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Abstract

Development of tissue resident-memory CD8 T cells (TRM) depends on CD4 T cells. In 

polyomavirus CNS infection, brain CXCR5hi PD-1hi CD4 T cells produce IL-21 and CD8 T cells 

lacking IL-21 receptors (IL21R−/−) fail to become bTRM. IL-21+ CD4 T cells exhibit elevated 

TCR affinity and higher TCR density. IL21R−/− brain CD8 T cells do not express CD103, depend 

on vascular CD8 T cells for maintenance, are antigen recall-defective, and lack TRM core signature 

genes. CD4 T cell-deficient and IL21R−/− brain CD8 T cells show similar deficiencies in 

expression of genes for oxidative metabolism, and intrathecal delivery of IL-21 to CD4 T cell-

depleted mice restored expression of electron transport genes in CD8 T cells to wild-type levels. 

Thus, high affinity CXCR5hi PD-1hi CD4 T cells in the brain produce IL-21, which drives CD8 

bTRM differentiation in response to a persistent viral infection.

*Corresponding author: Aron E. Lukacher, Department of Microbiology and Immunology, Mail Code H107, Penn State College of 
Medicine, 500 University Drive, Hershey, PA 17033. alukacher@pennstatehealth.psu.edu. Phone: 717-531-6521.
Author contributions: HMR and AEL contributed to the conception and design of the study and wrote the manuscript; HMR, EMK, 
MR, GJ, CSNW, S, and QW performed experiments, analyzed data, and performed the statistical analysis. BDE and ZSMR 
contributed to the conception and design of the study and provided essential resources. All authors contributed to manuscript revision, 
read, and approved the submitted version. Present address for S is Biocon Bristol Myers Squibb Research Centre (BBRC), Syngene 
Intl. Ltd., Biocon Park, Jigani link road, Bangalore, India-560100.

Competing interests: The authors declare that they have no competing interests.

Data and materials availability: All materials used in this manuscript are commercially available or available from the 
corresponding author upon reasonable request.

HHS Public Access
Author manuscript
Sci Immunol. Author manuscript; available in PMC 2021 March 18.

Published in final edited form as:
Sci Immunol. 2020 September 18; 5(51): . doi:10.1126/sciimmunol.abb5590.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

CD8 TRM sojourn permanently in non-lymphoid tissues where they act as vanguards against 

pathogen reencounter in mucosal and nonmucosal tissues (1–3). The most populous of the 

memory T cell subsets, CD8 TRM are phenotypically and transcriptionally distinct from 

effector, effector-memory, and central-memory T cells (4–6). Moreover, TRM stand armed 

with effector mechanisms to rapidly counter invading microbes and elicit immune defense 

reactions (7–9). Given their roles in anti-microbial immunity, a sizeable body of literature 

details the transcription factors and cytokines involved in guiding TRM differentiation. A 

theme emerging from these studies is that the requirements for establishing TRM are in large 

part dictated by the pathogen and infected tissue. TGFβ and IL-15 are critical cytokines for 

TRM development and maintenance in HSV-infected skin and influenza virus-infected lung, 

but IL-15 is dispensable for TRM differentiation in the female reproductive tract and small 

intestine during LCMV infection (10–14). For cutaneous vaccinia virus infection, local 

antigen is necessary for TRM differentiation (15–17), but this is not the case for LCMV 

infection (1, 18). These variable requirements for cytokines and microbial antigens in the 

establishment of CD8 TRM reinforce the concept that the pathogen and tissue 

microenvironment act concomitantly to control the establishment of this critical memory T 

cell subset in nonlymphoid tissues.

TRM differentiation also requires CD4 T cell help, but are also influenced by pathogen- and 

tissue locale (19–21). In the brain, CD4 T cells are required for development and 

maintenance of antiviral CD8 TRM to infection by MuPyV and Toxoplasma gondii, but 

virus-specific CD8 bTRM are generated independent of CD4 T cells in LCMV CNS 

infection (20, 22, 23). MuPyV and T. gondii share the distinction of establishing persistent 

infections, whereas the CNS infection with LCMV (Armstrong strain) is acutely resolved. In 

addition, the human JCPyV polyomavirus and T. gondii are well-known for their association 

with brain pathology during AIDS, a disease defined by low CD4 T cell counts. Progressive 

multifocal leukoencephalopathy (PML) is the often-fatal brain demyelinating disease caused 

by JCPyV in the setting of AIDS and other CD4 deficiencies. More recently, PML has been 

diagnosed in patients treated with monoclonal antibody therapy such as natalizumab (anti-

α4 integrin) and rituximab (anti-CD20) (24–26). Strong JCPyV-specific CD8 and CD4 T 

cell responses are associated with protection from PML, but their role and potential 

interactions in the CNS are unknown. In the T. gondii CNS infection model, knockdown of 

Blimp1 in CD4 T cells reversed their functional deficits and improved the function of CD8 T 

cells in the brain (22). We recently reported that CD8 T cells in the brains of MuPyV-

infected mice require CD4 T cell help for establishing antiviral CD8 TRM and endowing 

them with the ability to control viral reinfection (20). Further investigation is needed to 

define the role of CD4 T cell help in the development of CD8 bTRM.

Previous studies suggest that IL-21 constitutes the requisite CD4 T cell help for CD8 TRM 

development in the brain. IL-21 is well known as the signature cytokine produced by TFH in 

germinal centers and is critical to driving central- and effector-memory CD8 T cell 

differentiation (27–30). IL-21 promotes pathogen-specific CD8 T cell function in the CNS 

during mouse JHMV coronavirus and T. gondii infections (31–33), and IL-21 has been 

shown to mitigate T cell exhaustion during viremic LCMV chronic infection (34–36).
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Using a mouse polyomavirus (MuPyV)-CNS infection model, we demonstrate that virus-

specific CD4 T cells in the brain expressing high-affinity TCRs are the sole source of IL-21, 

providing evidence of a link between an effector activity and TCR affinity by differentiated 

CD4 T cells in a non-lymphoid organ. We show that these cells exhibit a mixed TH1/TFH 

gene signature and that IL-21 is responsible for generating protective antiviral CD8 bTRM. 

These findings reveal that IL-21 is critical to the CD4 T helper cell response needed for CD8 

bTRM development during a persistent viral CNS infection.

RESULTS

CXCR5hi PD-1hi MuPyV-specific CD4 T cells in the brain produce IL-21

Because CD4 T cells are required for differentiation of MuPyV-specific CD8 bTRM (20), we 

investigated if CD4 T cells in the brain were MuPyV-specific. Mice were inoculated 

intracerebrally (i.c.) and brain CD4 T cells were analyzed for their ability to bind MHC-II 

tetramers of I-AbVP1–221 (epitope from VP1, the major viral capsid protein) and I-

AbLT678 (epitope from the Large T antigen) (37). CD4 T cells recognizing these epitopes 

were detected by 6 days post-infection (dpi), with cell numbers peaking at 8–15 dpi (Fig. 1A 

and fig. S1A). We chose 15 dpi to characterize brain CD4 T cells because this timepoint 

coincided with the initial appearance of brain CD8 T cells expressing the CD103 TRM 

marker (38).

Compared to CD4 T cells in the spleen, brain CD4 T cells expressed significantly more T-

bet, pointing toward a TH1 differentiation state for CD4 T cells infiltrating the CNS (Fig. 

1B). This possibility was reinforced by evidence that the brain CD4 T cells did not 

consistently express Gata-3 (TH2), RORγT (TH17), or FoxP3 (Treg) at higher levels (fig. 

S1B–E). Notably, the spleen and brain expression pattern for these transcription factors was 

similar for both MHC-II tetramer+ and tetramer− CD4 T cells. A proportion of MHC-II 

tetramer+ but not MHC-II tetramer− CD4 T cells in the brain co-expressed PD-1 and 

CXCR5, a phenotype consistent with TFH cells (Fig. 1C). In the spleen, I-AbVP1–221 but 

not I-AbLT678 tetramer+ CD4 T cells were PD-1hi CXCR5hi (Fig. 1C). Further evidence 

that these cells were TFH includes the findings that CXCR5hi I-AbVP1–221 tetramer+ CD4 

T cells in the spleen expressed significantly more Bcl6 than their CXCR5lo counterparts 

(Fig. 1D), and a larger fraction of I-AbVP1–221 tetramer+ CD4 T cells were CXCR5hi 

PD-1hi by 30 dpi (fig. S1F). In the brain, however, CXCR5hi and CXCR5lo populations of 

either CD4 T cell specificity expressed comparable low levels of Bcl6, and the CXCR5hi 

fraction expressed higher levels of Blimp1, which may act to repress Bcl6 transcription by 

these cells (Fig. 1D).

IL-21 is considered a signature TFH cytokine, and MuPyV-specific CD4 T cells in the brain 

display this PD-1hi CXCR5hi TFH phenotype, thus we used an IL21-VFP reporter mice to 

examine if anti-MuPyV CD4 T cells may produce IL-21. The strong fidelity of the IL21-

VFP knock-in mouse used here in reporting transcription and secretion of IL-21 production 

by activated CD4 T cells has been previously described (39). Analysis of different immune 

cell populations for IL-21 production at 15 dpi identified only CD4 T cells as a distinct VFP
+ population (fig. S1G). Brain CD4 T cells also expressed T-bet, so we analyzed IFNγ 
production in parallel with IL-21 using IFNγ-eYFP reporter mice, and compared the 
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kinetics of cells expressing each of these cytokines during MuPyV infection. Prior to 6 dpi, 

few brain-infiltrating T cells can be isolated; so, T cell infiltrates were not assessed earlier 

than 8 dpi. Interestingly, CD4 T cells in the brain were discordant in their frequency and 

kinetics for IFNγ and IL-21 production (Fig. 1E). eYFP (IFNγ)+ CD4 T cell frequencies 

peaked at approximately 25% of total CD4 T cells at 15 dpi and declined below 10% in 

persistently infected mice, whereas approximately 30% VFP (IL-21)+ were observed from 

acute through persistent stages of MuPyV infection (Fig. 1E). The kinetics of IFNγ+ CD8 T 

cells in the brain mirrored that of the IFNγ+ CD4 T cells (fig. S1H). Total and virus-specific 

brain CD4 and CD8 T cells produced IFNγ, although CD8 T cells produced more IFNγ 
than CD4 T cells (Fig. 1F, left). The majority (> 60%) of MHC II tetramer+ CD4 T cells 

were IL-21+ (Fig. 1F, right). Notably, brain CD4 T cells producing IL-21 were largely 

PD-1hi CXCR5hi, further establishing that these TFH-like cells produced IL-21 (Fig. 1G and 

fig. S1I).

Immunofluorescence microscopy of brain sections at 15 dpi illustrated CD8 T cells 

colocalizing with IL-21+ and IL-21− CD4 T cells in the periventricular region (Fig. 1H and 

fig. S1J). As VFP (IL-21)+ CD4 T cells aggregate in tight foci in the periventricular region, 

it is unlikely that IL-21 would be detected in whole brain homogenates. Collectively, these 

data demonstrate that CD4 T cells are the dominant source of IL-21 in the brains of MuPyV-

infected mice, and that these IL-21-producing CXCR5hi PD-1hi cells share phenotypic 

characteristics with TFH cells.

IL-21-producing MuPyV-specific CD4 T cells in the brain express high-affinity TCRs

MHC-II tetramers preferentially bind CD4 T cells having high-affinity TCRs, and MHC-II 

tetramers can underestimate frequencies of antigen-specific CD4 T cells up to nearly 10-fold 

(40, 41). We thus utilized 2D micropipette adhesion (2D-MP) assays to capture MuPyV-

specific CD4 T cells with low-affinity TCRs. To determine 2D affinity, negatively enriched 

CD4 T cells from the brains or spleens of IL21-VFP reporter mice at 15 dpi were sorted as 

CD69+ before being divided into VFP (IL-21)+ and VFP (IL-21)− populations. 2D-MP 

assays revealed a much greater percentage of viral antigen-specific CD4 T cells than the 

fluorophore-tagged MHC-II tetramers. By 2D-MP assays, almost all of the IL-21-producing 

CD4 T cells could be accounted for as specific for the I-Ab VP1–221 or I-Ab LT678 

epitopes, with approximately 60% of these CD4 T cells recognizing I-Ab VP1–221 and 40% 

I-Ab LT678 (Fig. 2A). These numbers were greater than the CD4+ CD69+ VFP− 

compartment, where approximately 40% and 20% bound the I-Ab VP1–221 and I-Ab LT678 

monomers, respectively (Fig. 2A). Taken together, approximately 70% the CD4 CD69+ T 

cells in the brain were specific for I-Ab VP1–221 or I-Ab LT678; these results stand in sharp 

relief against the fewer than 10% CD4 T cells in the brain that bind MHC-II tetramers of 

either specificity (Fig. 1A). 2D-MP assays detected slightly lower frequencies of MuPyV-

specific CD4 T cells in the spleen than the brain. Approximately 50% and 40% of the IL-21+ 

and 37% and 22% of the IL-21− recognized I-Ab VP1–221 and I-Ab LT678 epitopes, 

respectively (fig. S2A).

Because most I-AbVP1–221 and I-AbLT678 tetramer+ CD4 T cells in the brain were VFP 

(IL-21)+, we asked if IL-21-producing CD4 T cells had higher affinity TCRs than 
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nonproducers. Although the range of I-Ab VP1–221 and I-Ab LT678 spanned >1000-fold, 

there was a large contribution of low affinity cells in the IL-21+ population with the highest 

affinity measurements found only in the IL-21+ populations in the brain. The TCR affinity 

calculations confirmed that the VFP (IL-21)+ CD4 T cells had higher affinity TCRs for I-Ab 

LT678-specific CD4 T cells and approached statistical significance for the I-Ab VP1–221 

cells (Fig. 2B). In contrast, MuPyV-specific CD4 T cells in the spleen showed no statistical 

difference in TCR affinity between IL-21+ and IL-21− cells of either specificity (fig. S2B). 

However, the spleen follows the trend seen in the brain where the highest affinity 

measurements are found in the VFP (IL-21)+ CD4 T cells.

We found that IL-21+ I-Ab LT678 and I-Ab VP1–221 CD4 T cells in the brain each had 

higher TCR density (i.e., number of TCRs per μm2 on the T cell surface) than the IL-21 

nonproducers (Fig. 2D). In the spleen, I-Ab VP1–221-specific CD4 T cells expressed 

approximately twice as many TCRs per μm2 than I-Ab LT678-specific CD4 T cells, 

irrespective of IL-21 production (fig. S2D). These data indicate a linkage between TCR 

affinity and IL-21 production by virus-specific CD4 T cells in the brain.

IL-21-producing CD4 T cells in the brain express TH1 and TFH transcriptomes

We sought to determine the extent of similarity between IL-21+ vs. IL21− brain CD4 T cells 

at transcriptional and functional levels. Using PMA and ionomycin stimulation, we observed 

a modest increase in the frequency of VFP+ cells (fig. S3A). The overall frequency of VFP+ 

cells remained at 30–40% of total brain CD4 T cells, suggesting that the IL-21-producing 

CD4 T cells differed qualitatively from the nonproducers.

That IL-21+ and IL-21− constituted different subpopulations of MuPyV-specific CD4 T cells 

in the brain received further support from gene expression profiling. RNA sequencing 

analysis was performed on VFP+CD69+ and VFP−CD69+ CD4 T cells FACS-sorted from 

brains and spleens of IL21-VFP reporter mice at 15 dpi. Based on gene sets from recently 

published work (42–45), clustering analysis and gene set enrichment analysis (GSEA) (46, 

47), showed distinct helper T cell subtypes between IL-21+ and IL-21− CD4 T cells (Fig. 3A 

and fig. S3B & S3C). Splenic IL-21+ CD4 T cells had a strong TFH gene expression pattern, 

whereas the transcriptional signature of splenic IL-21− cells most resembled that of Treg (Fig 

3A and fig. S3C). Irrespective of their capacity to produce IL-21, brain CD4 T cells 

expressed a TH1 gene signature (Fig. 3A and fig. S3C). Cytometric bead array (CBA) for 

Th1/Th2/Th17 cytokines further verified this TH1 subtype classifications inferred by GSEA 

for brain CD4 T cells (Fig. 3B). Brain IL-21 producers and non-producers both produced 

IFNγ, TNFα, and IL-2, confirming TH1 polarization, proportionally more VFP (IL-21)+ 

CD4 T cells were making IFNγ (fig. S3D). This observation was also appreciated in the 

spleen (fig. S3E).

When we compared brain VFP (IL-21)+ CD4 T cells to brain VFP (IL-21)− CD4 T cells, we 

observed that brain IL-21 nonproducers were significantly more enriched for TRM genes 

(Fig. 3C), although both IL-21+ and IL-21− CD4 T cells in the brain preferentially expressed 

TRM signatures compared to those in the spleen (Fig. 3D). Comparing brain VFP (IL-21)+ 

CD4 T cells to brain VFP (IL-21)− CD4 T cells also revealed that IL-21-producing CD4 T 

cells in the brain were significantly enriched for the TFH gene set (Fig. 3C), even though 
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they were negatively enriched for these genes when compared to IL-21-producing CD4 T 

cells in the spleen (fig. S3C). We observed that several expressed genes associated with TCR 

signaling (Lag3, Cd4, Cd28, Irf4) were higher in the IL-21+ CD4 T cells (Fig. 3D), a finding 

consistent with evidence that these cells had higher TCR density and higher TCR affinity. 

FACS analysis confirmed elevated CD4 and IRF4 levels (Fig. 3E).

Despite the sizeable transcriptomic overlap between IL-21-producing and -nonproducing 

CD4 T cells in brains of MuPyV-infected mice, a number of genes were differentially 

expressed in addition to Il21 (Fig. 3F). That Il21 had the highest positive differential 

expression in the VFP+ CD4 T cells further verifies the reliability of VFP as a reporter for 

Il21 expression in these mice and substantiates sample purity. Differences between these 

groups in expression of IL-2Rα (CD25) and FoxP3 were confirmed by FACS (Fig. 3G). 

Collectively, gene expression profiling analyses revealed that the CD4 T cells that produce 

IL-21 in brains of MuPyV-infected mice have distinct transcriptomes from those not 

producing IL-21.

CD8 T cells require IL-21 signaling to become brain-resident memory T cells

CD8 T cells in the brain expressed IL21(R) receptors, with peak levels at 15 dpi. In contrast, 

brain CD4 T cells expressed IL21R, but at lower levels and without a change in expression 

over the course of infection (Fig. 4A). Splenic Db LT359 tetramer+ CD8 T cells also 

expressed IL21Rs at substantially lower levels over 30 days of MuPyV infection (fig. S4A). 

Higher IL21R expression correlated directly with CD103 expression (Fig. 4B), and the 

significantly lower expression levels of CD103 by Db LT359 CD8 T cells in brains of IL21R
−/− mice is consistent with this IL21R-CD103 association (Fig. 4C) and matches our 

previous observation that CD4 T cell-unhelped brain CD8 T cells are CD103− (20). MuPyV 

levels in the brain were equivalent between WT and IL21R−/− mice (Fig. 4D). A similar 

number of brain CD4 T cells was seen between groups (Fig. S4B), suggesting that these 

trends were not due to differences in viral replication or CD4 T cell-insufficiency.

IL-21 has been shown to influence short-lived effector CD8 T cells (48), and here we 

examined whether the differences in CD8 T cells between WT and IL21R−/− mice could be 

due to altered differentiation into Teff subtypes prior to recruitment into the brain. CD4 and 

CD8 T cells in IL21R−/− mice were found to enter the brain at similar frequencies as CD4 

and CD8 T cells from WT mice at 8 dpi (Fig. 4E and fig. S4C). CD44hi CD8 T cells were 

also present in the spleens of IL21R−/− mice at the same frequency as WT mice, but with a 

small decrease in the number of Db LT359+ splenic CD8 T cells was observed (fig. S4D). 

No differences in effector phenotypes was observed in IL21R−/− CD8 T cells in the brain or 

spleen based on KLRG1 and CD127 expression (Fig. 4F and fig. S4E). Expression levels of 

PD-1, IRF4, and CD69, molecules often associated with bTRM, were also similar between 

WT and IL21R−/− mice at 30 dpi (fig. S4F–I).

We previously demonstrated that peripheral depletion of CD8 T cells can lead to the loss of 

MuPyV-specific CD8 T cells in the brains of CD4 T cell-deficient but not CD4 T cell-

sufficient, mice (20). Here we depleted CD8 T cells in WT and IL21R−/− mice using anti-

CD8β starting at 10 dpi, a time after CD8 T cells have infiltrated the brain. CD8 T cells in 

IL21R−/− mice, but not WT mice, were completely depleted in the brain by anti-CD8β (Fig. 
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4G), whereas CD8 T cells were efficiently depleted in spleens off both WT and IL21R−/− 

mice (fig. S4J). To determine whether the IL21R−/− CD8 T cells were intravascular and 

directly exposed to anti-CD8β, anti-CD45 i.v. was injected 3 min prior to euthanization. As 

previously observed (20), < 5% Db LT359+ WT CD8 T cells in the brain were CD45-i.v.+ in 

both WT and IL21R−/− mice (fig S4K). CD45-i.v.+ cells had lower expression of the bTRM 

markers CD103, CD69, PD-1, and CXCR5 (fig. S4L), further showing that these cells were 

vascular and not TRM. RNA sequencing of FACS-sorted Db LT359 tetramer+ CD8 T cells 

from brains of WT and IL21R−/− mice confirmed a role of IL-21 signaling in the 

development of brain-resident CD8 bTRM during infection (Fig. 4H). GSEA for expression 

of core TRM cell genes (5), revealed these genes are negatively enriched in brain CD8 T cells 

from IL21R−/− mice (Fig. 4H).

We reported that MuPyV-specific CD8 T cells in brains of persistently infected WT mice 

had superior recall responses to antigen rechallenge than those in CD4 T cell-depleted mice 

(20). Likewise, Db LT359+ CD8 T cells in brains of WT mice showed significantly higher 

expansion compared with IL21R−/− mice after rechallenge with a recombinant VSV 

encoding the Db LT359 epitope (Fig. 4I and fig. S4M).

IL-21 signaling for development of brain-resident memory is CD8 T cell-intrinsic.

To determine whether these IL21R signaling defects were intrinsic to MuPyV-specific CD8 

T cells, we created WT/IL21R−/− mixed bone marrow (BM) chimeras (Fig. 5A). After 

engraftment, we saw an approximately 85:15 ratio of WT:IL21R−/− T cells in the blood. 

This ratio remained in the spleen after infection, but not in the brain in which the ratio was 

~99:1 WT:IL21R−/− (Fig. 5B). Of the few IL21R−/− CD8 T cells detected in the brain, a 

small fraction were CD103+ (Fig. 5C), and they expressed lower levels of CD69 (Fig. 5D) 

than the IL21R+ CD8 T cells. As the populations of IL21R−/− CD8 cells in the brains of BM 

chimeric mice were so small, we injected anti-CD8 i.v. prior to euthanization to assess 

whether these cells may represent vasculature contamination. We also included a group of 

WT:IL21R−/− mixed BM chimeric mice at 8 dpi to determine if IL21R−/− CD8 T cells that 

were recruited to the brain, but not maintained, were situated in the CNS vasculature. >20% 

of IL21R−/− CD8 T cells were i.v.+ (Fig. 5E), indicating that a sizeable portion of these cells 

were in the vasculature. Intravascular CD8 T cells expressed little to no CD69 than the CD8 

T cells in the brain parenchyma (fig. S4L). Together, these data indicate that a probable 

reason for the lower levels of CD69 expression on IL21R−/− CD8 T cells in the BM chimeric 

mice was contamination by CD69lo cells from the vasculature. In addition, IL21R−/− CD8 T 

cells in the BM chimeric mice were in the brain at the same ratio as in the spleen at 8 dpi, 

but this brain: spleen ratio was decreased at 30 dpi (Fig. 5F), further supporting the 

conclusion that the IL21R−/− CD8 T cells entered the brain, but were not maintained. The 

preference for IL21R+ CD8 T cells in the brain argues that IL-21 signaling in CD8 T cells is 

required for survival or recruitment to the CNS. Moreover, differences in expression of 

CD103 and CD69 between WT vs IL21R−/− CD8 T cells indicate that IL-21 signaling is 

intrinsic to the CD8 T cells undergoing TRM differentiation.
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IL-21 signaling controls oxidative metabolism by MuPyV-specific CD8 T cells in the brain

We investigated whether CD4 T cells and IL-21 altered the metabolic state of CD8 T cells in 

the brains of mice persistently infected with MuPyV. RNA sequencing analysis was 

performed on CD8 T cells FACS-sorted from brains of WT mice, CD4 T cell-depleted mice 

(anti-CD4 started at 6 dpi to mitigate potential effects on CD8 T cell priming/expansion), 

and IL-21R−/− mice (fig. S5A). Metascape pathway analysis (49) of the significantly 

downregulated genes in CD8 T cells from IL21R−/− and CD4 T cell-depleted mice 

compared with those from WT mice revealed deficiencies in oxidative phosphorylation and 

other metabolic pathways (fig. S5B). GSEAs using gene sets from the Molecular Signatures 

Database (MSigDB, gsea-msigdb.org/gsea/msigdb) corroborated this pathway analysis, 

further showing that the top gene set negatively enriched in CD8 T cells from CD4 T cell-

depleted and IL21R−/− mice were oxidative phosphorylation genes (Fig. 6A). Using a gene 

set for mitochondrial energy metabolism genes (6), we also found that both the CD4 T cell-

depleted and IL21R−/− transcriptomes of the CD8 T cells were negatively enriched for genes 

within the electron transport chain (ETC) (Fig. 6B & E).To validate these RNAseq results, 

we used FACS assays to assess at the single-cell level nutrient uptake and mitochondrial 

fitness by 2-NBDG uptake and Mitotracker dye staining, respectively. Fewer brain CD8 T 

cells from IL21R−/− mice were double-positive for 2-NBDG and Mitotracker compared with 

WT CD8 T cells, whether stimulated with LT359 peptide or left unstimulated (Fig. 6C). This 

was also seen in CD8 T cells isolated from our WT/IL21R−/− BM chimeras, supporting the 

idea that these defects are due to cell intrinsic defects in IL21R signaling (Fig. 6D).

We next asked if exogenous IL-21 could complement the defect in oxidative metabolism 

imposed on brain CD8 T cells by CD4 T cell deficiency. Mice were depleted of CD4 T cells 

starting 6 dpi and, from 8–30 dpi, IL-21 or artificial CSF vehicle was delivered continuously 

(Fig. 6F). CD8 T cells were FACS-sorted from brains at 30 dpi and analyzed for expression 

of genes in the ETC that were most significantly depressed in IL21R−/− and CD4 T cell-

depleted mice (Fig. 6E). IL-21 supplementation restored to WT levels transcripts for Ndufa3 
(Complex I), Ndufb10 (Complex I), and Cox6c (Complex IV) to WT levels relative to 

significantly reduced levels measured in CD4 T cell-deficient mice (Fig. 6F). These findings 

strongly support the conclusion that IL-21 is the essential help provided by CD4 T cells to 

drive differentiation of CD8 bTRM during MuPyV CNS infection.

DISCUSSION

CD8 TRM are sentinels of viral reencounter at mucosal portals of entry, but are also involved 

in maintaining dormancy of persistent viral infections (50). For MuPyV, a persistent mouse 

pathogen, CD4 T cells are essential for CD8 TRM differentiation in the brain (20). Here, we 

identify IL-21 as the central component of virus-specific CD4 T cell help that establishes 

anti-MuPyV CD8 bTRM, rendering them refractory to peripheral CD8 T cell depletion, and 

driving expression of the TRM marker CD103 and antigen recall capability. We stratified the 

IL-21-producing virus-specific “helper” virus-specific CD4 T cells into those bearing a 

CXCR5hi PD-1hi phenotype, mixed TH1-TFH polarization, and expressing high-affinity 

TCRs. The proximity of CD8 and VFP(IL-21)+ CD4 T cells within periventricular foci of 

mice also supports the hypothesis that CD4-CD8 interactions that promote CD8 T cell 
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differentiation into TRM. CD8 TRM are oxidative metabolism-biased (51, 52), and in the 

absence of CD4 T cells or IL21R signaling, brain CD8 T cells in MuPyV-infected mice 

exhibit deficiencies in oxidative metabolism. IL-21 delivery to the CNS restored deficits in 

ETC gene expression by brain anti-MuPyV CD8 T cells in CD4 T cell-depleted mice, 

further demonstrating that IL-21 is involved in providing help from CD4 T cells that is 

associated with shift toward oxidative metabolism in CD8 bTRM. Collectively, these findings 

demonstrate that IL-21 is a key component of CD4 T cell help for CD8 bTRM development 

during a persistent viral CNS infection.

Recent work by some of our group showed that TCR affinity of naïve CD4 T cells correlates 

with their ability to produce IL-2 and the fate decision to develop into IL-21-producing TFH 

cells (53). Our data are congruent with these findings in several aspects. MuPyV-specific 

CD4 T cell IL-21 producers in the brain have higher affinity TCRs and express more Icos, 

whereas IL-21 nonproducers express higher levels of Il2rα and CD25. These similarities 

raise the interesting possibility that naïve IL-2-producing CD4 T cells are progenitors of the 

IL-21-producing MuPyV-specific CD4 T cell in the CNS. These data also implicate elevated 

TCR signal strength in the genesis of IL-21-producing CD4 T cells in the CNS. However, 

we observed that a proportion of both IL-21-producing and nonproducing brain CD4 T cells 

also produce IL-2 and express Blimp1. Despite the transcriptional and phenotypic overlap 

between the CD4 T cell IL-21 producers and TFH, the IL-21-producing CD4 T cells are 

TH1-polarized in a nonlymphoid tissue environment (i.e., brain) that harbors high levels of 

viral antigen. High antigen levels likely enforce high Blimp1 expression and reciprocal 

downregulation of Bcl6. Bcl6 expression in the brain VFP+ (IL-21-producing) CD4 T cells 

is lower than Bcl6 expression in VFP+ CD4 splenocytes, but Bcl6 gene expression is 

positively enriched in brain VFP+ CD4 T cells compared to brain VFP− (GSEA RMS = 

0.9798, ES = 0.22). These differences are in line with the prevailing concept that IL-2 

receptor signaling and Bcl6 expression represent divergent memory programs for effector 

and central T cell memory, respectively (54). This programming difference may also explain 

why brain VFP+ CD4 T cells are negatively enriched for TRM genes compared to VFP− CD4 

T cells, because TCM have less overlap with TRM than TEM.

The initial MuPyV brain infection is controlled under CD4 T cell-deficient (20) and IL21R
−/− conditions, indicating that effector functionality of unhelped CD8 T cells remains intact. 

However, in contrast to virus-specific CD8 T cells in WT mice, anti-MuPyV CD8 T cells in 

CD4 T cell-depleted and IL21R−/− mice rely on circulating CD8 T cells for maintenance in 

the brain (Fig. 4G) and exhibit poor ability to expand upon antigen rechallenge (Fig. 4I). 

Stable cell numbers in the face of cell loss in the circulating population is a key 

characteristic that defines these CD8 T cells as bTRM. CD8 T cells have been shown to limit 

reactivation of HSV infection (55), and may operate similarly against MuPyV infection to 

prevent viral resurgence during persistence. Thus, should immune homeostasis be disrupted 

peripherally, brain CD8 T cells likely will fail to differentiate into bTRM capable of 

controlling resurgent PyV infection. CD4 T cell deficiency is associated with PML and may 

underlie loss of CD8 T cell-mediated protection against JCPyV-infected glia (56–58). 

Support for this scenario comes from the lower level of proliferation by MuPyV-specific 

CD8 T cells upon i.c. delivered antigen rechallenge (Fig. 4I).
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T cells at different states of differentiation vary in their utilization of aerobic glycolytic vs. 

oxidative respiration and ample evidence points toward metabolism directing T cell 

differentiation programs (51, 52, 59, 60). Recent studies document that CD8 TRM, like naïve 

T cells, preferentially utilize oxidative metabolism, whereas effector T cells engage 

glycolytic metabolism (51, 61). Survival of CD8 TRM in the skin requires exogenous lipid 

uptake and fatty acid oxidation (FAO) as its preferred metabolic pathway (62, 63). CD8 TRM 

infiltrating gastric adenocarcinomas similarly rely of fatty acid oxidation for their survival, 

with PD-1 blockade promoting lipid uptake (64). An important consideration with the 

current data on immunometabolism of CD8 TRM is that most of these studies focus on CD8 

TRM in the skin or mucosal barrier sites (65). Neurons are terminally differentiated, sensitive 

to injury, and often irreplaceable. Thus, CD8 T cells in the brain must balance viral control 

against immunopathology, while CD8 T cells in the skin and other mucosal barrier sites are 

not so constrained. This may account for differences generally seen between various TRM 

markers on the CD8 T cells in the skin vs. brain - CD103 and granzyme B are expressed by 

almost all skin TRM, but only by a fraction of bTRM. Some of the byproducts of FAO 

damage astrocytes and other brain-resident cells (66). It is not known whether CD8 bTRM 

use free fatty acids as their energy source or if they, like nonimmune cells in the brain, prefer 

glucose. The limited data available on effects of IL-21/IL21R signaling in CD8 T cells 

metabolism point to glucose as the primary external source of metabolic fuel (67). CD8 T 

cells exposed to IL-21 in vitro shift their metabolic profile from aerobic glycolysis to fatty 

acid oxidation, but decrease their incorporation of BIODIPY FL C16 (fluorescently labeled 

fatty acid) (67). This suggests that IL-21 directs CD8 T cells to preferentially use intrinsic 

(rather than extrinsic) fatty acids to fuel FAO. Similar to our data, Cullen et. al. observed that 

CD4 T cell-unhelped lung CD8 TRM are negatively enriched for OX-PHOS genes by GSEA 

during influenza infection, as well as finding that these cells incorporated less 2-NBDG 

incorporation after stimulation than helped CD8 TRM (21). Collectively, this literature and 

our findings raise the important point that the metabolic pathways utilized by TRM may be 

tissue- and/or virus-dependent.

Our findings extend recent evidence linking TCR: Peptide–MHC (pMHC) affinity with 

cytokine production in naïve CD4 T cells in lymphoid tissues to virus-specific CD4 T cells 

in the CNS. Specifically, we show that IL-21-producing CD4 T cells express higher affinity 

TCRs than the IL-21 nonproducers. For the VFP (IL-21)+ CD4 T cells, there appear to be 

three populations of varying TCR affinities for I-Ab VP1–221-specific CD4 T cells and two 

populations for the VFP (IL-21)+ I-Ab LT678 CD4 T cells (Fig. 2B). This larger spread in 

the I-Ab VP1–221 population likely contributes to the higher p-value and failure to achieve 

statistical significance. Another possibility is that these data point toward fine delineations 

between TCR affinities and effector functions. The histograms of VFP expression in Fig. 1F 

suggest that there are CD4 T cells producing high and low levels of IL-21. Perhaps those 

CD4 T cells with the highest affinity TCRs correlate with cells having the highest gMFI of 

VFP (i.e., the most IL-21 production). The larger fraction of IFNγ+ cells in the VFP 

(IL-21)+ CD4 T cells appears at odds with the CBA data showing more IFNγ in the media 

of VFP (IL-21)− CD4 T cells (Fig. 3B and fig. S3A). Differences in T cell stimulation 

methodology and assay readouts likely account for this apparent discrepancy. It is also 

interesting to consider whether the higher affinity cells may be IL-21 and IFNγ co-
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producers. This possibility is supported by evidence that MHC-II tetramers bind the highest 

affinity TCRs on CD4 T cells (40) and our data showing an overlap between these two 

cytokines in the MHC-II tetramer+ populations (Fig. 1F).

In summary, evidence presented here shows that IL-21 produced by CD4 T cells provides 

the environmental context for development of CD8 TRM in the brain during persistent viral 

infection. Strong CD8 T cell responses to JCPyV are linked to favorable outcomes in PML 

patients (57), and CD4 T cell insufficiency predisposes to PML (68). Our finding that IL-21 

produced by CD4 T cells drives development of protective CD8 bTRM offers a unifying 

framework for these associations and presents new therapeutic opportunities for PML.

Study Design

The purpose of this study was to elucidate a mechanism for CD4 T cell help to CD8 T cells 

in the brain to persistent virus infection. To define the nature of this CD4 T cell help, we 

characterized MuPyV-specific brain CD4 T cells using MHC-II tetramers and common flow 

cytometry markers. IFNγ-eYFP and IL21-VFP reporter mice were used to determine the 

IFNγ and/or IL-21 production profile during MuPyV brain infection. 2D-MP and RNAseq 

on FACS-sorted VFP+ and VFP− CD4 T cells from IL21-VFP mice allowed us to compare 

the TCR:pMHC affinities and gene expression profiles of IL-21 producers to IL-21 

nonproducers. To determine if signaling through the IL21R was required by the CD8 T cells 

for bTRM status, we assessed CD8 T cells in IL21R−/− conditions (global and CD8 T cell 

intrinsic using 1:1 mix of CD45.1/CD45.2 WT:CD45.2 IL21R−/− BM chimeras). To further 

confirm that IL-21 plays a role in CD4 T cell help to the CD8 T cells, we compared the 

transcriptomes of brain CD8 T cells from WT, CD4 T cell-depleted (unhelped), and IL21R
−/− mice. The ALZET osmotic pump and brain infusion kits enabled us to deliver exogenous 

IL-21 directly into the lateral left ventricle of CD4 T cell-depleted mice over a time period 

of 22 days to determine if IL-21 could rescue deficits in CD8 T cells in the brains of CD4 T 

cell-insufficient mice.

MATERIALS AND METHODS

Mice

C57BL/6NCr (stock #OIC55) and B6-ly5.1/Cr (stock #564) mice were purchased from the 

Frederick Cancer Research and Development Center of the National Cancer Institute 

(Frederick, MD). IL21R−/− (Stock #015505-UCD) (69) mice were purchased from the 

Mutant Mouse Resources and Research Centers at the University of California-Davis (Davis, 

CA) and backcrossed to the C57BL/6 background. IFNγ-eYFP (Stock #017581) (70) and 

IL21-VFP (stock #030295) (39) mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME). All mice were housed in accordance with the guidelines of the Institutional 

Animal Care and Use Committees and the Department of Comparative Medicine at the 

Pennsylvania State University College of Medicine. The Pennsylvania State University 

College of Medicine Animal Resource Program is accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC). The 

Pennsylvania State University College of Medicine has an Animal Welfare Assurance on file 
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with the National Institutes of Health’s Office of Laboratory Animal Welfare; the Assurance 

Number is A3045–01.

Infections

7–12 week-old anesthetized mice were i.c. inoculated by injecting the right frontal lobe with 

6 × 105 PFU of MuPyV strain A2 in 30 µL of DMEM as described (38). VSV.LT359 

rechallenge experiments were performed by i.c. injection of 2 × 104 PFU of VSV.LT359 in 

30 µL DMEM at 30 dpi of MuPyV.

Bone marrow chimeric mice

Protocol was modified from the Zajac group (30). B6-ly5.1/Cr (CD45.1) mice were lethally 

irradiated (500 rads x 2, 4 h apart). Femurs from C57BL/6NCr x B6-ly5.1/Cr F1 (WT, 

CD45.1/CD45.2) and IL21R−/− (CD45.2) mice were flushed with a 26G needle. BM cells 

were pushed through a 70 mm strainer and resuspendened in ACK lysis buffer to remove 

RBCs. Remaining cells were resuspended in CD5 microbeads (Miltenyi Biotec, Bergisch 

Gladbach, Germany) and pushed through a LD column (Miltenyi Biotec, Bergisch 

Gladbach, Germany) to remove mature T cells. Flow-through cells were resuspended in PBS 

and counted to achieve a 1:1 mix of WT:IL21R−/− at a total cell concentration of 2 × 107 

cells/mL. 500 μL of the 1:1 mix was i.v. injected into the tail veins of the irradiated SJL 

recipients. Eight weeks post-transfer, recipient mice were checked for engraftment by 

collecting blood from the submandibular vein.

T cell depletion

CD4 T cells were depleted with 250 μL of monoclonal rat anti-CD4 (GK1.5) at 1 mg/mL in 

sterile PBS i.p. CD8 T cells were depleted with 250 μL of monoclonal rat anti-CD8β (H35) 

at 1 mg/mL in sterile PBS i.p. CD4 T cell depletion began at 6 dpi and CD8 T cell depletion 

began at 10 dpi. To ensure T cells were depleted within the first week, a second dose was 

given 48 h after the first dose. Doses were given weekly thereafter. Mice were checked for 

depletion by collecting blood from the submandibular vein at 8 or 12 dpi to check CD4 or 

CD8 T cell depletion respectively. <1% of live blood cells positive for CD4 (RM4–5) or 

CD8α (53–6.7) was considered adequate depletion as this was >10-fold decrease in staining 

compared to Rat IgG treated.

Intraventricular cannulation

C57BL/6Cr mice were depleted of CD4 T cells as described above. One day prior to surgery, 

ALZET mini-osmotic pumps (Model 2004, DURECT Corporation, Cupertino, CA) were 

filled with 0.5 μg/mL of recombinant mouse IL-21 (BioLegend, San Diego, CA) in artificial 

cerebral spinal fluid (aCSF) (aCSF formula outlined on ALZET website, DURECT 

Corporation, Cupertino, CA) or aCSF only, connected to brain infusion cannulas (ALZET 

Brain Infusion Kit 3), and activated at 37°C in sterile PBS (Baxter Healthcare Corporation, 

Deerfield, IL) per manufacturer’s instructions. At 8 dpi, surgeries were performed as 

described (71). Osmotic pumps were implanted subcutaneously. A small hole was drilled 

into the skull 0.2 mm lateral and 0.1 mm posterior to Bregma. The needle of the cannula was 

placed into this hole and the cannula was secured to the skull with Loctite 454 instant 
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adhesive to deliver the pump contents into the left lateral ventricle for 22 days with a flow 

rate of 0.25 μL/hr. Skin was sutured over the cannula and topical antibiotics (SMZ/TMP) 

were applied to keep the incision clean. Delivery of aCSF +/− IL-21 to the lateral ventricle 

was confirmed by measuring the weight of the pump before and after placement into the 

mice.

Quantitation of MuPyV Genomes and LT-Ag mRNA

TaqMan real-time PCR was performed in an ABI StepOnePlus (Applied Biosciences) with 

10 ng of template DNA. DNA was purified from tissues by homogenization in nuclear lysis 

solution (Promega, Madison, WI) followed by incubation with protein precipitation solution 

(Promega, Madison, WI) to obtain DNA in the supernatant. The supernatant was then 

incubated with isopropanol to precipitate the DNA. The precipitated DNA was washed in 

ethanol and dissolved in molecular grade water. Primers and amplification parameters are 

previously described (72).

Cell isolation

For isolation of lymphocytes, mice were euthanized, and brains and spleens were removed. 

Brains and spleens were minced and digested with Collagenage I (40mg/100ml) for 20 

minutes at 37° C. Brain homogenates were subjected to a two-step percoll gradient (44%/

66%) to remove myelin and cell debris. Cells were collected from the 44%/66% interface 

and washed with 5% FBS DMEM before flow cytometry staining.

Flow cytometry

CD8 and CD4 T cell gating strategies are shown in fig. S6. MHC-II tetramer staining of 

CD4 T cells was performed as previously described (37). Phycoerythrin-conjugated I-Ab 

VP1–221–235, I-Ab LT678–690 and I-Ab hCLIP tetramers (NIH Tetramer Core Facility, 

Atlanta GA) were diluted to 8 μg/mL per 1 × 106 spleen or brain cells in 5% FBS DMEM 

and incubated with the cells at 37°C for 1.5 h. As each sample required separate flow panels 

for each of the three tetramers and < 10% of the CD4 T cells in the brain bound tetramer, 

mice were pooled in groups of three to ensure the sizes of the MHC-II tetramer+ populations 

isolated from the brains were sufficiently robust for statistical analysis. After the CD4 

tetramer staining, spleen and brain cells were exposed to Fixable Viability Dye (eBioscience, 

San Diego, CA) prior to staining for CD8 tetramers, surface molecules, and/or intranuclear 

molecules. Allophycocyanin-conjugated Db LT359–638 tetramers (NIH Tetramer Core 

Facility, Atlanta, GA) and antibodies to the following molecules were used: CD8α (53–6.7), 

CD4 (RM4–5), CD44 (IM7), CD11b (M1/70), CD45 (30-F11), CD45.2 (104), CD69 

(H1.2F3), CD103 (M290), IL21R (4A9), CXCR5 (2G8), Blimp-1 (5E7), Bcl-6 (K112-g1), 

IFN-rdrd (XMG1.2), and IL-2 (JES6–5H4) were purchased from BD Biosciences (San 

Diego, CA); PD-1 (RMP1–30), Streptavidin, and IRF4 (3E4) were purchased from 

eBioscience (San Diego, CA); and CD25 (3C7), CD45.1 (A20), Tbet (4B10), FoxP3 

(MF-14), GATA3 (16E10A23), GFP (FM264G), and TNFα (MP6-XT22) were purchased 

from BioLegend (San Diego, CA). To identify cells in the brain vasculature, mice were 

injected i.v. with 30 μg of CD45 (30-F11) or CD8α (53–6.7) 3 min prior to euthanization 

(73). Prior to intranuclear staining, cells were fixed and permeabilized with eBioscience 

Fixation/Perm (eBioscience, San Diego, CA). FACS metabolic assays were performed as 
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described on the Greg Delgoffe laboratory website (http://www.delgoffe-lab.com/). Briefly, 

CD8 T cells were incubated for 30 m at 37°C in serum-free RPMI containing 100 uM of the 

fluorescent glucose analog 2-NBDG (Cayman Chemical, Ann Arbor, MI), or 4 h with LT359 

peptide (Peptide 2.0 Inc., Chantilly, VA) and brefeldin A (BD Biosciences, San Diego, CA). 

During surface staining, 10 nM MitoTracker Deep Red (Invitrogen, Carlsbad, CA) was 

added and live cells were run on the flow cytometer immediately after the final wash. 

Samples were acquired on an LSR II or LSR Fortessa (BD Biosciences, San Diego, CA) and 

analyzed using FlowJo software (Tree Star, Ashland, OR).

Intracellular cytokine stimulation

Brain and spleen cells were stimulated with 1 μM of PMA and ionomycin or LT359 peptide 

for 4 h in the presence of brefeldin A, stained for viability and surface markers, fixed and 

permeabilized with CytoFix/CytoPerm (BD Biosciences, San Diego, CA), then stained for 

intracellular IFNγ, TNFα, and IL-2. Staining for these cytokine antibodies in the absence of 

peptide was <1% CD4+CD44hi- or CD8+CD44hi-gated cells. Samples were acquired on an 

LSR II or LSR Fortessa (BD Biosciences) and analyzed using FlowJo software (Tree Star, 

Ashland, OR).

Cytometric bead array

Sorted (BD FACSAria, BD Bioscience, San Diego, CA) VFP+ and VFP− CD4 T cells from 

brains and spleens of IL21-VFP reporter mice at 15 dpi were incubated with CD3/CD28 

dynabeads (Thermo Fischer Scientific, Waltham, MA) for 24 h at 37°C in 200 μL of 5% 

FBS DMEM. After 24 h, 50 μL of media was used for the BD CBA Mouse Th1/Th2/Th17 

Cytokine Kit (BD Biosciences, San Diego, CA) following the manufacturer’s instructions.

2D-Micropipette cell adhesion assay

CD4 T cells from brains and spleens of IL21-VFP mice were enriched for using magnetic 

bead-based negative selection kits (STEMCELL Technologies Inc., Vancouver, BC). They 

were then sorted on a BD FACSAria II (BD Biosciences) based on expression of CD69 and 

VFP (IL21) to obtain a CD69+VFP+ population and a CD69+VFP− population. The relative 

2D affinity of polyclonal I-Ab LT678 or VP1–122 specific CD4+ CD69+ T cells from either 

the brain or spleen of MuPyV infected mice was measured using the previously 

characterized 2D-MP (38, 40, 74).

Immunofluorescence microscopy

Anesthetized mice were transcardially perfused with PBS followed by 10% Formalin. Skulls 

containing whole brains where kept overnight at RT in 10% Formalin. Brains were removed 

the following day and incubated in 10% Formalin overnight at 4C and then dehydrated in 

30% sucrose for 3 days. Brains were hemisected sagittally, frozen in OCT, and cut in 12 µm 

sagittal sections using a Leica CM1860 UV cryostat (Leica Biosystems, Wetzlar, Germany). 

Primary antibodies include: Goat anti-GFP (Abcam, Cambridge, UK), Rabbit anti-CD8α 
(Sino Biological Inc., Beijing, China) and anti-CD4-PE (GK1.5, BioLegend). Secondary 

antibodies against goat (bovine anti-goat AF488) and rabbit (donkey anti-rabbit AF647) 
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were purchased from Jackson ImmunoResearch (West Grove, PA). Images were acquired 

using a Leica DM4000 B LED microscope (Leica Biosystems, Wetzlar, Germany).

RNA isolation and RNA sequencing library generation

CD69+ CD4 T cells from the brains and spleens of IL21-VFP MuPyV-infected mice at 15 

dpi were sorted into VFP+ (IL-21+) and VFP− populations to purity (enriched >92% based 

on post-sort analysis) using a BD FACSAria II (BD Biosciences, San Diego, CA). Likewise, 

Db LT359+CD103− CD8 T cells from the brains of C57BL/6NCr (WT), C57BL/6NCr CD4 

T cell-depleted, and IL21R−/− MuPyV-infected mice at 30 dpi were sorted to purity 

(enriched >94% based on post-sort analysis) using a BD FACSAria II (BD Biosciences, San 

Diego, CA). RNA was isolated from these samples using Trizol reagent (Ambion Life 

Technologies, Austin, TX). Samples with high-quality RNA (RNA integrity number >7.0) 

were used for library preparation. The mRNA was obtained from total RNA after depletion 

of rRNA using RiboGone-Mammalian Kit (Takara Bio Inc., Liaoning, China) and then 

purified using the AMPure PCR Purification Kit (Beckman Coulter, Indianapolis, IN). 

cDNA libraries were subsequently prepared using the SMARTer Stranded RNA-seq Kit 

(Takara Bio Inc., Liaoning, China). Libraries were sequenced on an Illumina NextSeq 

platform using a 75-cycle single-end high-output sequencing run (Illumina, San Diego, CA).

RNAseq data analysis

RNAseq reads were demultiplexed (bcl2fastq), and FASTQ files were aligned to mouse 

genome GRCm38.96 (www.ensembl.org) using the STAR Aligner v2.5 (github.com/

alexdobin/STAR) with 2-pass method. Sequenced read quality was checked with FastQC 

(bioinformatics.babraham.ac.uk/projects/fastqc). The gene expression profiles were 

quantified using Bioconductor R package of DESeq2 version 1.26 to get the Reads Per 

Kilobase of transcript per Million mapped reads (RPKM) for direct comparison between 

samples, as described (bioconductor.org/packages/devel/workflows/vignettes/rnaseqGene/

inst/doc/rnaseqGene.html). Significant genes were determined based on a False Discovery 

Rate (FDR) threshold of 5% (<0.05). Volcano plots were generated to visualize significance 

and fold changes of gene expression obtained from RNAseq data. In the volcano plot, log 

fold changes of normalized gene expression in the first group compared with the second 

group were used as an x-axis and -log10 Q values were used as a y-axis. The gene set 

enrichment analysis (GSEA) was performed as outlined on the Broad Institute website 

(broadinstitute.org/gsea/index.jsp).

Statistical analysis

p values were determined by paired Wilcoxon ranked test, unpaired Mann Whitney test, or 

one-way or two-way ANOVA using GraphPad Prism software (La Jolla, CA). All p values ≤ 

0.05 were deemed significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CXCR5hi PD-1hi MuPyV-specific CD4 T cells in the brain produce IL-21.
(A) Representative dot plots with mean ±SD of the MuPyV CD4 epitopes I-Ab VP1–221 

(top) and I-Ab LT678 (bottom) from the spleens (left) and brains (right). Gates were drawn 

using I-Ab CLIP tetramer controls. (B) gMFI of T-bet in the I-Ab VP1–221+ (left), I-Ab 

LT678+ (center) or MHC-II tetramer− (right) CD4 T cells from spleens and brains. (C) 

Representative plots of the indicated MHC-II tetramer+ and MHC-II tetramer− populations 

showing PD-1 and CXCR5. Mean ±SD of CXCR5hiPD-1hi population shown. (D) gMFI of 

Bcl6 (top) and Blimp1 (bottom) in the CXCR5hiPD-1hi (CXCR5hi) and 

CXCR5int-loPD-1int-lo (CXCR5lo) populations gated on in (A) for I-Ab VP1–221+ and I-Ab 

LT678+ CD4 T cells from the spleens and/or brains (E) % CD4 T cells that are eYFP+ (left) 
or VFP+ (right) from IFNγ-eYFP and IL21-VFP reporter mice respectively, at 8, 15, and 30 

dpi. (Indicate what error bars represent) (F) Representative histograms with mean ±SD 

showing eYFP (left) and VFP (right) in the indicated cells isolated from the brains of IFNγ-
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eYFP or IL21-VFP reporter mice, respectively. (G) Representative dot plot (left) of total 

CD4 T cells from the brain of IL21-VFP reporter mice plotted for PD-1 vs. CXCR5 with 

VFP expression in each individual cell displayed on a blue (low) to red (high) scale, and 

gMFI of VFP in each gated population (right). (H) Fluorescence micrograph of CD4 (red), 

IL21-VFP (green) and CD8 (purple). White arrowheads point to VFP+ CD4 T cells. 

Statistics: (B), (D) & (G) Wilcoxon signed-rank test. **p≤0.01 ***p≤0.005. Data not 

significant unless noted. All data are from 2–3 independent experiments (n = 10–21 mice/

group) using MuPyV-infected mice at 15 dpi unless noted.
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Fig. 2. IL-21-producing MuPyV-specific CD4 T cells in the brain express high-affinity TCRs.
(A) % VFP+ and VFP− CD69+ brain CD4 T cells that bind I-Ab VP1–221 or I-Ab LT678 

monomer-coated RBCs but not the hCLIP monomer controls, determined by 2D-MP. (B) 

TCR:pMHC affinity measurements of VFP+ and VFP− brain CD4 T cells that bound I-

AbVP1–221 (left) or I-Ab LT678 (right) monomers. Each dot represents one cell. (C) 

Adhesion frequency of VFP+ (left) or VFP− (right) pMHC-binding CD69+ CD4 T cells 

tested against hCLIP monomers. (D) TCR density (number of TCRs/μm2 of T cell surface) 

in VFP+ and VFP− brain I-Ab VP1–221- and I-Ab LT678-specific CD4 T cells. Statistics: 
(B) Mann-Whitney test; (C) Wilcoxon signed rank test; (D) Two-way ANOVA with multiple 

comparisons. **p≤0.01 ***p≤0.005 ****p≤0.001. All data from IL21-VFP reporter mice (n 

= 9–12 mice/group) at 15 dpi from two independent experiments.
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Fig. 3. IL-21-producing CD4 T cells in the brain express TH1 and TFH transcriptomes.
(A) Heatmap of log2 transformed RPKM values for the top genes associated with the 

indicated CD4 T cell subsets in CD69+VFP+ and CD69+VFP− CD4 T cells from brains and 

spleens. (B) CBA for cytokines secreted by VFP+ (top) and VFP− (bottom) brain CD4 T 

cells after CD3/CD28 dynabead stimulation. (C) GSEA comparing brain VFP+ to VFP− 

CD4 T cells using CD4 T cell TRM (45) (left) and TFH (43) (right) gene sets. (D) Heatmap 

of log2 transformed RPKM values for the indicated genes in CD69+VFP+ and CD69+VFP− 

CD4 T cells from brains and spleens. (E) gMFI of CD4 (left) and IRF4 (right) on brain VFP
+ and VFP− CD4 T cells. (F) Volcano plot of genes differentially expressed in brain VFP+ 

vs. VFP− CD4 T cells. (G) gMFI of CD25 (top) and FoxP3 (bottom) expression in brain 

VFP+ and VFP− CD4 T cells. Statistics: (E) & (G): Wilcoxon signed rank test. *p≤0.05 

**p≤0.01. (A), (C), (D), & (F) acquired from 3 separate sample pools of 4–5 IL21-VFP 
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reporter mice at 15 dpi. All other data are from IL21-VFP reporter mice (n = 12–14 mice/

group) at 15 dpi from two independent experiments.

Ren et al. Page 25

Sci Immunol. Author manuscript; available in PMC 2021 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. CD8 T cells require IL-21 signaling to become brain-resident memory T cells.
(A) IL21R gMFI on CD4 and CD8 T cells from brains of WT mice at the indicated dpi. (B) 

IL21R gMFI on CD103+ and CD103− brain Db LT359+ CD8 T cells at 15 and 30 dpi. (C) 

Representative histograms of CD103 on Db LT359+ CD8 T cells from brains of WT and 

IL21R−/− mice (left). Black line traces the FMO used to assign the indicated gates. Mean 

±SD of % CD103+ in upper right corner. % CD103+ Db LT359+ brain CD8 T cells from WT 

and IL21R−/− mice (right). (D) qPCR for MuPyV DNA in the brains of WT and IL21R−/− 

mice. NTC= no template control. (E) Number of total and Db LT359+ CD8 T cells from 

brains of WT and IL21R−/− at 8 dpi. (F) KLRG1 and CD127 expression pattern by brain Db 

LT359+ CD8 T cells of WT and IL21R−/− mice at 8 dpi. (G) Number (left) and % CD8 T 

cells (right) in brains of MuPyV-infected mice given IgG or anti-CD8β. (H) GSEA 

comparing brain CD8 T cells from IL21R−/− vs. WT mice using a core TRM signature gene 

set (5). (I) Experimental design (above) and number of Db LT359+ CD8 T cells after 
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rechallenge with VSV.LT359 in WT and IL21R−/− mice. Statistics: (A), (G), & (I): Two-

way ANOVA with multiple comparisons; (B) Wilcoxon test. (C)-(F): Mann-Whitney test. 

*p≤0.05, **p≤0.01, ***p≤0.005, ****p≤0.001. Data is not significant unless noted. (H) data 

acquired from 3 separate pools of brain Db LT359+ CD8 T cells sorted from WT and IL21R
−/− mice (n = 4–5 mice/group) at 30 dpi. All other data from 2–3 independent experiments 

with 2–5 mice per group, and at 30 dpi unless noted.
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Fig. 5. IL-21 signaling for development of brain-resident memory is CD8 T cell-intrinsic.
(A) Experimental design. (B) Ratio of spleen (left) and brain (right) CD45.1+/CD45.2+ 

(WT) and CD45.2+ (IL21R−/−) CD8 T cells to blood CD45.1+/CD45.2+ (WT) and CD45.2+ 

(IL21R−/−) CD8 T cells in BM chimeras. (C) % CD103+ cells in WT and IL21R−/− CD8 T 

cells in brain in BM chimeric mice. (D) gMFI of CD69 in WT and IL21R−/− CD8 T cells in 

brains of BM chimeric mice. (E) anti-CD8α i.v. labeling of the indicated CD8 T cell 

populations at 8 and 30 dpi from the brains of BM chimeric mice. (F) Ratio of the % brain 

CD45.1+/CD45.2+ (WT) and CD45.2+ (IL21R−/−) Db LT359+ CD8 T cells to % spleen 

CD45.1+/CD45.2+ (WT) and CD45.2+ (IL21R−/−) Db LT359+ CD8 T cells in BM chimeric 

mice. Statistics: (B)-(E) Wilcoxon test. (G) Two-way ANOVA with multiple comparisons. 

*p≤0.05, **p≤0.01, ***p≤0.005, ****p≤0.001. Data is not significant unless noted. Data are 

from 2–3 independent experiments with 3–4 mice per group.
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Fig. 6. IL-21 signaling controls oxidative metabolism by MuPyV-specific CD8 T cells in the brain.
(A) GSEA comparing CD4 T cell-depleted (CD4-depl.) vs. WT mice (left) and IL21R−/− vs. 

WT mice (right) using the KEGG oxidative phosphorylation gene set. (B) GSEA comparing 

CD4 T cell-depleted (CD4-depl.) vs. WT mice (left) and IL21R−/− vs. WT mice (right) 
using mitochondrial energy genes. (C) % CD8 T cells from brains of WT or IL21R−/− mice 

that incorporated 2-NBDG and Mitotracker Deep Red with (right) and without (left) LT359 

peptide stimulation. (D) % CD8 T cells that incorporated 2-NBDG and Mitotracker Deep 

Red after LT359 peptide stimulation in CD8 T cells from the brains of WT/IL21R−/− BM 

chimeric mice. (E) Heatmap of log2 transformed RPKM read values for genes within the 

indicated ETC complexes. (F) Experimental design (above) and relative change of gene 

expression in CD8 T cells isolated from the brains of WT, CD4 T cell-depleted, and CD4 T 

cell-depleted + i.c.v. IL-21 treated mice for select ETC genes (below). Statistics: (C) Mann-

Whitney test; (D) Wilcoxon signed rank test; (F) One-way ANOVA with multiple 

comparisons. *p≤0.05, **p≤0.01. Data is not significant unless noted. (A), (B) & (E) data 

from 2–3 separate sample pools of WT, CD4 T cell-depleted, and IL21R−/− mice at 30 dpi (n 

= 4–5 mice/group). All other data are from 2–3 independent experiments with 2–5 mice per 

group at 30 dpi.
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