for analyses with scvi-tools (single-cell variational inference tools). Prior to 

modeling with scvi, an initial gene filter removed genes expressed in fewer than four cells 

and the top 4,000 highly variable genes (HVGs) were selected by the Seurat v3 method 

(29) as implemented by scvi (30). Scvi normalized gene expression values were used for 

generating t-distributed stochastic neighborhood embedding (tSNE) plots. Gene scores were 

computed based on the Scanpy implementation of the Seurat method for scoring genes (31) 

and then overlayed onto tSNE plots. Upregulated LCMV-MN Slamf6+/Tim3− genes were 

used for scoring the single cells (Supplemental Table-2). Genes upregulated in d4.5 memory 

precursor (Mpc) and genes upregulated in d7 LCMV Cl13 Tpex were previously reported 

(29).
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Statistics

If the samples followed normal distribution, then parametric tests (unpaired two-tailed 

Student’s t-test for two groups and one-way ANOVA with Tukey’s multiple comparison test 

for more than two groups) were used. Two-way ANOVA with Sidak’s multiple comparison 

test was used if the effect of two independent variables were being considered among 

more than two sample groups. If the samples deviated from a Gaussian distribution, 

non-parametric tests (Mann–Whitney U test for two groups, Kruskal–Wallis with Dunn’s 

multiple comparison test for more than two groups) were used unless otherwise stated in 

the figure legend. For paired analyses not conforming to Gaussian distribution, Wilcoxon 

matched-pair signed rank test was used. D’Agostino and Pearson omnibus normality test 

was used to determine whether samples adhered to Gaussian distribution or not. Variances 

between groups were compared using an F test and found to be equal. All statistical analysis 

was done in GraphPad Prism (GraphPad Software Inc.). p < 0.05 was considered significant.

Data availability

The RNA-sequencing data described in this study have been deposited in the National 

Center for Biotechnology Information’s Gene Expression Omnibus (GEO) and can be 

downloaded with accession number GSE207983. Public data sets were downloaded from 

GEO (GSE84105 and Series GSE119940) (https://www.ncbi.nlm.nih.gov/geo/).

Results

Isolation and genomic sequence characterization of LCMV-MN

We purchased mice from local pet shops in the Minneapolis/St. Paul, Minnesota 

metropolitan area, and co-housed them with adult SPF C57Bl/6 mice within an ABSL-3 

facility. A routine serological screen detected evidence of LCMV infection in a single pet 

shop mouse (subsequently observed in 6% of pet shop mice) (32) and laboratory mice 

also became seropositive upon co-housing (data not shown). Seventy days after co-housing, 

we homogenized kidneys from a C57Bl/6 cage mate, incubated clarified homogenate with 

susceptible Vero cells, and confirmed LCMV presence via indirect immunofluorescence 

microscopy with a monoclonal (VL4) antibody specific for LCMV nucleoprotein (24) 

(Fig. 1A and data not shown). Viral supernatant was triple-plaque purified in BHK-21 

cells, and a master stock was established for further characterization. To assess the in 
vitro growth characteristics of this newly isolated virus, named LCMV-MN in reference 

to it being isolated at the University of Minnesota, we infected BHK-21 cells at 0.01 

multiplicity of infection (MOI). LCMV Cl13 and Armstrong strain infections were used 

for comparison purposes. Virus growth was measured by titration of virus present in tissue 

culture supernatants at the indicated time post-infection. All viruses tested showed similar 

growth properties in BHK-21 cells (Fig. 1B). LCMV-MN produced well-defined plaques 

on Vero cell monolayers with size and appearance more similar to LCMV-Armstrong than 

LCMV Cl13 (Fig. 1C).

The viral stock was sequenced using paired-end Illumina sequencing and reads were 

mapped to NCBI reference genome assembly GCA_004789475. Gene and ORF annotations 

were based on reference sequences. The sequence was compared to all LCMV strains 
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for which a complete sequence was available in the NCBI database, LCMV Armstrong, 

Clone 13, WE, Traub, and Docile (Supplementary Table-1). Amino acid sequences of the 

four proteins shared 80–95% homology, indicating that this isolate represents a previously 

uncharacterized strain (Fig. 1D). LCMV-MN was most closely related to LCMV-Docile, 

although still exhibited nonsynonymous variation in all proteins. Previous work has 

identified two of the amino acid residues that influence LCMV persistence. A leucine at 

position 260 of the viral glycoprotein GP mediates high-affinity virus binding to the host 

alpha-dystroglycan receptor resulting in establishment of persistent infection by clone 13 

(33, 34). The lysine to glutamine mutation in residue 1079 of polymerase protein has 

also been noted in several strains that induce persistent infections. Other variations that 

have not been definitively characterized, including in the Z protein, may also influence 

viral persistence. LCMV-MN shared the same GP260 residue as Cl13, but the same 

L1079 residue as Armstrong, a feature in common with other LCMV strains (Fig. 1E). 

Phylogenetic analysis of 4 proteins, placed LCMV-MN between WE and Traub, but with a 

greater divergence from these strains than the divergence between Arm and Cl13 (Fig. 1F).

Weight loss and in vivo growth kinetics of LCMV-MN

We next challenged SPF C57Bl/6 mice with 2×106pfu LCMV-MN i.v. and evaluated weight 

loss and viral load in blood and tissues. Comparisons were made to LCMV Arm (2×105 pfu 

i.p.) and LCMV Cl13 (2X106 pfu i.v.). Cl13, but not LCMV Arm, induced protracted weight 

loss. In contrast, LCMV-MN induced significant, yet transient, weight loss that recovered by 

approximately two weeks after infection (Fig. 2A).

CD4 T cells are sometimes experimentally depleted before LCMV Cl13 infection to 

establish durable viremia, so we tested the impact of CD4 depletion prior to LCMV-MN 

infection (35). In this context, LCMV-MN infection resulted in durable weight loss almost 

as severe as observed in CD4 T cell-depleted mice infected with LCMV Cl13 (Fig. 2A). 

CD4 T cell depletion also resulted in durable viremia after LCMV-MN infection. However, 

LCMV-MN was largely cleared from serum of undepleted mice by 15 days post infection, 

and undetectable by 30 days post infection. Unlike LCMV Cl13, LCMV-MN was also 

cleared from visceral organs in undepleted mice, although virus persisted much longer than 

observed after LCMV Arm infection (Fig. 2B). Collectively, these data indicate that LCMV-

MN induced intermediate weight loss, viral load, and persistence compared to LCMV Arm 

and Cl13, however LCMV-MN chronically infected visceral organs when CD4 T cells were 

depleted prior to infection.

We then assessed thin sections of spleen and lymph node for distribution of viral protein by 

staining with anti-LCMV-NP antibody, anti-CD3 (T cells), and anti-B220 (B cells) 35 days 

after infection with LCMV Cl13 or LCMV-MN. We also performed similar staining after 

clearing-enhanced 3D microscopy of unsectioned lymph node tissue. Viral protein persisted 

after both LCMV-Cl13 and MN infections. The LCMV-NP signal was distributed across 

the subcapsular and medullary sinus as well as interfollicular zones in Cl13 infected lymph 

nodes (Fig. 2D). In contrast, the subcapsular sinus was largely devoid of nucleoprotein 

signal in LCMV-MN infected mice. 3D imaging further supported this distinct viral 

distribution (Video-1 and 2). LCMV Cl13 infected spleen displayed a distinctive reticular 
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pattern of NP antigen distribution as described previously with prominent signals throughout 

the marginal zone, white pulp and red pulp (36). The viral antigen signal was much more 

muted in LCMV-MN infected spleen and limited to marginal zone and red pulp (Fig. 2D). 

To investigate if LCMV-MN targets distinct cell types compared to Cl13 we stained splenic 

sections with the fibroblastic reticular cell (FRC) marker ERTR7 and the macrophage 

specific marker F4/80, as both of these cell types are known to be infected by LCMV (34, 

36). Whereas LCMV nucleoprotein signal was found in both FRCs and F4/80+ cells in Cl13 

infected spleens, it was only detected in the FRCs of LCMV-MN infected spleens (Fig. 2D). 

Taken together, these data indicate that LCMV Cl13 and LCMV-MN infections result in 

differences in the magnitude, duration, and distribution of viral antigens and/or replication.

Dynamics and function of CD8 and CD4 T cell response to LCMV-MN infection

C57Bl/6 mice were infected with three strains of LCMV and the frequency of CD8 T cells to 

two dominant epitopes, H-2Db/gp33 and H-2Db/gp276, were measured in peripheral blood 

with MHC I tetramers (Fig. 3A, B and E). Each infection induced distinct kinetics, with 

the response to LCMV-MN not peaking until approximately two weeks after infection, and 

the response remained robust throughout the 62 days of analysis. However, the CD4 T cell 

response to the I-Ab-gp66 epitope was similar regardless of LCMV strain (Fig. 3C, D and 

F).

Chronic LCMV infection is associated with a hierarchical loss of CD8 T cell-derived 

IL-2, TNFα, and IFNγ cytokine production. IL-2 production is impaired most significantly, 

whereas IFNγ production is maintained unless T cells become severely dysfunctional in the 

presence of sustained high levels of antigen stimulation (8). When we assessed the ability 

to express cytokines in response to 4 hours of peptide restimulation, LCMV-MN specific 

CD8 T cells exhibited intermediate functionality compared to LCMV Arm and Cl13, with 

a partial defect in IL-2 production and reduced mean fluorescent intensity (MFI) of IFNγ 
staining (Fig. 4A-D). The ability to degranulate, as measured by intracellular CD107a 

staining in the presence of brefeldin A and monensin, was unimpaired. Next, eight or 30 

days after infection, we compared the percent of CD8 T cells that stained with H-2Db/gp33 

tetramer to the percent that expressed cytokines after 4 hours of in vitro peptide stimulation. 

As shown in Fig.4E both LCMV-Cl13 and -MN gp33-specific CD8 T cells exhibited a 

reduced ability to express IFN-γ and TNFα by 30 days post infection, unlike LCMV-Arm 

infected animals. Cytokine production by CD4 T cells appeared similar after infection 

with each LCMV strain 31 days post infection (Fig. 4E). Collectively these data indicate 

that although the LCMV-MN infection generated a higher magnitude H-2Db/gp33-specific 

CD8 T cell response compared to Arm and Cl13 infection, functionality was somewhat 

compromised. However, the CD4 T cell responses were comparable among the infections.

Antigen-specific CD8 T cell differentiation in visceral tissues after LCMV infections

We compared H-2Db/gp33-specific CD8 T cell nonlymphoid tissue distribution and 

differentiation 30 days after infection with LCMV Arm, Cl13, or MN. As previously 

reported (37), compared to LCMV Arm, LCMV Cl13 infection resulted in significantly 

more virus specific T cells that could be isolated from the female reproductive tract 

and kidney, yet no increase in the small intestine intraepithelial lymphocytes (SI-IEL, 
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Fig. 5A-B). Although LCMV-MN maintained the largest number of H-2Db/gp33-specific 

CD8 T cells in spleen, that did not extend to nonlymphoid organs. Most nonlymphoid 

tissues, particularly small intestine epithelium, are dominated by resident memory CD8 

T cells (TRM) after acute infections (38). CD8+ SI-IEL TRM have a well-defined and 

relatively homogenous phenotype after LCMV Arm infection, most notably expressing 

CD69 and CD103 (39–41). As shown in Fig. 5C, LCMV-MN induced SI-IEL that were 

impaired in CD103 expression, and a discrete subset that also lacked CD69. This CD69neg 

CD103neg population (i.e., lacking conventional residence markers) expressed high levels of 

CD127 and Tim-3, a moderate level of PD-1, and low levels of Lag-3. Thus, LCMV-MN 

infection exhibited intermediate persistence relative to LCMV Arm and Cl13, it resulted 

in a phenotypically distinct T cell population within the intestinal epithelium that was rare 

after both LCMV Arm or Cl13 infections. Whether the noncanonical population represented 

recent migrants or a transitional state of differentiation would be difficult to assess at this 

time. However, these observations directed our attention to testing for the presence of the 

recently described Tpex subset that putatively provides a lymphoid reservoir of cells with 

the potential to produce differentiated migrating progeny.

LCMV-MN infection enhances development of Slamf6+ progenitor exhausted CD8 T cells

Tpex, characterized by a CXCR5+/Tim-3- phenotype, are localized to spleen and lymph 

nodes (17–19). This population is largely responsible for maintaining an ongoing response 

during persistent antigen stimulation and responding most potently to checkpoint inhibition. 

After PD-1/PD-L1 checkpoint blockade, Tpex proliferate and give rise to a transitional 

Tim-3- population that migrates to infected sites or tumors, prior to terminal differentiation 

and more pronounced exhaustion (17, 19, 21, 42). Given the overabundance of a potentially 

transitional T cell population in the small intestine and virus-specific T cells in spleen after 

LCMV-MN (Fig. 5 and 3), we examined the presence of Tpex-phenotype cells. LCMV-MN 

infection induced at least 10-fold more Tpex-phenotype CD8 T splenocytes as compared to 

either LCMV Cl13 or Armstrong and this population was sustained for at least 60 days (Fig. 

6A-B). These CXCR5+/Tim-3lo cells were also highly enriched for Slamf6 expression, as 

observed in other model systems (43). Further interrogation of H-2Db/gp33-specific cells 

revealed that the Slamf6+ subset matched previously described Tpex expression profiling of 

transcription factors, and markers of memory T cell differentiation, effector function, and 

migration (Fig. 6C). A curious exception is that, unlike previously noted Tpex, this subset 

contained CD62L+ CD8 T cells.

By phenotypic criteria, these data indicated that LCMV-MN induces a preponderance of 

Tpex within 30–60 days after infection, compared to LCMV Cl13. Functionally, Tpex are 

defined in part by the enhanced ability to proliferate and differentiate in response to further 

antigen stimulation. To test this property, we sorted Slamf6+/Tim3− (Tpex phenotype) vs. 

Slamf6-/Tim3+ (terminal/exhausted phenotype) CD45.1+ H-2Db/gp33-specific CD8 T cells 

after LCMV-MN and transferred them i.v. into naïve CD45.2+ C57Bl/6 mice. Recipients 

were bled the following day immediately prior to infection (day 0) with LCMV-MN. The 

ensuing response was monitored in blood and spleen, and donor cells were identified by 

CD45.1 staining (which were almost entirely H-2Db/gp33-tetramer staining positive, not 

shown). As shown in figure 6D, the Slamf6+/Tim3− subset exhibited the Tpex property 
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of enhanced proliferation potential. Moreover, the Slamf6+/Tim3− subset uniquely had the 

capacity to self-renew Tpex-phenotype CD8 T cells as well as give rise to more terminally 

exhausted-phenotype progeny. These data suggest that LCMV-MN induces abundant T cells 

that conform to phenotypic and functional properties previously defined for Tpex.

LCMV-MN induced Slamf6+/Tim3− CD8 T cells transcriptionally resemble Tpex and expand 
in response to PD-L1 blockade

To compare the transcriptional program of LCMV-MN induced Slamf6+/Tim3− CD8 

T cells with previously described Tpex, we performed RNAseq on sorted H-2Db/gp33-

tetramer subsets isolated from spleen and LNs 30 days after infection. We identified 146 

up-regulated and 152 down-regulated genes in the Slamf6+/Tim3− population relative to 

the Slamf6-/Tim3+ population (Supplemental Table-2). These differentially expressed genes 

were enriched for previously described Tpex genes (Fig.7A) (17). As shown in Figure 

7B, the LCMV-MN Slamf6+/Tim3 population had similar up- or down-regulation of many 

previously reported Tpex genes (17). For example, LCMV-MN induced Slamf6+/Tim3− 

CD8 T cells showed upregulation of Tcf7, Id3, and P2rx7 and downregulation of Id2, Gzma, 

Prdm1, and Entpd1 (which encodes CD39). Additionally, transcription factors associated 

with a Tpex program such as Tox, Bach2, and Hif1a were up-regulated in the LCMV-MN 

Slamf6+/Tim3 population (Fig 7C).

LCMV-Arm and -Cl13 specific CD8 T cells appear transcriptionally similar through the 

first few days of activation, but then diverge (29). This point was confirmed when we 

interrogated previously published single cell transcriptomes for P14 transgenic CD8 T cells 

(specific for the immunodominant LCMV epitope gp33) collected from mice 4.5 and 7 

days after infection with LCMV-Armstrong or LCMV-Cl13 (Fig. 7D). We next asked how 

the relatively abundant population of Slamf6+/Tim3− CD8 T cells induced by LCMV-MN 

infection (30 days after infection) compared transcriptionally to these early CD8 T cells 

subsets. We first defined the signature of LCMV-MN Slamf6+/Tim3− genes (Supplemental 

Table-2) and addressed enrichment within cells derived from LCMV-Arm and -Cl13 

infections. We found that LCMV-MN Slamf6+/Tim3− genes were particularly enriched 

within specific clusters of cells (Fig 7E, left tSNE plot). To better understand the identity 

of these clusters, we asked which Cl13 and Arm specific cells expressed Tpex and memory 

precursor cell (Mpc) genes (Fig. 7 E, middle and right tSNE plots). As anticipated from our 

gene set enrichment analysis in Fig 7A, we found that one cluster that with high LCMV-MN 

Slamf6+ scores was d7 Cl13 Tpex cells (Fig. 7E-F). Interestingly, a cluster of d4.5 Mpc also 

scored high for LCMV-MN Slamf6+/Tim3− genes (Fig. 7E-F). It should be noted that d4.5 

Mpc show similar up- or down-regulation of many d7 Tpex defining genes (Supplemental 

Fig.1). In conclusion, LCMV-MN Slamf6+/Tim3− cells express transcriptional similarities 

to both early Tpex and early Mpc after LCMV-C13 and Arm infections.

Enhanced responsiveness to checkpoint blockade is a cardinal functional feature of Tpex. 

Fourteen days after LCMV-MN infection, Slamf6+/Tim3− and Slamf6-/Tim3+ H-2Db/gp33-

tetramer+ CD8 T cells were sorted from spleen and LNs of CD45.1+ mice and 5X104 cells 

were transferred to separate infection matched CD45.2+ recipients. Immediately following 

transfer, recipients received 200μg of anti-PD-L1 antibody every 3 days. Control recipients 

Beura et al. Page 11

J Immunol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



received cells but were treated with PBS. Fourteen days later, donor cells were assessed 

in spleen. As shown in Fig. 7G and 7H, Slamf6+/Tim3− H-2Db/gp33-specific CD8 T cells 

responded best to PD-L1 blockade and gave rise to Tim-3+ progeny. Taken together, these 

observations indicated that LCMV-MN infection induced a particularly abundant subset of 

cells that exhibited the phenotype, transcriptional and functional properties of Tpex.

Discussion

Here we identified a novel strain of LCMV and performed virological and immunological 

characterizations. Persistence of LCMV-MN in C57Bl/6 mice was intermediate between 

LCMV-Armstrong and Cl13. Viremia waned after 15–20 days post initial infection unless 

CD4 T cells were previously depleted. This infection induced a population of CD69neg 

CD103neg CD8 T cells in the intestinal mucosa, raising questions about T cell migration 

and resident memory T cell differentiation. Notably, LCMV-MN established an abundant 

population of CD8 T cells that correlated with the phenotypic, transcriptional, and functional 

definition of previously described Tpex.

Understanding the ontogeny and regulation of Tpex is of fundamental interest as it may 

have bearing on the durability of T cell immunity to chronic antigen stimulation and the 

maintenance of T cells that respond most vigorously to check point blockade therapy. 

Previous reports indicate that LCMV Cl13 infection maintains substantially more Tpex cells 

than LCMV-Armstrong infection, suggesting a role for antigen persistence (44). Notably, 

Cl13-specific CD8 T cells become dependent on antigen, unlike what has been observed 

after acute LCMV infections (45, 46). CD4 depletion prior to clone13 infection sustains 

greater viremia and a higher fraction of Tpex. These data support a simple model whereby 

Tpex quantity linearly correlate with antigen load.

Our observations support a more complex model. LCMV-MN infection biased towards 

Tpex differentiation, and numerically maintained greater (>10 fold) Tpex in spleen despite 

intermediate viral load. In situ examination of viral distribution revealed differences between 

LCMV-MN and Cl13. In contrast to Cl13 infected animals, viral antigen was largely absent 

from the LN subcapsular sinus of LCMV-MN infected mice. Similar distinctions in viral 

antigen distribution were also noticed in the splenic white pulp. These observations could 

be consistent with the hypothesis that the regulation of Tpex has a spatial component 

(17). Important questions for the future include determining a) the localization of Tpex 

in relation to persistent antigen presentation, b) whether LCMV-MN induces a unique 

environmental milieu, or c) whether LCMV-MN promotes a particular T cell-intrinsic 

differentiation program that predisposes towards Tpex development. Another interesting 

observation from our studies is the lack of difference in the gp66-specific CD4 T cell 

response between LCMV-MN and -Cl13 infections despite the higher magnitude of the CD8 

T cell response in LCMV-MN infected mice. The mechanism of why CD8 and CD4 T cell 

response may be differentially regulated is difficult to discern from the available data. Viral 

tropism differences might influence MHC-I vs MHC-II antigenic presentation. Alternatively, 

LCMV-MN might establish a different CD4 T cell epitope immunodominance hierarchy 

than LCMV-Cl13, leading to perturbations in unknown CD4 T cell epitopes that were not 

measured.
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A strength of the LCMV-MN and -Cl13 models is that CD4 depletion provides additional 

scenarios of persistent viremia. However, it should be noted that using CD4 depletion to 

achieve this outcome may not recapitulate physiologic settings where chronic viremia is 

established in the presence of CD4 T cells. Comparing LCMV-Armstrong and Cl13 has 

provided an important model to interrogate Tpex biology. However, this subset’s relative 

scarcity is an impediment to detailed characterization. Including LCMV-MN in these 

analyses offers numerical advantages. It would also provide an additional context or data 

point to refine the mechanistic understanding of Tpex ontogeny. Further characterization of 

Tpex may have ramifications for understanding T cell biology to persistent viral infections 

and perhaps other settings of chronic antigen stimulations which may include cancer and 

possibly autoimmune or other chronic T cell-mediated diseases.
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Key points:

1. Isolation and characterization of a novel LCMV strain from pet shop mice in 

Minnesota

2. LCMV-MN exhibits intermediate viral persistence compared to LCMV-Arm 

and LCMV-Cl13

3. LCMV-MN infection generates abundant stem-like exhausted progenitor CD8 

T cells
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Figure 1. Isolation, in vitro growth and genomic characterization of LCMV-MN.
(A) Schematic of the process depicting isolation of a novel LCMV like virus from kidney 

homogenates of C57Bl/6 mice that were cohoused with petstore mice. The initial virus 

stock was confirmed via positive reactivity to LCMV-N monoclonal antibody (VL-4) and 

was triple plaque purified to establish final stock. (B) Comparative growth kinetics among 

LCMV-Armstrong, -Cl13 and -MN showing viral output from BHK-21 cells infected at an 

MOI of 0.1. Supernatant was collected at times indicated and titered on Vero cells using 

plaque assay. (C) Plaque morphology of the indicated viruses on Vero cells. (D) Amino 
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acid percentage homology among various established LCMV strains and LCMV-MN across 

the four viral proteins (indicated at the top of the respective checkered box). The scale for 

each of the protein comparisons is on the right of the panel and represents percent identity. 

(E) Comparison of amino acid sequences across select stretched of glycoprotein (top) and 

polymerase protein (bottom) with a particular emphasis on conservation of GP260 and 

LP1079 residues among LCMV-MN and indicated strains. (F) Phylogenetic tree analysis 

output of the 4 proteins of LCMV-MN and other LCMV strains based on neighbor-joining 

method. Data in B are representative of two separate experiments with 3 replicate each 

per time point. Plaque morphology in ‘D’ is representative of 3 independent repeats. Bars 

indicate mean ± SEM. Figure in A created with Biorender (Biorender.com).
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Figure 2. In vivo growth characteristics of LCMV-MN.
C57Bl/6 mice were either treated with anti-CD4 antibody (0.5mg/mouse 1 day before and 

1 day after infection) or remained untreated and were infected with 2 X106 PFU of LCMV-

MN or 2 X106 PFU of LCMV-Cl13 i.v. Another group of mice were infected with 2X105 

PFU of LCMV-Armstrong i.p. to establish acute infection. (A) Kinetics of weight loss 

among the 5 groups of mice during the first 68 days post-infection. Weight measurement 

was done every day for the first 15 days and then every 2–3 days. (B) Kinetic analysis of 

virus titer in serum (in PFU/ml), kidney, female reproductive tract and small intestine (all 
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in PFU per gram of tissue) for the 5 separate infections. The limit of detection is indicated 

by the dashed line. (C&D) Mice were infected with LCMV-Cl13 or LCMV-MN and then 

examined 35 days later by immunofluorescence microscopy. (C) Representative images of 

lymph node (top) and spleen (bottom) (LCMV-nucleoprotein, green; CD3, blue; B220, red). 

(D) Comparison of LCMV nucleoprotein distribution among splenic fibroblastic reticular 

cells and macrophages (LCMV-nucleoprotein, green; ERTR7, blue; F480, red). Yellow 

arrowhead-colocalization of LCMV-nucleoprotein and ERTR7 signal. White arrowhead- 

colocalization of LCMV-nucleoprotein and F480 signal. Data are representative of two 

separate experiments with either n=5 mice/group per experiment (A and B) or n=3 mice/

group per experiment (C and D). Bars indicate mean ± SEM.
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Figure 3. Dynamics of CD8 and CD4 T cell responses to LCMV infections.
C57Bl/6 mice were infected with the 3 indicated strains of LCMV. (A) The frequency of 

H-2Db/gp33-specific CD8 T cells were measured in peripheral blood after indicated days 

post-infection. Plots gated on live CD8α+ lymphocytes. (B) The kinetics of H-2Db/gp33 and 

H-2Db/gp276-specific CD8 T cell response in peripheral blood. Representative flow plots 

showing GP66–77: I-Ab MHC II tetramer+ CD4 T cells in blood (C) and their kinetics (D) 

is shown. Plots gated on live B220-CD8-F480-CD11c- CD4+ T cells. (E, F) Enumeration 

of H-2Db/gp33-specific CD8 T cells and GP66–77: I-Ab MHC II tetramer+ CD4 T cells 
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in spleen at day 30 post indicated virus infection. Data are representative of three separate 

experiments with n=3 mice/group per experiment (A, B and E) or 2 independent experiment 

with n=3 mice/group per experiment (C, D and F). Bars indicate mean ± SEM. *p <0.05, 

**p <0.001, ns-not significant. Kruskal Wallis one-way ANOVA with Dunn’s multiple 

comparison test.
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Figure 4. Function of CD8 and CD4 T cell response to LCMV infections.
(A) Splenocytes from C57Bl/6 mice infected 30 days prior with the 3 strains of LCMV were 

ex vivo stimulated with gp33–41 peptide. Representative flow plots depicting the frequency 

of indicated cytokines and degranulation marker (CD107a) positive cells are shown. Plots 

are gated on live CD8α+ cells. (B) Kinetics of IFN-γ+ CD8 T cells in spleen after gp33–41 

peptide stimulation. (C) Geometric mean fluorescence intensity (gMFI) of IFN-γ expression 

on responding cells from spleen at day 30 post indicated viral infection. (D) Frequency of 

IL-2 secreting CD8 T cells among splenocytes at day 30 post indicated viral infection. (E) 
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Ratio of splenic IFN-γ and TNF-α producing cells to gp33 tetramer+ CD8 T cells at day 

8 and day 30 post indicated viral infection. (F) Splenocytes from C57Bl/6 mice infected 8- 

or 31-days prior with the 3 strains of LCMV were ex vivo stimulated with LCMV gp66–77 

peptide. Percentage of CD4 T cells producing IFN-γ, IL-2 and TNF-α is shown. Data are 

representative of two separate experiments with n=3 mice/group per experiment per group. 

Bars indicate mean ± SEM. *p <0.05, **p <0.001, ***p <0.0001, ns-not significant. Kruskal 

Wallis one-way ANOVA with Dunn’s multiple comparison test.
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Figure 5. Antigen-specific CD8 T cell differentiation in visceral tissues after LCMV infections.
(A) Frequency of H-2Db/gp33-specific CD8 T cells that were present in the extravascular 

space (protected from intravenous CD8α antibodies) were measured in 2 barrier mucosal 

tissues and kidneys at 30 days post-infection. Plots are gated on live CD8β+ T cells (CD8a 

IV-). SI-IEL: small intestine intraepithelial lymphocytes and FRT: female reproductive 

tract. (B) Enumeration of H-2Db/gp33-specific CD8 T cells in indicated organs. (C) 

Representative flow plots depicting expression of number of inhibitory receptors, memory 

markers as well as resident memory T cell marker on H-2Db/gp33-specific CD8 T cells in 

small intestine IEL. Plots are gated on tetramer+ live CD8β+ T cells. Data are representative 

of two separate experiments with n=3 mice/group per experiment. Bars indicate mean ± 

SEM. ***p <0.0001, ns-not significant. Kruskal Wallis one-way ANOVA with Dunn’s 

multiple comparison test.
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Figure 6. LCMV-MN infection enhances development of Slamf6+ progenitor exhausted CD8 T 
cells
(A) Representative flow plots depicting H-2Db/gp33-specific CD8 T cell frequency (top), 

expression of Tpex markers on antigen-specific CD8 T cells (middle and bottom) in spleen 

of animals infected with indicated LCMV strains 30 days before. Top panel is gated on live 

CD8 T cells whereas the bottom two panels are gated on gp33 tetramer+ CD8 T cells in 

spleen. (B) Kinetics of Tpex CD8 T cells in spleen (top) and their numbers at day 30 and 

day 60 post-infection (bottom). (C) Representative flow plots showing expression of various 

phenotypic markers associated with the progenitor population in LCMV-MN infected animal 
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(30 days post-infection). Plots are gated on gp33 tetramer+ CD8 T cells in spleen. (D) 

Congenically marked PD1+ Slamf6+ Tim3− and PD1+ Slamf6- Tim3+ CD8 T cells from 

LCMV-MN infected mice (Day 30 PI) were isolated by cell sorting and transferred i.v. to 2 

groups of congenically distinct naive mice followed by LCMV-MN infection. Representative 

flow plots depicting expansion of transferred cells in blood on indicated days and their 

frequency and phenotype in spleen at 14 days post-infection. Data are representative of 

two separate experiments with n=4–5 mice/group per experiment per group. Bars indicate 

mean ± SEM. **p <0.001, ns-not significant. Kruskal Wallis one-way ANOVA with Dunn’s 

multiple comparison test.
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Figure 7. LCMV-MN induced Slamf6+/Tim3− CD8 T cells transcriptionally resemble Tpex and 
expand in response to PD-L1 blockade.
RNA-seq sequencing and differential analyses were performed to compare LCMV-MN 

induced Slamf6+/Tim3− (Slamf6+) and Slamf6-Tim3+ (Tim3+) CD8 T cells 30 days post-

infection. (A) GSEA analysis showing enrichment of Tpex progenitor specific transcripts 

in LCMV-MN induced Slamf6+/Tim3− cells based on a ranked list of genes from a 

previous study of Tpex (progenitor exhausted T cells) and terminal exhausted T cells 

generated >45 days after infection with LCMV-Cl13. (GSE84105,(17)). (B) Relative gene 

expression heatmaps depicting 50 upregulated and 50 downregulated genes that best 
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distinguish Tpex from terminal exhausted T cells (an asterisk (*) indicates that the gene 

was significantly differentially expressed in LCMV-MN Slamf6+ cells). (C) Relative gene 

expression heatmaps depicting expression of transcription factors associated with a Tpex 

transcriptional program. (D) Clustering analysis of published scRNAseq data (29) of d4.5 

and d7 LCMV-Arm and -Cl13 specific CD8 T cells revealed 14 transcriptional distinct cell 

clusters. (E) Gene expression scores overlayed on tSNE plots for left: d30 pi LCMV-MN 

Slamf6+/Tim3− upregulated genes (Supplemental Table-2), middle: d7 pi Cl13 Tpex up 

regulated, and right: d4.5 pi memory precursor (Mpc) up regulated (29). A red (Max) 

gene score indicates high expression and enrichment of the gene set whereas a blue (Min) 

gene score indicates low to no expression of a gene set in the cell. (F) Infection and time 

designations overlayed on tSNE plots showing the Mpc and Tpex clusters that correspond 

to the gene scores given in 7E. (G) Slamf6+/Tim3− and Slamf6-Tim3+ CD8 T cells from 

LCMV-MN infected mice (Day 15 pi) were isolated by cell sorting and transferred i.v. 

into two groups of congenically distinct infection-matched mice. Recipients in each group 

received either anti-PD-L1 neutralizing antibody (0.2 mg/mouse) or PBS i.p. twice a week. 

Representative dot plots depicting presence of transferred cells and their phenotype in spleen 

at day 14. Flow data were concatenated from 2–5 animals due to scarcity of cells in 

certain groups. (H) Number of H-2Db/gp33-specific transferred CD8 T cells in each group. 

RNA-seq data is derived from 3 repeats/group. Data in G and H are representative of two 

separate experiments with n=3–5 mice/group per experiment. Bars indicate mean ± SEM. 

**p <0.001. Two-way ANOVA with Tukey’s multiple comparison test.
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