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SUMMARY

CD4 T cell help is critical to sustain effector CD8 T cell responses during chronic infection, 

notably via T follicular helper (Tfh)-derived interleukin-21 (IL-21). Conversely, CD4 depletion 

results in severe CD8 T cell dysfunction and lifelong viremia despite CD4 T cell reemergence 

following transient depletion. These observations suggest that repopulating CD4 subsets are 

functionally or numerically insufficient to orchestrate a robust CD8 response. We utilize 

spatial transcriptomics and single-cell RNA sequencing (scRNA-seq) to investigate CD4 T 

cell heterogeneity under CD4-replete and -deplete conditions and explore cellular interactions 

during chronic infection. Although IL-21-producing Tfh cells repopulate following transient CD4 

depletion, they are outnumbered by immunomodulatory CD4 T cells. Moreover, the splenic 

architecture appears perturbed, with decreases in white pulp regions, coinciding with germinal 

center losses. These disruptions in splenic architecture are associated with diminished Tfh and 

progenitor CD8 T cell colocalization, providing a potential mechanism for impaired progenitor-to-

effector CD8 T cell differentiation during “un-helped” conditions.
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In brief

To address why repopulated CD4 T cells after initial depletion fail to rescue the functional effector 

CD8 T cells during chronic LCMV infection, Topchyan et al. apply spatial transcriptomics and 

find loss of Tfh cells and their interaction with progenitor CD8 T cells and B cells as a possible 

reason.

Graphical Abstract

INTRODUCTION

CD4 and CD8 T cells are critical in the immune response, namely against pathogenic 

infections and cancer. Although it is known that CD4 T cells provide help to CD8 T 

cells, precisely when, where, and by what mechanisms this “help” takes place continue 

to be of great interest.1 During chronic infection, CD4 T cells play a critical role in 

sustaining the effector function of CD8 T cells.2–4 Notably, several recent studies have 

identified that CD8 T cells responding to chronic viral infection are heterogeneous and 

can be subset into at least three phenotypically, functionally, and epigenetically distinct 

subsets. Progenitor Ly108hi TCF-1hi CD8 T cells, which are a precursor population with 

self-renewing abilities, can give rise to either terminally differentiated exhausted PD-1hi 

CD8 T cells or effector CX3CR1hi CD8 T cells, which maintain their functional capacity 

to control viral infection.3–12 In particular, effector CD8 T cells arise when CD4 T cells 

help in the form of interleukin-21 (IL-21) production.3,13 Conversely, if CD4 T cell help is 
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absent, CD8 T cells enter a dysfunctional state, losing their capacity for viral control.2,14,15 

Thus, developing a clearer understanding of how CD4 T cells aid in progenitor CD8 T cell 

differentiation has significant therapeutic potential.

In response to chronic viral infection, CD4 T cells steadily increase their production of 

IL-21,16 which serves as a critical mechanism by which CD4 T cells sustain effector 

CD8 T cell responses during prolonged infection.17–19 Importantly, we recently identified 

that BATF, a transcription factor (TF) downstream of IL-21 signaling,16 is essential for 

facilitating progenitor-to-effector CD8 T cell transition,20 thereby providing mechanistic 

insight into how IL-21 signaling imparts a cytotoxic differentiation program in CD8 T 

cells. However, despite this apparent role for CD4 T cell-secreted IL-21, whether or not a 

particular IL-21-producing T helper cell subset is instrumental in facilitating this CD8 T cell 

differentiation process remained largely unclear.3,4,13 Notably, our latest work demonstrates 

that T follicular helper (Tfh) cells produce the highest amounts of IL-21 during lymphocytic 

choriomeningitis virus (LCMV) clone 13 (Cl13) infection and that Tfh-derived IL-21 is 

critical to sustain effector CD8 T cell responses and viral control during chronic infection.21 

Additionally, Tfh cell-derived IL-21 is also necessary for germinal center responses; the 

absence of IL-21 results in impaired germinal center maintenance, reduced B cell affinity 

maturation, and isotype class switching.22–24 Therefore, CD4 T cell help during chronic 

infection is critical for CD8 T cell-mediated and humoral responses against persistent viral 

infection. Nevertheless, how this interaction between virus-specific Tfh cells and CD8 T 

cells is achieved spatially remains unclear.

It is well-established that LCMV Cl13 infection induces immunopathology, resulting in 

disruption of the splenic architecture in a CD8 T cell-dependent manner.25,26 LCMV causes 

severe destruction of organized lymphoid follicular structures, particularly in secondary 

lymphoid organs.27 This is due to LCMV infection of fibroblastic reticular cells, which form 

conduit networks that are important for lymphoid architecture and function.26 Although 

CD8 T cells may be responsible for disruption of the splenic architecture and other 

lymphoid tissues early on in infection,26,28 follicular integrity appears to be restored during 

later stages of chronic infection.28 Regulatory T cells (Tregs) may play an important role 

in dampening the excessive activation of the immune system to limit the tissue disruption 

that results during chronic viral infection,29 which supports the modulatory role of Tregs in 

CD8 T cell exhaustion.30 Although ablation of Tregs limits CD8 T cell expansion, rescue of 

CD8 T cells from exhaustion appears to depend on B7 costimulation and CD4 T cell help.30 

Therefore, understanding the key subsets of CD4 T cells that shape the trajectory of the CD8 

T response during chronic infection is important in elucidating CD8 T cell differentiation 

and harnessing this knowledge to develop effective therapeutics.

Spatial transcriptomics (ST) combined with single-cell RNA sequencing (scRNA-seq) allow 

us to study both cellular diversity and heterogeneity and to explore cellular localization and 

potential interaction between subsets. We utilized both of these techniques to characterize 

CD4 T cell repopulation following CD4 T cell depletion and study how IL-21-producing 

CD4 T cells may colocalize with progenitor CD8 T cells within the splenic architecture. 

Our findings suggest that although IL-21-producing Tfh CD4 T cells do repopulate, they are 

highly outnumbered by other immunomodulatory CD4 T cells such as Tregs. In addition, a 
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lack of CD4 T cell help during chronic viral infection may result in disruption of the splenic 

architecture, which prevents the colocalization of Tfh and progenitor CD8 T cells, thereby 

impairing progenitor-to-effector CD8 T cell differentiation.

RESULTS

IL-21-producing CD4 T cells repopulate following CD4 T cell depletion

Depletion of CD4 T cells before LCMV Cl13 infection precludes the development of 

effector CD8 T cells and is known to result in severe CD8 T cell dysfunction and lifelong 

viremia.2 However, given that CD4 T cells are capable of repopulating the T cell pool 

following transient CD4 T cell depletion,31 this brings us to question whether the CD4 

T cells that reemerge after depletion are either phenotypically distinct and functionally 

inferior (such as lower IL-21 expression) or if this failure to generate protective CD8 T 

cell responses is simply due to numerical deficiencies in the CD4 T cell compartment. To 

determine whether IL-21-producing CD4 T cells are able to repopulate in LCMV Cl13 

chronically infected mice following depletion of CD4 T cells, IL-21-turbo red fluorescent 

protein (tRFP) reporter mice were bled at multiple time points post-infection (Figure S1A). 

At 8 days post-infection (dpi), the repopulated CD4 T cells in the blood of CD4 T cell-

depleted mice did not express IL-21-tRFP, compared with the control group, in which about 

5% of CD44+CD4 T cells expressed IL-21-tRFP (Figures S1B and S1C). At later time 

points (22–35 dpi), the frequency of IL-21-tRFP+ cells within the activated (CD44+) CD4 

T cell pool increased in the depleted condition but not to the same frequency as control 

mice (Figure S1C). Similarly, at 35 dpi, flow cytometric analysis of splenocytes revealed 

a significantly lower frequency of IL-21-tRFP+ cells found within the CD44+ CD4 T cells 

that emigrated to the spleen in the depleted group compared with the control group (Figures 

S1D–S1F). These data suggest that although IL-21-producing CD4 T cells are capable of 

emigrating to the spleen following CD4 T cell depletion, their frequency remains low within 

the pool of activated CD4 T cells. Thus, we next wanted to identify what type of CD4 T cells 

repopulate in chronically infected mice.

scRNA-seq reveals repopulated CD4 T cells

To characterize the activated CD4 T cells that repopulate following CD4 T cell depletion in 

LCMV Cl13 chronic viral infection, we performed scRNA-seq on CD44+ CD4 T cells 

at 21 dpi (Figures 1A and 1B). When visualized by uniform manifold approximation 

and projection (UMAP), 13 clusters of CD4 T cells were identified (Figure 1C). Top 

differentially expressed genes and key marker genes were used to identify and characterize 

these CD4 T cell clusters (Figure 1D). As anticipated, we identified clusters of germinal 

center Tfh cells (Cxcr5hi, Bcl6hi, Il21, Pdcd1hi) and pre-Tfh cells (Cxcr5int, Bcl6int, Il21, 

Pdcd1int, Cxcr3), both of which exhibited high IL-21 expression, which is consistent with 

Tfh cells being the major source of IL-21 during persistent LCMV infection,3 (Figure 

1D). Notably, these pre-Tfh and germinal center (GC) Tfh populations exhibited similar 

transcriptional profiles to LCMV-specific CD4 T cells as we recently profiled using scRNA-

seq.32 Interestingly, a population of activated memory (Klf2, Zbtb32, Il21, Pdcd1) CD4 

T cells, which we have observed in previous studies,21 also exhibited high expression of 

ll21. Additionally, in support of our earlier findings (Figure S1), the frequencies of Il21-

Topchyan et al. Page 4

Cell Rep. Author manuscript; available in PMC 2022 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expressing clusters (GC Tfh, pre-Tfh, and activated memory) were significantly reduced 

in the CD4 T cell-depletion group (Figure 1E). Of note, the GC Tfh and pre-Tfh clusters 

expressed the highest levels of Pdcd1, followed by the activated memory, Slamf7hi, and 

interferon-stimulatory gene-expressing (ISG) populations (Figure 1D), indicating that these 

clusters likely consist of virus-specific CD4 T cells, which we recently identified display 

uniformly high PD-1 expression during LCMV Cl13.21 It is important to note that Pdcd1 
encodes for PD1, which is a coinhibitory receptor, that becomes upregulated following T 

cell receptor stimulation,33 particularly in chronic viral infection, where there is chronic 

antigen exposure.34,35 Therefore, Pdcd1 expression is indicative of antigen-specific T cells 

in both chronic infection as well as cancer.36,37 Surprisingly, a cluster of Th1 cells with low 

Pdcd1 expression was predominantly found in the CD4 T cell-depleted condition (Figures 

1D and 1E), suggesting that these may be bystander CD4 T cells, which arise in response to 

the induction of type I interferons during viral infection.38

Meanwhile, other clusters were present at higher frequencies in the CD4 T cell-depleted 

group compared with in the control group. Specifically, the Th17 cluster (Rorc, Il17a, Ccr6) 

was almost uniquely identified in the depleted condition, comprising nearly 7% of CD44+ 

CD4 T cells compared with about 1% in the control (Figures 1D and 1E). In addition, 

multiple Foxp3hi Treg populations (Gzmb+ Tregs, Nr4a1+ Tregs, and T follicular regulatory-

like cells) were present at higher frequencies in the CD4 T cell-depleted condition compared 

with the CD4-repleted control (Figure 1E). Interestingly, these clusters were found to have 

low expression of Pdcd1 (Figure 1D), suggesting that although they are activated CD44+ 

CD4 T cells, they may not be LCMV specific. These findings suggest that CD4 T cells that 

repopulate the immune systems of previously CD4 T cell-depleted mice during chronic viral 

infection consist of more immunoregulatory or immune modulating subsets, such as Tregs 

and Th17 cells.

Antigen-experienced CD4 T cells also repopulate following CD4 T cell depletion

To further analyze populations of antigen-experienced CD4 T cells, clusters with high 

expression of Pdcd1 (activated memory, GC Tfh, pre-Tfh, Slamf7hi, and ISG) (Figure 

1D) were collectively reclustered (Figure 2A). Key markers were used to characterize 

and identify these antigen-experienced clusters (Figure 2B). Notably, although there were 

comparable numbers of total cells per condition (14,286 cells from control and 15,629 cells 

from CD4 depleted), the majority (68%) of antigen-experienced CD4 T cells were present 

in control mice compared with in CD4 T cell-depleted mice (Figures 1D, 1E, and 2A). 

However, there was little difference in the frequencies of Tfh clusters within the antigen-

experienced cells from each condition (Figure 2C). Additionally, a distinct cluster of Ifng- 

and granzyme-expressing, antigen-experienced Pdcd1hi Th1 cells was found predominantly 

in the control group (Figures 2A–2C), which was distinct from the bystander Pdcd1lo Th1 

population identified in Figure 1.

We have previously shown that IL-21-producing CD4 T cells are critical for the generation 

of effector CD8 T cells in chronic infection and cancer.3 A major CD4 T cell type that 

produces IL-21 is Tfh cells,21 which are significantly reduced in frequency when CD4 T 

cells are depleted prior to chronic infection, as observed in our scRNA-seq analysis (Figure 
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1E). Therefore, to further assess the populations of Tfh cells found in CD4 T cell-depleted 

conditions compared with control, we conducted flow cytometry on splenocytes following 

LCMV Cl13 infection. CD4 T cell-depleted mice had significantly reduced frequencies of 

Tfh cells (CXCR5+ BCL6+) within the CD44+ CD4 T cell pool, as well as reduced overall 

numbers of Tfh cells (Figures 2D–2F). These findings validate that there is a diminished Tfh 

cell response when CD4 T cells repopulate following CD4 T cell depletion during LCMV 

Cl13 infection.

Tfh cell function is known to be important to B cells during infection, especially in GC 

formation.39–41 Therefore, we assessed GC B cells (Figure 2G) and found a significant 

reduction in the frequency (Figures 2G and 2H) and absolute number (Figure 2I) of 

CD95+GL7+ GC B cells, which corroborates previous studies.42 These findings support 

the reduced Tfh cell response and, as a result, GC formation during chronic viral infection 

found in CD4 T cell-depleted mice.

Immunomodulatory CD4 T cells expand following CD4 T cell depletion

As the CD4 T cells that emigrate to the spleen following depletion were found to have 

reduced antigen-experienced cells by scRNA-seq analysis, we then turned our focus to the 

clusters that expressed low levels of Pdcd1 (Figure 1D). To do this, we reclustered Pdcd1lo 

clusters from Figure 1 (Klf2 memory, Gzmb+ Treg, Nr4a1+ Treg, naive, Tfr-like, T central 

memory (TCM), Th17, and Th1) (Figures 3A and 3B). Notably, a few clusters were found 

to be almost exclusive to the CD4 T cell-depleted group, such as the Th17 and Pdcd1lo 

Th1 clusters (Figure 3C). This Pdcd1lo Th1 cluster may consist of bystander CD4 T cells, 

which arise due to type I interferon responses during viral infection,38 and is uniquely 

distinct from the antigen-experienced Pdcd1hi Th1 cluster identified in Figure 2. In addition, 

populations such as Gzmb+ Tregs and Tfr-like cells were found at higher frequencies in the 

depleted condition (Figure 3C). Meanwhile, Klf2 memory, naive, and Slamf7hi cells were 

present at higher frequencies in the control group (Figure 3C). These findings suggest that 

an increase in immunomodulatory CD4 T cells may repopulate in CD4 T cell-depleted mice 

that undergo chronic infection.

We validated this increase in immunomodulatory CD4 T cells that emigrate to the spleen 

following CD4 T cell depletion and LCMV Cl13 infection using flow cytometry. We 

confirmed that a significantly higher frequency of T regulatory Foxp3+ CD44+ CD4 T 

cells repopulated following CD4 depletion and chronic infection compared with controls 

(Figures 3D and 3E). However, due to significantly lower total numbers of CD4 T cells 

found in the CD4 T cell-depleted group, the total number of Foxp3+ CD44+ CD4 T cells 

found per spleen was lower in the CD4 T cell-depleted mice compared with the control 

mice (Figure 3F). In addition, a small, yet significant, population of RORγt+ CD44+ CD4 T 

cells (Th17 cells) were identified in the CD4 T cell-depleted condition (Figures 3G and 3H); 

however, this was again not reflected in the total number of Th17 cells per spleen due to 

significantly fewer numbers of CD4 T cells reconstituted in the CD4 T cell-depleted group 

(Figure 3I). These findings validate the relatively increased presence of Tregs and Th17 cells 

that repopulate the CD4 T cell compartment in CD4 T cell-depleted mice during chronic 

infection.
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Adoptive transfer of CD4 T cells fails to rescue the effector CD8 T cell population

As we have previously shown,3 CD4 T cell help via IL-21 production is necessary 

for effector CD8 T cell differentiation during chronic infection. Additionally, there are 

significantly fewer IL-21-producing CD4 T cells or Tfh cells, both in frequency and total 

number, following CD4 T cell depletion (Figures S1, 1D, and 1E). Therefore, we next aimed 

to determine whether adoptive transfer of in-vitro-activated T cell receptor (TCR) transgenic 

LCMV-specific CD4 T cells (SMARTA cells), which express tRFP when IL-21 is expressed, 

could rescue effector CD8 T cell formation in chronically infected CD4 T cell-depleted mice 

(Figure S2A). Although IL-21-tRFP+ CD44+ CD4 T cells were detected following adoptive 

transfer (Figures S2B and S2C), they were unable to rescue effector CX3CR1+ CD8 T 

cell formation (Figures S2D and S2E). Thus, this finding may suggest that the presence of 

IL-21-producing CD4 T cells in and of itself is not sufficient to support effector CD8 T 

cell differentiation. One potential explanation is that there may be an issue in the splenic 

architecture of CD4 T cell-depleted mice, which prevents IL-21-producing CD4 T cells, 

such as Tfh cells, from homing to the right anatomical location where they can provide the 

help signals necessary to facilitate effector CD8 T cell differentiation.

ST reveals the distribution of dominant immune cell types

To assess the localization of cells that may play an important role in the effector CD8 T cell 

response to chronic viral infection that is missing in the absence of CD4 T cell help, we 

performed 10x Genomic Visium ST on spleens from control and CD4 T cell-depleted mice 

at 7 and 21 days post-LCMV Cl13 infection (Figures 4A and 4B). Following the integration 

of all sample datasets, a UMAP analysis was conducted, and 7 distinct clusters of 55 μm 

spatial spots were identified (Figures 4C and 4D). Clusters were identified based on top 

differentially expressed genes, which are indicative of the dominant cell types present in the 

spots from each cluster. Cluster 0 predominantly expressed hemoglobin genes (Hba-a1 and 

Hbb-bs) as well as myeloid- or macrophage-associated genes (Retnlg and Fcerg) and was 

therefore named erythroid/myeloid cells (Figure 4E). Clusters 1 and 2 consisted largely of 

B cells, although cluster 1 expressed higher Ighm, while cluster 2 had higher expression 

of Cd19 (Figure 4E). Cluster 3 primarily expressed mitochondrial and ribosomal genes. 

Interestingly, we found that cluster 4 had the highest expression of Cd3d, indicating that the 

spots within cluster 4 largely contain T cells (Figure 4E). Cluster 5 predominantly expressed 

genes associated with neutrophils, such as Ngp, S100a9, Mpo, and Camp (Figure 4E; data 

not shown). Various glycoprotein- and platelet-associated genes were expressed by cluster 6. 

It is important to note some of the limitations with regard to Visium ST, most significantly 

the large (55 μm) spot size, which results in reduced resolution of cell types present in each 

spot. When comparing the breakdown of clusters by sample (Figure 4F), there appeared to 

be a slight increase in the T cell and B cell clusters and a reduction in the erythroid/myeloid 

cluster from day 7 samples to day 21 samples, potentially indicating relatively increased 

white pulp formation over time and decreased red pulp presence.

ST reveals GC loss without CD4 T cell help

Recalling the important role of Tfh cells in GC formation,39,40 we assessed key GC B 

cell-associated markers in our ST data. CD4 T cell-depleted spleens expressed higher levels 
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of general B cell-associated genes, such as Cd19 and Ighd (Figures 5A and 5B), indicating 

an increased B cell presence in these spleens compared with control, consistent with what 

we have observed with flow cytometry (data not shown). However, expression of GC B cell-

associated genes, such as Fas and Bcl6, was significantly reduced in the CD4 T cell-depleted 

mice (Figures 5A and 5B), supporting our earlier findings of a significant abrogation of GC 

B cells in this condition (Figures 2G–2I). Additionally, when looking at the expression of 

these markers by cluster, we found a similar result, with Bcl6 and Fas being more highly 

expressed in the B cell-dominant clusters (clusters 1 and 2) of control mice compared with 

CD4 T cell-depleted mice at both time points (Figure 5C). These findings suggest that loss 

of CD4 T cell help spatially disrupts the formation of GCs, which may result in splenic 

architectural changes that could potentially contribute to the diminished generation of the 

effector CD8 T response to viral infection.

CD4 T cell depletion led to an increase in Tregs and reduced Il21 expression

As previously shown from our scRNA-seq and flow cytometry analyses (Figure 2), CD4 T 

cells that repopulate in chronic infection following CD4 T cell depletion have very different 

phenotypic distributions compared with control mice. To assess the CD4 T cells in this 

model spatially, we looked at key genes associated with Tregs and Tfh cells. Temporally, 

we observed an expected reduction in Cd4 expression at day 7 in CD4 T cell-depleted 

mice, which bounces back by day 21. Additionally, a large proportion of Cd4-expressing 

spatial spots highly expressed Foxp3 in the CD4-depletion condition compared with control 

at 21 dpi (Figures S3A and S3B). Meanwhile, when assessing Tfh cell-associated genes, 

Il21 expression significantly increased over time in the control group but had little to no 

change in the depleted group (Figures S3C and S3D), in line with our previous findings at 

the protein level (Figure S1). These data may also suggest a reduced overall Tfh population, 

consistent with lower Bcl6 expression levels. However, since Bcl6 is expressed by both GC 

B cells and Tfh cells, our analysis would require deconvolution to tease apart the specific 

cell types present in each spot.

SPOTlight reveals colocalization of Tfh, B, and progenitor CD8 T cells

Although ST offers important insights regarding localization of key genes associated with 

cell types, the current resolution of this technology (55 μm) makes it challenging to 

resolve individual cells located in each barcoded spot. Thus, we utilized SPOTlight, a 

computational tool that deconvolutes ST data using true single cell-transcriptomics data 

derived from scRNA-seq.43 To do this, we compiled a reference scRNA-seq dataset obtained 

from multiple studies on various splenocytes (see STAR Methods). After analyzing our 

reference dataset, we obtained 13 distinct clusters (Figure S4A), which were characterized 

(Figure S4B) and then used to deconvolute our ST data from 7 (Figures S5A) and 21 

(Figure 6A) dpi. SPOTlight analysis generated cell-cell colocalization Pearson correlations 

among all cell types identified (Figure S6). Interestingly, at 21 dpi, progenitor CD8 T cells 

(Ly108+TCF1hi) were found to have high localization correlation with Tfh cells in control 

spleens but not CD4 T cell-depleted spleens (Figures 6C, S6C, and S6D). The potential 

colocalization of Tfh cells with progenitor CD8 T cells supports our previous findings 

that IL-21-producing CD4 T cells, and in particular Tfh cells, play a critical role in the 

differentiation of progenitor CD8 T cells into effector CD8 T cells.3,21 In order to visualize 
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this colocalization, we recolored the SPOTlight-generated spatial plots to focus on three cell 

types of interest (progenitor CD8 T cells, B cells, and Tfh cells) at 7 (Figures S5B) and 

21 (Figure 6B) dpi. At day 7, B cells appear to form follicular clusters, while progenitor 

CD8 T cells are distributed broadly throughout the spleen (Figure S5B), which may be 

anticipated due to disruption of the splenic architecture observed during early stages of 

chronic infection.26 As predicted, at 21 dpi progenitor CD8 T cells were found to colocalize 

with B cells and Tfh cells in the organized regions (Figure 6B, left). Conversely, progenitor 

CD8 T cells were found to colocalize with B cells in some disorganized foci at 21 dpi in 

CD4 T cell-depleted spleens, but the majority of these foci lacked the presence of Tfh cells 

(Figure 6B, right). These findings suggest that a lack of CD4 T cell help during chronic 

viral infection may result in further disorganization of the splenic architecture, which may 

disrupt the colocalization of cell types important in the progenitor to effector CD8 T cell 

differentiation.

DISCUSSION

In this study, we utilized ST and scRNA-seq to assess the transcriptional landscape and 

spatial location of activated CD4 T cells under CD4-repleted and CD4-depleted conditions. 

Notably we identified the colocalization of Tfh cells with progenitor CD8 T cells and 

B cells, suggesting that this interaction may be critical for the progenitor CD8 T cell 

differentiation toward effector cells (Figure 6). Our recent works have shown that IL-21-

producing CD4 T cells, namely Tfh cells,3,21 are important in sustaining effector CD8 T 

cell responses. Although it has long been established that CXCR5-expressing Tfh cells 

localize to B cell follicles, particularly GCs,44,45 their localization with progenitor CD8 T 

cells, which also express CXCR5, has not been explored. Our current study revealed that 

progenitor CD8 T cells are found to colocalize with B cells and Tfh cells in organized 

regions; however, transient depletion of CD4 T cells results in a disorganized splenic 

architecture, disrupting this critical colocalization.

The CD4 T cell-depletion model has been extensively utilized when studying persistent viral 

infection, namely LCMV.2,14,15,46–48 In particular, it has been useful in studying CD8 T cell 

exhaustion due to the established lifelong viremia and high levels of viral persistence.2,48 

Additionally, the CD4 T cell-depletion model also has broader implications for other chronic 

infections, such as HIV, where CD4 T cell counts significantly drop,49 as well as cancer and 

the tumor microenvironment, where CD8 T cell exhaustion is also commonly observed.50 

Although CD4 T cell depletion is commonly used when studying chronic infection, very few 

studies have assessed the CD4 T cells that repopulate following transient CD4 depletion. 

Thus, our study provides insight into which CD4 T cell subsets emerge upon repopulation, 

as well as the potential importance of cellular localization within the splenic architecture, in 

order to ensure a robust effector CD8 T cell response.

Tfh cells, which predominantly reside in secondary lymphoid organs, such as the spleen 

and lymph nodes, also provide help that is essential for B cells, thus playing a critical 

role in GC formation.39,40 In addition, other studies have shown that sustained antigen 

stimulation by GCB cells is important in maintaining Tfh cells51 and that CD4 T cell and 

B cell interaction is important for CD4 T cell IL-21 production.52 Interestingly, our lab 
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and others7,8,21 have observed CD8 T cells present in close proximity to GCs, suggesting 

that these CD8 T cells may respond to help provided by Tfh cells at or near GCs. Our 

deconvoluted ST findings also support this potential colocalization of progenitor CD8 T 

cells, Tfh cells, and B cells in organized follicular structures by day 21 of chronic infection 

(Figure 6). In support of this model, a recent study in a preclinical cancer model showed 

that interaction between neoantigen-driven B cells and Tfh cells is necessary to generate 

CD8 T cell antitumor responses in an IL-21-dependent manner,53 suggesting that this may 

be a conserved feature across chronic inflammatory states such as cancer and chronic viral 

infection. Further exploration of the CXCL13-CXCR5 axis may mechanistically elucidate 

the interaction of Tfh cells and progenitor CD8 T cells that takes place within specialized 

structures in B cell follicles identified in this paper.

In addition, our study comparing control and CD4 T cell-depleted chronically infected mice 

suggests that although IL-21-producing Tfh cells do repopulate following depletion, they are 

significantly outnumbered by other immunomodulatory CD4 T cells, such as Tregs and even 

Th17 cells. A critical role of Tregs is to dampen the excessive immune activation that results 

from chronic infection in an effort to limit tissue disruption.29 Chronic LCMV infection 

is well documented to cause significant immunopathology and disruption of the splenic 

architecture,25–27 especially in early stages of chronic infection.26 Previous studies have 

shown a burst of Treg expansion during LCMV Cl13 infection that peaks at 17 dpi,54 which 

coincides with a return to more organized follicular structures found during the late stage 

of chronic infection.26 When CD4 T cells are depleted, not only are conventional helper 

CD4 T cells removed but so are the immunoregulatory CD4 T cells necessary for limiting 

tissue damage, which may allow for CD8 T cells to expand unregulated26 (Figure S3; Cd8a 
expression) and wreak havoc on the lymphoid tissue. Therefore, it is possible that recent 

thymic emigrant CD4 T cells in the depletion model have more immunomodulatory roles 

as they must respond to the splenic tissue disruption caused by an enhanced inflammatory 

state. It is also important to note that chronic viral infection causes thymic destruction 

and impaired central tolerance.28 This thymic disruption may also result in diminished 

reconstitution of CD4 T cells following transient depletion, prior to establishing persistent 

viral infection. Additionally, impaired central tolerance allows for self-reactive T cells to 

escape negative selection, which supports an increased immunomodulatory profile of CD4 T 

cells that arise during chronic infection.

Splenic architectural disruption would also support our observations of the reduced number 

and frequency of Tfh cells found in CD4 T cell-depleted conditions and Tfh cell inability to 

colocalize with progenitor CD8 T cells and B cells, as observed on day 21 post-infection. 

Thus, a lack of splenic structure, including GC formation, upon CD4 T cell depletion may 

disrupt Tfh cell collaboration with B cells, thereby diminishing Tfh production of IL-21 and 

ultimately culminating in a loss of progenitor-to-effector CD8 T cell differentiation.

Limitations of the study

In this study, we used expression of Pdcd1 (gene encoding PD1) as a surrogate marker to 

identify LCMV-specific CD4 T cells as most GP66-tetramer+ cells display high expression 

of PD-1 and few GP66+ cells are available for assessment following CD4-depleted 
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conditions. However, an important caveat to note is that antigen-experienced T cells may 

not necessarily be equivalent to LCMV-specific T cells, and future work using alternative 

approaches, such as new tetramer reagents that encompass additional LCMV CD4-restricted 

epitopes, may be important to further tease apart the phenotype and differentiation status 

of CD4 T cells that repopulate following transient CD4 T cell depletion during chronic 

LCMV infection. With a limited quantity of GP66+ CD4 T cells to analyze, it is inconclusive 

whether the defect in Tfh accumulation following transient CD4 T cell depletion it is due 

to an overall lack of virus-specific CD4 T cells repopulating following transient depletion 

or a lack of LCMV specificity of returning Tfh cells. Another limitation worth noting 

is that, currently, there are no commercially available CD4 T cell-depletion antibodies 

that are effective following the establishment of persistent LCMV infection due to Fc 

receptor saturation.55 In this study, in vitro activation was employed to activate and expand 

SMARTA CD4 T cells prior to transfer into infected mice; of note, in vivo activation 

followed by sorting of infection-matched virus-specific CD4 T cells is another alternative. 

However, this may potentially require dozens of donor mice per recipient to replicate similar 

numbers of transferred cells. Another potential caveat to our study of adoptive transfer of 

virus-specific SMARTA CD4 T cells is that the number of transferred cells may not be 

robust enough to rescue CD8 T cell exhaustion in CD4 T cell-depleted mice. Thus, it is 

possible that increasing the number of SMARTA cells transferred may illicit a different 

CD8 T cell response. Lastly, it is worth noting that with the novelty of ST technology, 

there is no set “gold standard” analytical approach to ST deconvolution. However, there are 

many publications and preprint articles reviewing the comparison of multiple deconvolution 

methods,56–58 including SPOTlight,43 the technique used in our study.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Weiguo Cui 

(weiguo.cui@northwestern.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• Single-cell RNAseq and spatial transcriptomic sequencing data have been 

deposited at Gene Expression Omnibus (GEO): GSE and are publicly available 

as of the date of publication. Accession numbers are listed in the key resources 

table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and LCMV Cl13 infection—Six- to eight-week-old female C57BL/6 and CD45.1 

congenic mice were obtained from the National Cancer Institute grantees program 

(Frederick, MD). IL-21 IL-10 IFN-γ Tri-Reporter mice were generated in our lab, as 

previously published.21 Tri-reporter mice were used due to their ability to express IL-21-

turbo red fluorescence protein (IL-21-tRFP). TCR transgenic SMARTA mice were provided 

by Dr. Noah Butler, University of Iowa, IA, with permission from Dorian McGavern, 

NINDS, NIH. All mice used in these studies were bred and maintained under the guidelines 

approved by the Institutional Animal Care and Use Committee (IACUC) of the Medical 

College of Wisconsin (AUA00003003). LCMV clone 13 (Cl13) was intravenously injected 

at 2 × 106 PFU/mouse to establish chronic infection. Cl13 was prepared by a single passage 

on BHK21 cells.

METHOD DETAILS

Flow cytometry—Lymphocytes were isolated from spleen and blood. Splenocytes from 

mice were harvested and mashed against a cell strainer to create a single-cell suspension 

followed by red blood cell lysis (ACK Lysing Buffer, Lonza). Blood was collected in tubes 

containing sodium citrate and lymphocytes were isolated via gradient centrifugation with 

LymphoPrep (Stem Cell Technologies, Vancouver, Canada). Cells were then stained with 

antibodies against cell surface antigens for 30–60 min at 4°C. Transcription factor staining 

was performed using the True Nuclear transcription factor buffer set (Biolegend, San Diego, 

CA). Flow cytometry data were acquired on an LSRII or FACSCelesta (BD Biosciences, San 

Jose, CA, USA) flow cytometer and analyzed using FlowJo (Treestar, Ashland, OR, USA).

Administration of biologics—InVivoMab anti-mouse CD4 (clone GK1.5) antibody was 

purchased from BioXCell and administered at 500 μg per mouse at day −1 and +1 post-

infection.

LCMV-specific CD4 T cell transfer—Splenocytes were harvested from SMARTA Tri-

reporter mice, and CD4 T cells were then enriched using the Stemcell easysep kit. SMARTA 

CD4 T cells were then activated for three days in wells of a 24-well plate that were coated 

with a-CD3 (2ug/mL) the night before, and cells were cultured in RPMI T cell media 

under the following Th1-polarizing conditions: a-CD28 (2ug/mL), a-IL-4 (1ug/mL), IL-2 

(10u/mL), and IL-12 (20ng/mL). After three days of culture, in vitro-activated SMARTA 

CD4 T cells were adoptively transferred (~500k/mouse) into congenically marked LCMV 

Cl13-infected recipient mice that were depleted of CD4 T cells one day prior to infection. 

SMARTA cell transfer took place on day 20 post LCMV Cl13 infection, and splenocytes 

were harvested and analyzed one week later (28 days post-infection, dpi).

Single-cell RNA sequencing and analysis—CD4 T cells were isolated from single-

cell suspensions of splenocytes using a negative selection isolation kit (StemCell), then 

FACS-sorted (see above) for CD44+CD4 T cells. 10,000 cells per sample were loaded 

onto the Chromium Controller (10x Genomics), then the 10x Genomics Chromium Next 

GEM Single Cell 5′ Reagent Kits v2 (Dual Index) was used to generate cDNA and HTO 

libraries, as described in the manufacturer’s protocols. Barcoded libraries were sequenced 
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on an Illumina NextSeq 500 instrument using a NextSeq 500/550 High Output Kit v2 (150 

cycles) (FC-404–2002, Illumina) with the following cycle counts: 28 (read 1), 10 (index 

1), 10 (index 2), 90 (read 2). Data were demultiplexed and aligned to the mm10 2020-A 

reference transcriptome (10x Genomics) using Cell Ranger (v6.0, 10x Genomics). Analysis 

was performed in R using Seurat (v4.0.6).62,63 Number of genes detected per cell and 

percent mitochondrial genes were plotted, and outliers were removed (number of genes over 

2,500 and under 200, and percent mitochondrial genes over 10%) to filter out doublets and 

dead cells. Samples were integrated and PCA and UMAP were performed using the top 30 

principal components.

Visium spatial sequencing and analysis—10 μm sections were generated from frozen 

spleens using a cryostat and placed on barcoded slides (10x Genomics). The Visium Spatial 

Gene Expression Slide & Reagent Kit (10x Genomics) was used to generate barcoded cDNA 

libraries, as described the manufacturer’s protocols. H&E stained tissues on Visium slides 

were imaged using a Nikon Eclipse Ti2 inverted microscope. Spleen tissue on Visium slides 

was permeabilized for 18 min to extract mRNA. Barcoded cDNA libraries were sequenced 

on an Illumina NextSeq 500 instrument using a NextSeq 500/550 High Output Kit v2 (150 

cycles) (FC-404–2002, Illumina) with the following cycle counts: 28 (read 1), 10 (index 

1), 10 (index 2), 90 (read 2). Loupe Browser (v5.0, 10x Genomics) was used to identify 

which spatial sequencing capture area spots were in contact with tissue. Demultiplexing 

and alignment was performed with Space Ranger (v2.1, 10x Genomics) and the mm10 

2020-A reference transcriptome (10x Genomics). Analysis was performed in R using Seurat 

(v4.0.6). Visium datasets were integrated using the SCTransform pipeline, and PCA and 

UMAP were performed using the top 30 principal components. SPOTlight43 was used to 

demultiplex Visium data with our integrated reference scRNA-seq data used as a reference.

Deconvolution reference dataset—An integrated scRNA-seq dataset of splenocytes 

from multiple datasets was used as a reference dataset for SPOTlight deconvolution analysis 

of spatial transcriptomic data obtained using Visium by 10x Genomics. The following 

datasets were integrated and used as the reference:

• GP33+ CD8 T cells, day 30 post-LCMV Cl13 infection3 (GSE129139)

• GP33+ CD8 T cells, day 33 post-LCMV Cl13 infection59 (GSE201195)

• CD44+ CD4 T cells, day 21 post-LCMV Cl13 infection (Control 1 and CD4 

Depleted 1 from this paper: GSE200721)

• Healthy splenocytes from Tabla Muris dataset60 (GSE109774)

• B220−CD3−NK1.1−CD11b+ myeloid cells day 7 post-LCMV Cl13 chronic 

infection61 (GSE167204)

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed using GraphPad Prism (version 9.0), with data represented 

as mean ± SEM. p-values were calculated using two-tailed unpaired Student’s t tests, unless 

otherwise specified. *p < 0.05, **p < 0.01. in all data shown.
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Highlights

• Unique CD4 subsets repopulate in CD4-depleted mice during chronic LCMV 

infection

• ST shows GC loss and splenic architectural disruption following CD4 

depletion

• Tfh cells colocalize with progenitor CD8 T cells and B cells in the spleen

• Transient CD4 depletion disrupts Tfh, progenitor CD8 T, and B cell 

colocalization
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Figure 1. Distinct populations of activated CD4 T cells repopulate the spleens of chronically 
infected CD4 T cell-depleted mice
(A) Experimental design where mice were treated with either CD4 T cell-depleting antibody 

(n = 2) or isotype control (n = 2) and infected with LCMV Cl13. At 21 days post-infection 

(dpi), splenic CD44+ CD4 T cells were fluorescence-activated cell sorted (FACS) and used 

to perform scRNA-seq using 10x Genomics.

(B) Total number of CD4 T cells isolated from spleen. Data represented as mean ± SEM. *p 

< 0.05.

(C) UMAP plot from scRNA-seq of CD44+ CD4 T cells using Seurat package in R Studio.

(D) Dot plot depicting expression of key markers used to characterize clusters.

(E) Cluster breakdown by condition.
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Figure 2. Antigen-experienced CD4 T cells also repopulate following CD4 T cell depletion in 
chronic infection
(A) UMAP of reclustered Pdcd1-expressing populations, depicted in Figure 1D, split by 

condition. Pdcd1-expressing populations were identified as clusters in which over 25% of 

cells expressed Pdcd1.

(B) Dot plot of key markers used to define cluster identities.

(C) Cluster breakdown by condition.

(D) Representative flow plots of CXCR5+BCL6+ Tfh cells within CD44+ CD4 T cells.

(E) Quantified frequency of Tfh cells within CD44+ CD4 T cells.

(F) Total number of Tfh cells per spleen.

(G) Representative flow plots of CD95+GL7+ GCB cells within B220+ B cells.

(H) Quantified frequency of GCB cells within B220+ population.

(I) Total number of GCB cells per spleen.

Flow cytometry data (D–I) pooled from two independent experiments at 21 and/or 28 dpi. 

Data represented as mean ± SEM. *p < 0.05, **p < 0.01.
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Figure 3. Immunomodulatory CD4 T cells expand following CD4 T cell depletion in chronic 
infection
(A) UMAP of reclustered Pdcd1-low populations, depicted in Figure 1D, split by condition.

(B) Dot plot of key markers used to define cluster identities.

(C) Cluster breakdown by condition.

(D) Representative flow plots of FOXP3+ Tregs within CD44+ CD4 T cells.

(E) Quantified frequency of Tregs within CD44+ CD4 T cells.

(F) Total number of Tregs per spleen.

(G) Representative flow plots of RORgt+ Th17 cells within CD44+ CD4 T cells.

(H) Quantified frequency of Th17 cells within CD44+ CD4 T cell population.

(I) Total number of Th17 cells per spleen.

Flow cytometry data (D–I) pooled from two independent experiments at 21 and/or 28 dpi. 

Data represented as mean ± SEM. *p < 0.05, **p < 0.01.
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Figure 4. Spatial transcriptomic analysis reveals the distribution of dominant cell types found in 
the spleens of LCMV Cl13-infected control and CD4 T cell-depleted mice
(A) Experimental design in which spleens from control or CD4 antibody-depleted mice were 

harvested and frozen at days 7 or 21 post-LCMV Cl13 infection and used to perform spatial 

transcriptomics using Visium by 10x Genomics.

(B) H&E stain of spleens that underwent spatial transcriptomic sequencing.

(C) Seven clusters identified following unsupervised clustering overlaid on H&E stained 

tissue.

(D) UMAP distribution of the distinct clusters depicted in (C).

(E) Dot plot of key genes used to identify major cell populations found in respective regions 

of tissue.

(F) Breakdown of clusters by sample. One mouse per time point and condition were 

completed in two independent experiments, n = 2; one representative experiment is shown in 

the figures.
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Figure 5. Spatial transcriptomics reveals germinal center loss during chronic infection in the 
absence of CD4 T cell help
(A) Spatial gene expression of Cd19, Fas, Bcl6, and Ighd overlaid on H&E stains of 

respective tissue.

(B) Dot plot of germinal center and B cell-associated genes.

(C) Violin plot of Bcl6 and Fas broken down by cluster.
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Figure 6. SPOTlight deconvolution reveals colocalization of Tfh cells with progenitor CD8 T cells 
and B cells
(A) SPOTlight deconvolution scatterplots of spleens from day 21 post-LCMV Cl13 infection 

of control and CD4 T cell-depleted mice.

(B) Day 21 SPOTlight scatterplots recolored, showing spatial localization of Tfh cells, 

progenitor CD8 T cells, and B cells.

(C) Pearson correlation values from SPOTlight deconvolution analysis.

See also Figures S4–S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC anti-mouse CD4 BioLegend Cat#100406, RRID: AB_312691

BV510 anti-mouse/human CD44 BioLegend Cat# 103044, RRID: AB_2650923

PE/Dazzle 594 anti-mouse CD185 (CXCR5) BioLegend Cat# 145522, RRID: AB_2563644

PE/Cyanine7 anti-mouse CD186 (CXCR6) BioLegend Cat# 151119, RRID: AB_2721670

PE/Cyanine7 anti-mouse/human CD45R/B220 BioLegend Cat# 103222, RRID: AB_313005

FITC anti-MU/HU GL7 Antigen (T/B Cell Act. Marker) BioLegend Cat# 144604, RRID: AB_2561697

PE anti-mouse CD95 (Fas) BioLegend Cat# 152608, RRID: AB_2632902

BV711 anti-mouse CD4 BioLegend Cat# 100549, RRID: AB_11219396

ROR gamma (t) Monoclonal Antibody (B2D), APC, 
eBioscience

Thermo Fisher Scientific Cat# 17-6981-80, RRID: AB_2573253

APC/Cyanine7 anti-mouse CD25 BioLegend Cat# 102026, RRID: AB_830745

FOXP3 Monoclonal Antibody (FJK-16s), eFluor™ 450, 
eBioscience

Thermo Fisher Scientific Cat# 48-5773-82, RRID: AB_1518812

APC/Fire(TM) 750 anti-mouse CD4 BioLegend Cat# 100460, RRID: AB_2572111

Pacific Blue anti-mouse/human CD44 BioLegend Cat# 103020, RRID: AB_493683

PerCP anti-mouse CD4 BioLegend Cat# 100432, RRID: AB_893323

APC/Cyanine7 anti-mouse/human CD44 BioLegend Cat# 103028, RRID: AB_830785

APC/Fire 750 anti-mouse CD8a BioLegend Cat# 100766, RRID: AB_2572113

PE/Cyanine7 anti-mouse CD279 (PD-1) BioLegend Cat# 135216, RRID: AB_10689635

PE/Dazzle(TM) 594 anti-mouse CX3CR1 BioLegend Cat# 149014, RRID: AB_2565698

Pacific Blue(TM) anti-mouse Ly108 BioLegend Cat# 134608, RRID: AB_2188093

PerCP anti-mouse CD45.1 BioLegend Cat# 110726, RRID: AB_893345

Pacific Blue(TM) anti-mouse CD45.2 BioLegend Cat# 109820, RRID: AB_492872

InVivoMAb anti-mouse CD4 BioxCell Cat#BE0003-1; RRID: AB_1107636

Bacterial and virus strains

LCMV Clone 13 Rafi Ahmed, PhD Grown in house

Chemicals, peptides, and recombinant proteins

LCMV GP33 tetramer Made in house N/A

True Nuclear Transcription Factor Buffer Set Biolegend Cat#424401

Critical commercial assays

EasySep Mouse CD4+ T cell isolation Kit Stem Cell Cat#19852

Chromium Next GEM Single Cell 5′ Kit v2 10× Genomics Cat# PN-1000244

Chromium Next GEM Single Cell 5′ Gel Bead Kit v2 10× Genomics Cat# PN-1000264

Dynabeads™ MyOne™ SILANE 10× Genomics Cat# PN-2000048

Library Construction Kit 10× Genomics Cat# PN-1000190

Chromium Next GEM Chip K Single Cell Kit, 48 rxns 10× Genomics Cat# PN-1000286
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REAGENT or RESOURCE SOURCE IDENTIFIER

Dual Index Kit TT Set A 10× Genomics Cat# PN-1000215

Visium Accessory Kit 10× Genomics Cat# PN-1000194

Visium Spatial Tissue Optimization Slide & Reagent Kit 10× Genomics Cat# PN-1000193

Visium Spatial Gene Expression Slide & Reagent Kit 10× Genomics Cat# PN-1000184

SPRIselect Reagent Kit Beckman Coulter Cat#B23318

Kappa NGS quantification kit KAPABiosystems Cat#KK4824

NextSeq 500/550 High Output Kit v2.5 (150 cycles) Illumina Cat#20024907

Deposited data

scRNA-seq from CD44+ CD4 T cells, day 21 post-LCMV 
Cl13 infection

This paper GSE200721

Visium ST of Day 7 and Day 21 post-LCMV Cl13 infection This paper GSE200720

GP33+ CD8 T cells, day 30 post-LCMV Cl13 infection Zander et al.3 GSE129139

GP33+ CD8 T cells, day 33 post-LCMV Cl13 infection Kasmani et al.59 GSE201195

Healthy splenocytes from Tabla Muris dataset Tabla Muris et al.60 GSE109774

B220−CD3−NK1.1−CD11b+ myeloid cells day 7 post-LCMV 
Cl13 chronic infection

Volberding et al.61 GSE167204

Experimental models: Organisms/strains

C57BL/6 mice Charles River N/A

CD45.1 congenic mice Charles River N/A

IL-21 IL-10 IFN-g Tri-Reporter mice Previous study Zander et al.21

TCR transgenic SMARTA mice Noah Butler (UI) N/A

Software and algorithms

Cell Ranger 6.0 10× Genomics
https://support.10xgenomics.com/single-cell-
gene-expression/software/pipelines/latest/
installation

Loupe Browser 5.0 10× Genomics
https://support.10xgenomics.com/spatial-
gene-expression/software/visualization/latest/
installation

Space Ranger 2.1 10× Genomics
https://support.10xgenomics.com/spatial-
gene-expression/software/visualization/latest/
installation

SPOTlight 0.1.7 Elosua-Bayes et al.43 https://github.com/MarcElosua/SPOTlight

Seurat 4.0.6 Butler et al.; Stuart et al.62,63 https://satijalab.org/seurat/

FlowJo 10.7.1 Tree Star N/A

Prism 9 Graphpad Software N/A
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