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Abstract

Combination therapy with PD-1 blockade and IL-2 is highly effective during chronic lymphocytic 

choriomeningitis virus infection1. Here we examine the underlying basis for this synergy. We 
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show that PD-1 + IL-2 combination therapy, unlike PD-1 monotherapy, dramatically changes 

the differentiation program of the PD-1+TCF-1+ stem-like CD8+ T cells and results in the 

generation of transcriptionally and epigenetically distinct effector CD8+ T cells that resemble 

highly functional effector CD8+ T cells seen after an acute viral infection. The generation of these 

qualitatively superior CD8+ T cells that mediate viral control underlies the synergy between PD-1 

and IL-2. Our results show that the PD-1+TCF-1+ stem-like CD8+ T cells, also referred to as 

precursors of exhausted CD8+ T cells, are not fate-locked into the exhaustion program and their 

differentiation trajectory can be changed by IL-2 signals. These virus-specific effector CD8+ T 

cells emerging from the stem-like CD8+ T cells after combination therapy expressed increased 

levels of the high affinity IL-2 trimeric (CD25, CD122, CD132) receptor. This was not seen after 

PD-1 blockade alone. Finally, we show that CD25 engagement with IL-2 plays an important role 

in the observed synergy between IL-2 cytokine and PD-1 blockade. Either blocking CD25 with an 

antibody or using a mutated version of IL-2 that does not bind CD25 but still binds CD122/CD132 

almost completely abrogated the synergistic effects seen after PD-1 + IL-2 combination therapy. 

There is currently considerable interest in PD-1 + IL-2 combination therapy for patients with 

cancer2,3 and our fundamental studies defining the underlying mechanisms of how IL-2 synergizes 

with PD-1 blockade should inform these human translational studies.

The PD-1 inhibitory pathway plays a central role in regulating T-cell exhaustion during 

chronic viral infection and cancer and PD-1-directed immunotherapy is approved for 

the treatment of several different cancers4,5. However, not all patients respond to PD-1 

monotherapy and there is considerable interest in developing PD-1 combination therapies 

to improve the overall response rate and also get more complete and durable responses 

in the cancer patients. Many different combination therapy approaches are currently being 

tested in animal models and also in clinical trials. One potentially promising candidate 

for combination therapy with PD-1 blockade is the common gamma-chain cytokine 

interleukin-2 (IL-2)2,3,6. The rationale here is to remove the PD-1 inhibitory brake and at the 

same time provide a positive signal for T cells with IL-2 – a cytokine that was originally 

defined as a growth factor for T cells7. There are currently several clinical trials of PD-1 

+ IL-2 combination therapy that are ongoing for cancer2,3. Thus, it is important to better 

understand how this combination therapy works and to define the cellular and molecular 

bases for the observed synergy between PD-1 blockade and IL-2.

Viral control by CD8+ T cells after PD-1 + IL-2 therapy

The mouse model of chronic LCMV infection was used to examine the synergy between 

PD-1 blockade and IL-2 cytokine therapy. Groups of chronically infected mice were 

either left untreated, treated with anti-PD-L1 antibody alone, given IL-2 alone, or given 

combination therapy with anti-PD-L1 antibody and IL-2. Combination therapy resulted in 

highly synergistic increases in the number of functional LCMV-specific CD8+ T cells and 

significantly better viral control in both lymphoid and non-lymphoid tissues (Extended Data 

Fig. 1a–e). These results are consistent with our earlier observations1. We next determined 

whether this enhanced viral control after PD-1 + IL-2 combination therapy was mediated 

by CD8+ T cells by treating mice with anti-CD8 depleting antibody during the period of 

combination therapy. Depletion of CD8+ T cells almost completely abrogated the antiviral 
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effect seen after PD-1 + IL-2 combination treatment. There was a strong correlation between 

the number of CD8+ T cells (total and LCMV-specific) and reduction of viral titre in the 

spleen, liver, and lung of these mice (Extended Data Fig. 1f–i). Thus, viral control after 

PD-1 + IL-2 combination therapy is mediated by LCMV-specific CD8+ T cells.

PD-1+TCF-1+ stem-like CD8+ T cells respond to PD-1 + IL-2 therapy

Recent studies have identified a population of PD-1+TCF-1+ stem-like CD8+ T cells that 

serve as a resource cell for maintaining the CD8+ T-cell response during chronic viral 

infection and cancer and also provide the proliferative burst after PD-1 blockade8–14. A 

key question to ask was whether these PD-1+ stem-like CD8+ T cells also respond to 

PD-1 + IL-2 combination therapy. To address this question, we sorted the PD-1+ stem-like 

CD8+ T cells or the more differentiated/exhausted cell population from LCMV chronically 

infected mice using appropriate cell surface markers and transferred these cells into infection 

matched mice. Groups of these mice were then treated with PD-1 blockade alone, IL-2 

alone, or both PD-1 blockade and IL-2 (Fig. 1a, Extended Data Fig. 2a). These T-cell 

adoptive transfer experiments were done using congenically distinct mice so that donor 

and recipient CD8+ T cells could be easily distinguished. We found that the response 

to PD-1 blockade came exclusively from the stem-like CD8+ T cells confirming our 

earlier studies8,10,13. Interestingly, the response to IL-2 therapy alone and to PD-1 + IL-2 

combination therapy also came from the PD-1+ stem-like CD8+ T cells. In contrast, there 

was minimal to no response from the more differentiated CD8+ T-cell population after any 

of these three treatments. It is noteworthy that the magnitude of the response from the 

stem-like CD8+ T cells was about 10-fold greater after combination therapy compared to 

PD-1 monotherapy. This was seen in multiple tissues including spleen, liver, lung, and blood 

(Fig. 1b, c, Extended Data Fig. 2b–d). Taken together, these results show that the same 

population of PD-1+TCF-1+ CD8+ T cells responds to PD-1 blockade, IL-2 treatment, and 

to PD-1 + IL-2 combination therapy highlighting the importance of these CD8+ T cells in 

different immunotherapy regimens.

Transcriptional signature of LCMV-specific CD8+ T cells

The studies above have shown that the same precursor stem-like CD8+ T cells responded 

by proliferation and differentiation to all treatments. Thus, it was of interest to determine 

whether the transcriptional signatures of the expanded CD8+ T cells were similar or different 

after PD-1 monotherapy versus combination therapy or IL-2 treatment alone. RNA-seq 

analysis was done of sorted LCMV-specific CD8+ T cells (DbGP33+) from the four groups 

of chronically infected mice. The RNA-seq results showed that the gene expression profile 

of virus-specific CD8+ T cells was similar in untreated mice compared to mice treated 

with PD-1 blockade alone. However, PD-1 + IL-2 combination therapy resulted in LCMV-

specific CD8+ T cells with a transcriptional signature that was strikingly different from 

what was seen after PD-1 monotherapy. Interestingly, IL-2 treatment alone also gave LCMV-

specific CD8+ T cells with a gene expression profile similar to the combination therapy (Fig. 

2a, b, Extended Data Fig. 3a). Expression of several inhibitory receptors (Havcr2, Pdcd1, 

Lag3, Tigit, Cd101, Cd160, Cd244, and Btla) and transcription factors associated with T-cell 

exhaustion (Batf, Egr2, Ikzf2, Irf4, Nfatc1, Nr4a2, and Tox2)4,5,9,15,16 were downregulated 
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in LCMV-specific CD8+ T cells from mice that received PD-1 + IL-2 combination therapy 

or IL-2 treatment alone compared to virus-specific CD8+ T cells isolated from untreated 

chronically infected mice or after PD-1 monotherapy. Interestingly, in contrast to the 

downregulation of genes associated with exhaustion, there was upregulation of genes 

encoding effector molecules and inflammatory cytokine receptors (Gzmb, Il18r1, Il18rap, 

and Il1rl1 (also known as ST2, a receptor for IL-33)) in mice receiving combination therapy 

or IL-2 treatment. There was also increased RNA levels for some memory associated 

genes (Il7r and Lef1)16. One of the most striking changes in LCMV-specific CD8+ T cells 

after combination or IL-2 therapy was the upregulation of genes involved in migration 

and adhesion (Cxcr3, S1pr1, Klf2, Itgb1, Cd44, and Ly6c2). These transcriptional changes 

are consistent with PD-1 + IL-2 combination therapy resulting in the generation of LCMV-

specific CD8+ T cells that resemble CD8+ effector (Teff) and memory (Tmem) T cells 

generated during acute infection rather than exhausted CD8+ T cells present during chronic 

infection9,16, 17. To further confirm these observations, Gene Set Enrichment Analysis 

(GSEA) was done using signatures of CD8+ T-cell exhaustion from LCMV clone 13 

chronic infection and CD8+ T-cell effector and memory signatures from LCMV Armstrong 

acute infection16,17. The GSEA results show that LCMV-specific CD8+ T cells from the 

combination therapy or IL-2 treatment showed a decrease in the exhaustion signature and 

an enrichment for the acute effector and memory signatures. The opposite pattern was seen 

with virus-specific CD8+ T cells from untreated chronically infected mice or after PD-1 

monotherapy (Fig. 2c, Extended Data Fig. 3b–d).

To gain further insights into how the differentiation program of virus-specific CD8+ T cells 

was altered by PD-1 + IL-2 combination therapy versus PD-1 monotherapy we performed 

single-cell RNA sequencing (scRNA-seq) analysis of LCMV-specific CD8+ T cells after 

the various in vivo treatments. We compared these different tetramer sorted cells along 

with naive CD8+ T cells by t-distributed stochastic neighbor embedding (t-SNE) projection 

analysis. This analysis displayed four clusters, one for naive CD8+ T cells (naive cluster) 

and the other three for the LCMV-specific CD8+ T-cell samples (clusters 1–3) (Fig. 2d). 

We found that DbGP33-specific CD8+ T cells from untreated and PD-1 treated mice were 

mostly composed of cluster 1 and 2, which represented clusters for PD-1+TCF-1+ stem-like 

cells (cluster 1) and the more differentiated CD8+ T cells (cluster 2). In contrast, LCMV-

specific CD8+ T cells from mice treated with IL-2 alone or given the combination therapy 

consisted predominantly (> 80%) of the unique cluster 3. It should be noted that PD-1 

+ IL-2 combination therapy reduces the percentage of cells in cluster 1 but there is no 

decrease in the total numbers of the stem-like CD8+ T cells (Fig. 2e, Extended Data Fig. 

3e–g). The dominance of cluster 3 is quite striking and it is this cluster that defines the 

new LCMV-specific CD8+ T cell population that is generated from the PD-1+TCF-1+ stem-

like CD8+ T cells after treatment of chronically infected mice with IL-2 or combination 

therapy. This cluster is characterized by lower expression of multiple inhibitory receptors 

and transcription factors associated with T-cell exhaustion and upregulation of genes related 

to effector function, migration, and adhesion. Cluster 3 cells also expressed some genes 

associated with memory T cells (Tcf7, Lef1, and Il7r) (Fig. 2f, Extended Data Fig. 3h). 

Of particular interest was the question whether there were any virus-specific CD8+ T cells 

that co-express Tcf7 and Gzmb. Cluster 1 that represents the PD-1+ stem-like CD8+ T 
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cells consisted mostly (90%) of Tcf7+ cells that did not express Gzmb and cluster 2 which 

represents the more differentiated population comprised mostly (96%) of Gzmb positive 

cells that did not express Tcf7. In contrast, > 20% of CD8+ T cells in the unique cluster 

3 co-expressed Tcf7 and Gzmb resulting in > 105 LCMV-specific CD8+ T cells in the 

spleen co-expressing Tcf7 and Gzmb after combination therapy and 3 × 104 cells after 

IL-2 therapy compared to < 500–4,000 such cells in mice that were untreated or given 

PD-1 monotherapy (Fig. 2g, Extended Data Fig. 3i). These CD8+ T cells are of biological 

importance because memory precursor effector CD8+ T cells (MP) that are generated during 

acute infections and give rise to the pool of long-lived memory CD8+ T cells also co-express 

Gzmb and Tcf718–20. GSEA of the three clusters showed that cluster 3 cells were enriched 

for effector signature and highly decreased for exhaustion signature in contrast to cluster 2 

cells generated after PD-1 monotherapy that were enriched for effector signature but also 

highly enriched for exhaustion signature (Fig. 2h). A similar pattern was seen when GSEA 

was performed using the different treatment groups as opposed to the different clusters 

(Extended Data Fig. 3j).

Phenotype and function of LCMV-specific CD8+ T cells

To determine if the key changes in the transcriptional signatures were also reflected by 

protein expression we did extensive FACS analysis of LCMV-specific CD8+ T cells isolated 

from chronically infected mice that were untreated, given PD-1 therapy, IL-2 treatment or 

combination therapy. These phenotypic analyses are shown in Extended Data Fig. 4a and 

they confirm the RNA-seq data. The phenotypic markers expressed by LCMV-specific CD8+ 

T cells after combination therapy or IL-2 treatment are consistent with these CD8+ T cells 

being less exhausted and more effector-like plus expressing some memory T-cell markers. 

We also performed multi-parameter flow cytometry and this confirmed the scRNA-seq data 

showing that the expanded CD8+ T cells after IL-2 treatment or PD-1 + IL-2 combination 

therapy were dominated by a unique cluster 3 that comprised around 90% of the cell 

population. The virus-specific CD8+ T cells in cluster 3 express effector molecules such as 

granzyme B, CX3CR1, and CD218a but at the same time also express markers associated 

with stem-like CD8+ T cells such as TCF-1, SLAMF6, and CD73. These CD8+ T cells also 

express lower levels of exhaustion markers such as TIM3 and CD101 (Fig. 3a–c, Extended 

Data Fig. 5a).

The virus-specific CD8+ T cells generated after PD-1 + IL-2 combination therapy were 

also functionally superior to CD8+ T cells generated after PD-1 monotherapy. As shown in 

Extended Data Fig. 1c, d, these CD8+ T cells produced multiple cytokines and degranulated 

after peptide stimulation and this cytokine production comes predominantly from the unique 

cluster 3 CD8+ T cells generated after the combination therapy (Fig. 3d, Extended Data 

Fig. 5b). In addition to efficient cytokine production after stimulation with virus-specific 

peptides, the LCMV-specific CD8+ T cells generated after PD-1 + IL-2 combination therapy 

or IL-2 treatment were also capable of producing IFNγ after stimulation by IL-12 and 

IL-18 in the absence of peptide stimulation. This is due to the high expression of IL-18Rα 
(CD218a) by these CD8+ T cells. An interesting biological consequence of CD218a 

expression is that these CD8+ T cells can respond to inflammatory cytokines (IL-12 and 

IL-18) and produce IFNγ even in the absence of cognate antigen (Extended Data Fig. 4b, c). 
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Similar to the cytokine production seen after stimulation with LCMV-specific peptides, the 

IL-12- and IL-18-mediated release of IFNγ in the absence of antigen stimulation also comes 

from cluster 3 CD8+ T cells generated after PD-1 + IL-2 combination therapy (Fig. 3e). 

Another interesting biological property of the LCMV-specific CD8+ T cells generated after 

combination therapy or IL-2 treatment is their ability to migrate to CXCL9 and CXCL10 

due to the high expression of the chemokine receptor CXCR3 (Fig. 3c, f, Extended Data Fig. 

4a). CXCR3 plays an important role in CD8+ T-cell mediated viral control and a role for 

CXCL9 and CXCL10 has been implicated in cancer immunotherapy21,22.

Epigenetic signature of LCMV-specific CD8+ T cells

Virus-specific CD8+ T cells acquire an epigenetic landscape during chronic infection that 

is distinct from that of CD8+ Teff and Tmem cells during acute infection, and the epigenetic 

stability of this exhaustion program has been proposed to limit the effectiveness of PD-1 

therapy23,24. We next examined if PD-1 + IL-2 combination therapy changed the epigenetic 

signatures of LCMV-specific CD8+ T cells using the assay for transposase-accessible 

chromatin with sequencing (ATAC-seq)25. PD-1 + IL-2 combination therapy dramatically 

changed chromatin accessibility of LCMV-specific CD8+ T cells compared to virus-specific 

CD8+ T cells from untreated mice or mice treated with PD-1 monotherapy (Fig. 4a). IL-2 

treatment alone also induced changes in the epigenetic signature of LCMV-specific CD8+ 

T cells compared to untreated mice (Fig. 4a). The differentially open and closed regions 

after PD-1 + IL-2 combination therapy versus PD-1 monotherapy were identified using the 

Genomic Regions Enrichment of Annotations Tool (GREAT)26 and gene ontology (GO) 

analysis. Pathways related to cytokine and chemokine receptor activity, S1P signaling and 

lymphocyte trafficking were highly enriched after combination therapy (Supplementary 

Data 1, 2). Examples of several immunologically relevant genes that are more open in virus-

specific CD8+ T cells after PD-1 + IL-2 combination therapy compared to PD-1 therapy are 

shown in Fig. 4b and Extended Data Fig. 6a. Genes involved in chemokine and cytokine 

responses, effector functions, and transcription factors like Tcf7, Lef1, Klf2, Tbx21 were 

more accessible after combination therapy whereas genes for inhibitory receptors and Tox, 

an important regulator of T-cell exhaustion15,27–29, were more open after PD-1 monotherapy 

(Fig. 4b, Extended Data Fig. 6a, b).

We next compared the epigenetic signatures of the virus-specific CD8+ T cells from these 

various treated samples with the epigenetic signatures of the CD8+ Teff cell subsets, MP and 

terminal effector (TE), and Tmem cells from acute infection30. PCA analysis of the 5,000 

most variable sites showed that the epigenetic signatures of LCMV-specific CD8+ T cells 

after PD-1 + IL-2 combination therapy or IL-2 were more similar to CD8+ Teff and Tmem 

cells after acute infection compared to virus-specific CD8+ T cells after PD-1 monotherapy 

or from untreated chronically infected mice (Fig. 4c). K-means clustering of the sites that 

changed with treatment revealed that ten clusters were formed, as shown in the heat plot 

for all of the different CD8+ T-cell subsets (Extended Data Fig. 6c). Clusters showing 

patterns resembling acute infection by sites opening in IL-2 or the combination treatment 

groups (clusters 2–4) had increased accessibility to transcription factors of zinc-finger, runt 

and T-box families, whereas sites closing (clusters 5–7) after IL-2 or combination therapy 

showed enrichment for transcription factors of bZIP, RHD (NFAT) and NR (Nur77) families 
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(Extended Data Fig. 6c, Supplementary Data 3). Of particular interest is the closing of 

RHD sites after IL-2 treatment or PD-1 + IL-2 combination therapy because NFAT has 

been implicated in inducing exhaustion and the upregulation of Tox expression15,27–29. 

Accordingly, multiple regulatory regions of the Tox gene were highly accessible in untreated 

cells or cells treated with PD-1, but no longer accessible in IL-2 or the combination therapy 

samples. Taken together, these results demonstrate that the epigenetic program of virus-

specific CD8+ T cells during chronic infection can be modified by PD-1 + IL-2 combination 

therapy resulting in cells that resemble more functional CD8+ Teff and Tmem cells generated 

after acute viral infection. This epigenetic modification most likely represents the generation 

of new CD8+ Teff cells from the TCF-1+ stem-like CD8+ T cells after combination therapy 

as opposed to re-programming of exhausted CD8+ T cells.

PD-1 blockade at target site is crucial for viral reduction

One critical question is why does IL-2 monotherapy have minimal effect in reducing the 

viral load during chronic LCMV infection despite expanding the virus-specific CD8+ T cells 

and bringing about qualitative changes in the CD8+ T cells similar to what was seen after 

PD-1 + IL-2 combination therapy. Our previous studies had shown that expression of PD-L1 

on LCMV- infected cells may inhibit the CD8+ Teff cells from eliminating the infected 

cell31. Other studies using tumor models have also made similar observations32,33. Thus, 

we hypothesized that, after IL-2 monotherapy, viral control was compromised despite the 

increased numbers of CD8+ T cells because of PD-L1 expression at the target site. To test 

this hypothesis, we designed a treatment regimen in which LCMV chronically infected mice 

were treated with IL-2 first for 10 days to expand the LCMV-specific CD8+ T cells and 

then PD-1 blockade was done for just three days starting at day 10. The control group of 

chronically infected mice received IL-2 only from day 0–13 (Extended Data Fig. 7a). These 

two groups of mice were then analyzed on day 14 for LCMV-specific CD8+ T cell responses 

and viral control. There were no differences in the numbers of LCMV-specific CD8+ T cells 

in the spleen, liver and lung of the two groups of mice (Extended Data Fig. 7b). This was the 

expected result since most of the expansion of CD8+ T cells would have already occurred 

during the first 10 days and this would have been driven by IL-2 therapy alone. The key 

question now was whether PD-1 blockade at the tail-end of IL-2 therapy would result in any 

viral control. This was indeed the case. Chronically infected mice treated with anti-PD-L1 

antibody from day 10–13 had significantly lower levels of virus in all three tissues (spleen, 

liver and lung) examined compared to mice that received IL-2 only (Extended Data Fig. 7c). 

This is clearly consistent with PD-1 blockade at the target site enhancing viral control. To 

further expand upon this we examined if there were any pathological changes in the liver 

after anti-PD-L1 treatment. We found that chronically infected mice that received the late 

PD-1 blockade had significantly increased levels of liver enzyme in the serum and showed 

higher pathology score and increased number of TUNEL positive cells in the liver compared 

to the IL-2 only group (Extended Data Fig. 7d–f). Taken together, these results highlight the 

importance of blocking the PD-1/PD-L1 inhibitory pathway at the target site for effective 

viral control.
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PD-1 + IL-2 improves the CD8+ Teff /CD4+ Treg cell ratio

Treatment of LCMV chronically infected mice with IL-2 alone or PD-1 + IL-2 combination 

therapy increases the number of Foxp3+ CD4+ regulatory T (Treg) cells. However, the 

increase in LCMV-specific CD8+ T cells is tenfold higher after PD-1 + IL-2 combination 

therapy resulting in strikingly different ratios of LCMV-specific CD8+ T cells to CD4+ 

Treg cells after IL-2 monotherapy versus PD-1 + IL-2 combination therapy. This favorable 

CD8+ Teff cell/CD4+ Treg ratio after PD-1 + IL-2 combination therapy could also 

contribute to better viral control (Extended Data Fig. 8a–d) and has implications for cancer 

immunotherapy where CD4+ Treg cells are known to play an important role34.

CD25 is important for synergy between IL-2 and PD-1

The striking synergy between PD-1 blockade and IL-2 during chronic LCMV infection was 

achieved using the natural IL-2 cytokine (IL-2(WT)). Many of the ongoing human clinical 

trials combining PD-1 blockade with IL-2 to treat cancer patients are using genetically 

engineered or modified forms of IL-2 that do not bind CD252,3. So, it was of interest to 

determine whether CD25 engagement plays a role in the synergistic effects we have seen in 

the LCMV model.

We first examined how CD25 expression changes after the various treatments and which 

chronic CD8+ T-cell subsets express CD25. To address this, we sorted the PD-1+ stem-like 

CD8+ T cells and the more differentiated CD8+ T cells from chronically infected mice, and 

transferred them into infection matched congenically distinct mice so we could track the 

donor CD8+ T cells. Groups of these chronically infected mice were either left untreated, or 

given PD-1 blockade alone, or IL-2 alone, or the combination therapy. Note that neither the 

stem-like CD8+ T-cell population nor the terminally differentiated CD8+ T cells expressed 

any detectable levels of CD25 at the time of transfer. However, after the adoptive transfer 

the stem-like CD8+ T cells that received IL-2 alone or PD-1 + IL-2 combination therapy 

underwent expansion and also expressed CD25. Interestingly, PD-1 blockade alone resulted 

in increased proliferation and differentiation of the stem-like CD8+ T cells but there 

was minimal to no CD25 detectable on this expanded population. The more terminally 

differentiated (exhausted) CD8+ T cells did not expand in response to any of the treatments 

and did not upregulate CD25 expression (Extended Data Fig. 9a–d). These results show 

that the expanded population of CD25+ CD8+ T cells is derived from the PD-1+TCF-1+ 

stem-like CD8+ T cells and that CD25 upregulation is selectively seen only after IL-2 

treatment or PD-1 + IL-2 combination therapy.

Having established the origin of the CD25+ CD8+ T cells in the above experiment, we then 

examined in more detail the kinetics of CD25 expression on LCMV-specific CD8+ T cells 

in chronically infected mice after PD-1 blockade, IL-2 treatment, or combination therapy. 

A small percentage (mean, 15%) of LCMV-specific CD8+ T cells started expressing CD25 

at day 3 after combination therapy and by day 6 post-treatment the majority (mean, 64%) 

of tetramer-positive CD8+ T cells were proliferating and expressing CD25. A similar trend 

but with slightly lower numbers (mean, 35 %) was seen in mice that received IL-2 treatment 

only. In contrast, PD-1 blockade alone increased the number of proliferating virus-specific 
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CD8+ T cells at day 6 but these cells did not express detectable levels of CD25 (Extended 

Data Fig. 9e–i). We also examined expression of CD122 and CD132, the beta and gamma 

chains of the IL-2 receptor. Minimal changes were seen in expression of CD122 or CD132 

after PD-1 monotherapy but there were significant increases in the expression of both 

CD122 and CD132 after IL-2 alone and especially after the combination therapy (Extended 

Data Fig. 9j–o). Thus, PD-1 + IL-2 combination therapy resulted in the upregulation of all 

three chains (CD25, CD122, CD132) to form the high affinity trimeric IL-2 receptor on the 

proliferating and differentiating LCMV-specific CD8+ T cells35.

The key question was to determine if CD25 engagement by IL-2 was essential for the 

observed synergy between PD-1 blockade and IL-2 during chronic LCMV infection. To 

address this question a blocking and non-depleting anti-CD25 antibody36 was administered 

during the combination therapy to block the interaction between IL-2 and CD25 (Fig. 5a). 

Treatment with this anti-CD25 antibody almost completely abrogated the synergy between 

IL-2 and PD-1 therapy. The increased expansion of LCMV DbGP33-specific CD8+ T cells 

was not observed, the increased poly-functionality of the virus-specific CD8+ T cells was 

reduced, and the phenotypic changes associated with the generation of acute infection–like 

effector CD8+ T cells were no longer seen. Consequently, the superior viral control by PD-1 

+ IL-2 combination therapy over PD-1 monotherapy was lost when the interaction between 

CD25 and IL-2 was prevented (Fig. 5b–e). These findings show that CD25 engagement is 

critical for optimal synergistic effect of PD-1 + IL-2 combination therapy.

PD-1 combination therapy with IL-2(WT) versus IL-2(V)

Another approach to the above question is to use a mutated version of IL-2 (IL-2(V)) that 

does not bind to CD25 and examine how this IL-2(V) compares with the natural IL-2 

cytokine (IL-2(WT)) in combination therapy with PD-1 blockade in LCMV chronically 

infected mice. The IL-2(V) that we used in these studies was genetically modified to prevent 

binding to CD25 without affecting IL-2 structure or the interaction with IL-2Rβγ37. The 

experimental set-up comparing PD-1 combination therapy with IL-2(WT) or IL-2(V) is 

shown in Fig. 6a. Similar to our results with the CD25 blockade experiments, we found 

that IL-2(V) combination therapy did not result in significantly increasing the numbers 

of LCMV-specific CD8+ T cells compared to PD-1 monotherapy in multiple tissues. This 

was in contrast to the highly significant increases seen in virus-specific CD8+ T cells 

after PD-1 combination therapy with IL-2(WT) (Fig. 6b, Extended Data Fig. 10a, b). We 

also compared the transcriptional profile of LCMV-specific CD8+ T cells isolated from 

mice given combination therapy with IL-2(V) versus IL-2(WT). The results were quite 

striking; the distinct gene signature seen after combination therapy with IL-2(WT) was lost 

with IL-2(V). IL-2(V) combination therapy also did not induce the key qualitative changes 

in LCMV-specific CD8+ T cells based on expression of phenotypic markers and their 

ability to make various cytokines compared to PD-1 combination therapy with IL-2(WT). 

Most importantly, no improved viral control over PD-1 therapy was seen after IL-2(V) 

combination therapy (Fig. 6c–f, Extended Data Fig. 10c, d). Thus, taken together the 

experiments with CD25 blockade and comparing IL-2(V) versus IL-2(WT) clearly show 

that CD25 engagement plays a major and essential role in the synergistic effects of IL-2 in 

combination therapy with PD-1 blockade.
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Note that IL-2(V) was biologically active in vivo in expanding CD8+ T cells but did not 

target the right CD8+ T-cell population. There were significant increases in the number of 

CD8+ T cells after PD-1 combination therapy with IL-2(V) but this was predominantly due 

to the expansion of PD-1 negative CD8+ T cells and there was no increase in the number 

of PD-1+ CD8+ T cells above what was seen with PD-1 blockade alone. In contrast, PD-1 

combination therapy with IL-2(WT) resulted in the selective expansion of PD-1 positive 

CD8+ T cells – this is where all the LCMV-specific CD8+ T cells are found (Extended Data 

Fig. 11a–g). The most likely explanation for these results is that since the vast majority of 

CD8+ T cells in these mice are not virus-specific and all of these CD8+ T cells express 

the beta (CD122) and gamma (CD132) chains of the IL-2 receptor the IL-2(V) cytokine 

is being soaked up by this large population of non-virus-specific CD8+ T cells whereas 

the high affinity trimeric IL-2 receptor (CD25/CD122/CD132) that is expressed on the virus-

specific CD8+ T cells would selectively capture the IL-2(WT) cytokine35,38. The major 

upregulation of CD25 in particular and also CD122 and CD132 on LCMV specific CD8+ 

T cells is seen only after IL-2(WT) therapy. IL-2(V) treatment results in a slight increase 

of CD122 expression but does not change CD25 and CD132 expression (Extended Data 

Fig. 12a–f). Thus, the IL-2(V) is being diluted out while the IL-2(WT) is being selectively 

captured by the PD-1+ virus-specific CD8+ T cells. If appropriate targeting strategies are 

used with IL-2(V) then this could be an effective and safe approach for immunotherapy. The 

accompanying paper by Codarri-Deak et al. addresses this issue39.

All the results we have shown so far have used the stringent LCMV clone 13 model of 

life-long chronic infection in the absence of LCMV-specific CD4+ T cells. So, we next 

compared the effects of PD-1 + IL-2(WT) versus PD-1 + IL-2(V) combination therapy 

in LCMV chronically infected mice containing virus-specific CD4+ T cells. The results 

of these experiments are shown in Extended Data Fig. 13. We found that the synergistic 

increase of LCMV-specific CD8+ T cells was only seen in mice that received PD-1 

combination therapy with IL-2(WT) cytokine. There was minimal to no synergy between 

IL-2(V) cytokine and PD-1 blockade. In addition, the phenotypic and functional changes in 

LCMV-specific CD8+ T cells that reflect better effector function and decreased exhaustion 

were seen in mice treated with anti-PD-L1 and IL-2(WT) and not in combination with 

IL-2(V). Consistent with these quantitative and qualitative changes in LCMV-specific CD8+ 

T cells the most effective viral control was seen in mice that received PD-1 + IL-2(WT) 

combination therapy (Extended Data Fig. 13b–e). This model of LCMV chronic infection 

with CD4+ T-cell help also allowed us to examine the effect of PD-1 + IL-2 combination 

therapy on LCMV-specific CD4+ T cells. A significant increase in LCMV-specific CD4+ T 

cells with T helper type 1 (Th1) phenotype was only seen in mice receiving PD-1 blockade 

plus IL-2(WT) cytokine (Extended Data Fig. 13f). Thus, in both CD4+ T-cell helped and 

unhelped models of LCMV chronic infection, combination therapy with PD-1 + IL-2(WT) is 

superior to PD-1 + IL-2(V).

Discussion

Here we examined how IL-2 synergizes with PD-1 directed immunotherapy during chronic 

LCMV infection. Our paper makes the following points: first, we showed that the more 

effective viral control seen after PD-1 + IL-2 combination therapy compared to PD-1 
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monotherapy is mediated by the CD8+ T-cell response. We then identified the virus-specific 

CD8+ T cells that proliferate and respond to the combination therapy and show that these 

are the same lymphoid resident PD-1+TCF-1+ resource CD8+ T cells that also respond to 

PD-1 blockade. However, the combination therapy dramatically changes the differentiation 

program of these stem-like CD8+ T cells and results in the generation of transcriptionally 

and epigenetically distinct CD8+ Teff cells that resemble highly functional CD8+ Teff cells 

seen after an acute viral infection. It is important to note that this striking modification of 

the CD8+ T-cell exhaustion program after PD-1 + IL-2 combination therapy is primarily due 

to IL-2 signals changing the CD8+ Teff cell differentiation program from the PD-1+TCF-1+ 

stem-like CD8+ T cells as opposed to re-programming of terminally differentiated exhausted 

CD8+ T cells. This is also consistent with our finding that the terminally differentiated 

CD8+ T cells did not expand after IL-2 alone or PD-1 + IL-2 combination therapy (Fig. 

1, Extended Data Fig. 2). This ability to modify the differentiation program and generate 

better CD8+ Teff cells could be the underlying mechanism for the striking synergy seen 

between IL-2 therapy and PD-1 blockade. We also highlight the importance of blocking the 

PD-1/PD-L1 inhibitory pathway at the target site for effective viral control31. Expanding 

the CD8+ T cell population and generating better effector cells is important but it is also 

critical to block PD-1 inhibitory signals at the target site for optimal immunotherapy. Finally, 

we show that CD25 engagement with IL-2 plays an important and essential role in the 

observed synergy between IL-2 cytokine and PD-1 blockade. Either blocking CD25 with 

an antibody or using a mutated version of IL-2 that does not bind to CD25 (but still binds 

to CD122/CD132) almost completely abrogated the synergistic effects seen after PD-1 + 

IL-2 combination therapy. There is currently considerable interest in using PD-1 + IL-2 

combination therapy in cancer patients. Several clinical trials are ongoing and many of these 

trials are using modified or genetically engineered forms of IL-2 that do not bind CD252,3. 

The recent clinical trial using anti-PD-1 antibody in combination with pegylated IL-2 with 

decreased CD25 binding has shown disappointing results40. Our studies in the chronic 

LCMV model have allowed us to dissect the underlying mechanisms of how IL-2 therapy 

synergizes with PD-1 blockade. This information will be of value in providing guidelines 

for optimizing PD-1 + IL-2 therapy in human clinical trials for chronic viral infections and 

cancer.

Methods

Mice, virus, and infection

Six- to 8-week-old female C57BL/6J and CD45.1 congenic mice were purchased from 

the Jackson Laboratory. LCMV chronically infected mice were generated as follows; Mice 

were transiently depleted of CD4+ T cells by injecting 300 μg of rat anti-mouse CD4 

antibody (GK1.5, BioXCell) intraperitoneally (i.p.) 2 days prior to infection and again on 

the day of infection, followed by infecting mice with 2 × 106 plaque forming units (PFU) 

of LCMV clone 13 intravenously via tail vein. For examining therapeutic effects of PD-1 

+ IL-2 therapy on CD8+ T cells in the presence of LCMV-specific CD4+ T cells, mice 

were infected with LCMV clone 13 without transient CD4+ T-cell depletion. Titres of virus 

were determined by plaque assay on Vero E6 cells. Vero E6 cells were neither authenticated 

nor tested for mycoplasma contamination. No statistical methods were used to predetermine 
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sample size. LCMV chronically infected mice were randomly assigned to experimental 

groups and investigators were not blinded to group allocation during experimental setup, 

data collection or analysis. All animal experiments were performed in accordance with 

National Institutes of Health and the Emory University Institutional Animal Care and Use 

Committee guidelines. Mice were housed under the following conditions: light cycle, 7:00 

am ON and 7:00 pm OFF; temperature, between 68–72 degrees Fahrenheit; humidity, 

between 30–70 g m−3.

Lymphocyte isolation

Lymphocytes were isolated from the blood, spleen, liver, and lung as described previously41. 

Briefly, spleens were dissociated by passing them through a 70 μm cell strainer (Corning). 

Livers were perfused with pre-cold PBS and homogenized via mechanical disruption. Lungs 

were treated with 1.3 mM EDTA in HBSS for 30 min at 37 °C, shaking at 200 rpm, 

followed by treatment with 150 U ml−1 collagenase (Thermo Fisher Scientific) in RPMI 

1640 medium containing 5 % FBS, 1 mM MgCl2, and 1mM CaCl2 for 60 min at 37 °C 

shaking at 200 rpm. Collagenase treated lung tissues were homogenized and filtered through 

a 70 μm cell strainer. Lymphocytes from livers and lungs were purified by a 44–67% Percoll 

gradient (800 g at 20 °C for 20 min).

Reagents, flow cytometry, and in vitro stimulations

All antibodies for flow cytometry were purchased from BD Biosciences, Biolegend, 

Thermo Fisher Scientific, Cell Signaling Technology, and R&D Systems, and used with 

the following dilution: anti-Bcl-6 PE, 1:20; anti-CD4 BUV496, 1:500; anti-CD4 BUV563, 

1:500; anti-CD4 FITC, 1:500; anti-CD4 V500, 1:500; anti-CD4 BV605, 1:500; anti-CD4 

PE-Cy7, 1:500; anti-CD4 APC-eFluor 780, 1:500; anti-CD8a BUV496, 1:100; anti-CD8a 

BUV563, 1:100; anti-CD8a BV421, 1:150; anti-CD8a BV605, 1:100; anti-CD8a PerCP, 

1:100; anti-CD8a APC, 1:100; anti-CD8b.2 BV421, 1:200; anti-CD19 BUV563, 1:150; 

anti-CD19 BV510, 1:150; anti-CD19 BV605, 1:150; anti-CD19 PE-Cy7, 1:150; anti-CD19 

APC-eFluor 780, 1:150; anti-CD25 BV421, 1:100; anti-CD25 PE, 1:100; anti-CD25 BB700, 

1:100; anti-CD25 PE-Cy7, 1:100; anti-CD28 PE, 1:100; anti-CD29 eFluor 450, 1:100; 

anti-CD44 BUV805, 1:500; anti-CD44 FITC, 1:500; anti-CD44 Alexa Fluor 700, 1:100; 

anti-CD45.2 BV421, 1:100; anti-CD45.2 APC, 1:100; anti-CD49d PE, 1:100; anti-CD62L 

BV650, 1:100; anti-CD69 PE-Cy7, 1:100; anti-CD73 BV605, 1:100; anti-CD101 PE-Cy7, 

1:100; anti-CD101 APC, 1:100; anti-CD107a Alexa Fluor 488, 1:200; anti-CD119 BV421, 

1:100; anti-CD122 PE, 1:100; anti-CD127 PE, 1:100; anti-CD132 BV421, 1:100; anti-

CD132 PE, 1:100; anti-CD160 BV421, 1:100; anti-CD218a PE, 1:100; anti-CD218a PerCP-

eFluor 710, 1:100; anti-CD218a PE-Cy7, 1:100; anti-CD223 BV421, 1:100; anti-CD226 

PE-Cy7, 1:100; anti-CXCR3 BV480, 1:100; anti-CXCR3 PE-Cy7, 1:100; anti-CXCR5 

BV421, 1:50; anti-CXCR5 PE-Dazzle, 1:50; anti-CX3CR1 BV785, 1:500; anti-CX3CR1 

PE, 1:500; anti-BTLA PE, 1:100; anti-Eomes PE-Cy7, 1:100; anti-Foxp3 PE-Cy7, 1:250; 

anti-granzyme A PE, 1:100; anti-granzyme B BV421, 1:20; anti-granzyme B PE, 1:20; 

anti-ICOS PE, 1:100; anti-IL-2 PE, 1:100; anti-IFNγ BV421, 1:100; anti-IFNγ BV480, 

1:100; anti-IFNγ BV711, 1:100; anti-IFNγ APC, 1:100; anti-Ki-67 FITC, 1:20; anti-Ly-6C 

BV421, 1:500; anti-Ly-6C R718, 1:500; anti-PD-1 BV421, 1:100; anti-PD-1 BV605, 1:100; 

anti-PD-1 BV711, 1:100; anti-PD-1 PE, 1:100; anti-PD-1 APC, 1:100; anti-SLAMF6 
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BUV737, 1:100; anti-TCF-1 Alexa Fluor 488, 1:50; anti-TCF-1 PE, 1:100; anti-TIM3 

BUV395, 1:100; anti-TIM3 Alexa Fluor 488, 1:20; anti-TIM3 PE, 1:20; anti-T-bet PE, 

1:100; anti-TNF FITC, 1:100; anti-TNF PE, 1:100; anti-Tox PE, 1:100. DbGP33–41 and 

DbGP276–286 tetramers were prepared in house and were used to detect LCMV-specific 

CD8+ T cells (dilution, 1:100). Streptavidin-PE or streptavidin-APC was purchased from 

Thermo Fisher Scientific. Dead cells were excluded by using Live/Dead Fixable Near-IR 

(dilution, 1:250) or Yellow Dead Cell Stain Kit (dilution, 1:250) (Thermo Fisher Scientific). 

For cell surface staining, antibodies were added to cells at dilutions of 1:20–1:500 in PBS 

supplemented with 2% FBS and 0.1% sodium azide for 30 min on ice. Cells were washed 

3 times, fixed with Fixation/Permeabilization solution (BD Biosciences). For detecting 

cytokine production, 1 × 106 spleen cells were stimulated with pool of 9 LCMV-specific 

peptides (GP33-41, GP70-77, GP92-101, GP118-125, GP276-286, NP166-175, NP205-212, 

NP235-249, and NP396-404; 200 ng ml−1 each) in a 96-well round bottom plate for 5 h 

at 37 °C in a CO2 incubator in the presence of GolgiPlug (BD Biosciences). To detect 

degranulation, splenocytes were stimulated with pool of 9 LCMV-specific peptides for 

5 h in the presence of GolgiPlug, GolgiStop (BD Biosciences), and anti-CD107a Alexa 

Fluor 488 (dilution, 1:200) (Thermo Fisher Scientific). For examining the responsiveness of 

LCMV-specific CD8+ T cells to inflammatory cytokines, 1 × 106 splenocytes were cultured 

with recombinant mouse IL-12 and IL-18 (Both were from R&D systems, 20 ng ml−1 each) 

for 5 h, and GolgiPlug was added, followed by culturing for 1 hour. Intracellular staining 

was performed by using BD Cytofix/Cytoperm protocol. For detecting intranuclear proteins, 

Foxp3 staining buffer set (Thermo Fisher Scientific) was used according to manufacturer’s 

instructions. To detect LCMV-specific CD4+ T cells, splenocytes were stained with I-

AbGP66-77 tetramer (DIYKGVYQFKSV; NIH Tetramer Core Facility, Emory University) 

at 37°C for 2 h (dilution, 1:200), followed by cell surface staining as described. Samples 

were acquired on Canto II, LSR II, or FACSymphony A3 (BD Biosciences), and data were 

analyzed by using FlowJo (ver. 9.9.6 or 10.8.1, BD Biosciences).

Chemotaxis assay

Chemokine dilutions of PBS with CXCL9 or CXCL10 (Both were from R&D Systems, 

0.5 μg ml−1) were added to the bottom well of a 96-well transwell plate with a 5-μm pore 

(Corning). Sorted PD-1+ CD8+ T cells (2–3 ×104 cells in 100 μl) from LCMV chronically 

infected mice treated for 2 weeks were added on the top of the membrane with duplicates 

and allowed to migrate at 37 °C for 3 h. Numbers of migrated cells to the bottom wells were 

counted by Canto II (BD Biosciences). Chemotactic index was calculated as the ratio of cell 

numbers in the bottom well in the presence versus in the absence of chemokines.

Cell sorting

Cell sorting was performed by FACS Aria II (BD Biosciences). For RNA-seq, scRNA-seq 

(10X Genomics), and ATAC-seq analysis, LCMV chronically infected mice (> day 40 

post-infection) were untreated or treated with various therapeutic modalities for 2 weeks, 

and DbGP33+ CD8+ T cells in spleens were sorted from pooled spleens (n = 1–18). Before 

the sort, DbGP33+ CD8+ T cells were enriched by staining DbGP33-APC tetramer, labeling 

them with anti-APC MicroBeads (Miltenyi Biotec), followed by magnetic separation with 

LS column (Miltenyi Biotec). Naive (CD44low) CD8+ T cells were sorted from pooled 
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spleens from uninfected mice (n = 2). For chemotaxis assay, mice chronically infected 

with LCMV were treated with PD-1 monotherapy, IL-2 alone, or combination therapy 

for 2 weeks. Cells were isolated from spleens of each treatment group (n = 1–8). CD8+ 

T cells were enriched by using CD8+ T cell isolation kit (Miltenyi Biotec), followed by 

magnetic separation with LS column (Miltenyi Biotec), and PD-1+ CD8+ T cells were 

sorted. For experiments of adoptive transfer of two CD8+ T-cell subsets, splenocytes were 

isolated from LCMV chronically infected mice (n = 20–53), and 5 × 104 to 1 × 105 of two 

(PD-1+CXCR5+TIM3− and PD-1+CXCR5−TIM3+) CD8+ T-cell subsets were sorted. The 

purities of the sorted cells were more than 95%.

PD-1 therapy, IL-2, and the combination therapy in vivo

PD-1 therapy, IL-2, and PD-1 + IL-2 combination therapy were performed as described 

previously1. For PD-1 monotherapy, 200 μg of rat anti-mouse PD-L1 antibody (10F.9G2, 

prepared in house) or rat IgG2b isotype control (LTF-2, BioXCell) was administered i.p. 

into LCMV chronically infected mice every 3 days for 2 weeks. For IL-2 therapy, 15,000 

IU of recombinant human IL-2 (Amgen) diluted in PBS with 0.1% normal mouse serum 

was given i.p. twice daily for 2 weeks. For examining a requirement of PD-1 blockade for 

improving viral control during IL-2 therapy, 500 μg of rat anti-mouse PD-L1 antibody was 

administered at day 10 and 12 after starting IL-2 treatment.

PD-1 + IL-2(WT) or PD-1 + IL-2(V) combination therapy in vivo

For comparing IL-2(WT) and IL-2(V) combination therapies, recombinant human IL-2(WT) 

or IL-2(V), and anti-mouse PD-L1 antibody with DAPG mutation were produced and 

provided by Roche as previously described37. For PD-1 monotherapy, 200 μg of anti-

mouse PD-L1 antibody (Roche) or mouse IgG1 isotype control (MOPC-21, BioXCell) 

was administered into LCMV chronically infected mice every 3 days for 2 weeks. For 

the combination therapy, IL-2(WT) or IL-2(V) therapy was combined with PD-1 therapy, 

where 1 μg of IL-2(WT) (Roche) or 10 μg of IL-2(V) (Roche) diluted in PBS with 0.1% 

normal mouse serum was given i.p. twice daily for 2 weeks. In chronic infection model with 

LCMV-specific CD4+ T cells, IL-2(WT) and IL-2(V) was given i.p. once daily from day 25 

to day 33 after mice were infected with LCMV clone 13.

CD8+ T-cell depletion

For depleting CD8+ T cells during PD-1 + IL-2 combination therapy, 200 μg of rat anti-

mouse CD8 antibody (2.43, BioXCell) or rat IgG2b isotype control (LTF-2, BioXCell) was 

administered i.p. into LCMV chronically infected mice every 3 days for 2 weeks.

CD25 blockade

For examining if CD25 engagement by IL-2 was essential for therapeutic efficacy of PD-1 

+ IL-2 combination therapy, 200 μg of rat-mouse chimeric antibody PC61-mIgG1 (N297Q) 

(Biogen)36 or mouse IgG1 isotype control (MOPC-21, BioXCell) was administered i.p. into 

LCMV chronically infected mice every 3 days for 2 weeks of PD-1 + IL-2 combination 

therapy.
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Adoptive transfer of two CD8+ T-cell subsets

5 × 104 to 1 × 105 of two (PD-1+CXCR5+TIM3− and PD-1+CXCR5−TIM3+) CD8+ T-cell 

subsets isolated from LCMV chronically infected mice (CD45.2) were transferred into 

infection matched recipient mice (CD45.1). Groups of these mice were then either left 

untreated, given anti-PD-L1 antibody, IL-2 therapy, or the combination therapy for 2 weeks.

Histological assessment

Four to five-micron sections of formalin-fixed paraffin-embedded (FFPE) liver samples were 

stained with hematoxylin and eosin (H&E) or subjected to TUNEL analysis. The slides were 

scanned using the Leica Aperio GT 450 slide scanner and reviewed by a Gastrointestinal 

and Liver Pathologist. Portal inflammation was scored on a 4-point scale (0–3) as minimal 

to no inflammation (0), mild (1), moderate (2), and severe (3). Lobular inflammation was 

scored on a 4-point scale in two subcategories: immune cell clusters (0: none, 1: up to one 

per a one mm2 field, 2: up to 2, and 3: 3 or more clusters per a one mm2 field) and overall 

degree of lobular inflammation including sinusoidal infiltration of lymphocytes and degree 

of hepatocyte injury (0: no or rare lobular inflammation, 1: mild inflammation, 2: moderate, 

and 3: severe). The overall lobular inflammation was scored on a 7-point scale (0–6). The 

maximal number of acidophil bodies in a one mm2 area was quantified and scored on a 

4-point scale (0–3) as follows: 0: no acidophil bodies, 1: one to two acidophil bodies, 2: 

three to four bodies, and 3: five or more acidophil bodies. For the TUNEL assay, 5 one mm2 

(5 200x fields) hotspots of positive sinusoidal cell or hepatocyte staining per tissue were 

counted. The images were processed using QuPath42.

Measurement of serum ALT levels

Serum samples pooled from 2–3 mice were sent to Comparative Pathology Laboratory at 

University of Georgia and ALT levels were measured with a Roche Cobas c501 biochemical 

analyzer.

RNA-seq

For the comparison of untreated, PD-1 therapy, IL-2 treatment, and combination therapy, 

total RNA was isolated using the Direct-zol RNA Miniprep kit (Zymo Research), with 

on-column DNase digestion. RNA-seq libraries were prepared using 150 ng of total RNA 

and KAPA Stranded mRNA-seq Kit (Kapa Biosystems). Each library was indexed using 

barcoded primers (BIOO Scientific, Austin, TX) and was amplified for 10 cycles. Then, 

200- to 350-bp fragments of barcoded PCR products were separated by 2% E-Gels (Thermo 

Fisher Scientific) and purified by Gel DNA Purification Kit (Zymo Research). Final PCR 

products were sequenced on an Illumina HiSeq 2500 platform. For comparing IL-2(WT) 

combination versus IL-2(V) combination therapy, total RNA from samples was isolated 

using Trizol (Thermo Fisher Scientific) and RNeasy Micro kit (Qiagen) according to the 

manufacture’s protocols at Emory Integrated Genomics Core. Preparation of a standard 

RNAseq library was performed at Hudson Alpha. Briefly, RNA amplification was performed 

using the Nugen Ovation RNAseq v2 kit. Amplified cDNA was normalized and sonicated 

on the Covaris LE200 using a protocol designed to achieve a target insert size of 350 bp. 

The samples were prepared using the KAPA Hyper Prep kit and GSL v5.8 indexes. Pooled 
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libraries were sequenced on the Ilumina NovaSeq 6000 system with 100 bp paired-end 

reads.

Reads were mapped to the GRCm38/mm10 genome43 with HISAT2 version 2.1.044. Gene 

expression was quantified by featureCounts45. DESeq246 was used to normalized for library 

size and calculate differential expression across groups. A gene was considered differentially 

expressed across the treatment groups with an adjusted p value of < 0.05 with an average 

expression of > 20 normalized counts across all samples. Principal component analysis was 

performed on all detected genes using the regularized log transformation from DESeq2. 

GSEA47 was performed against canonical CD8+ T-cell gene sets, generated by using a 

previously published data (GSE9650 and PRJNA412602)16,17. The exhaustion signature was 

defined as genes that were at least 2-fold upregulated in DbGP33+ CD8+ T cells isolated 

from chronically mice infected with LCMV clone 13 compared to DbGP33+ CD8+ T cells 

isolated from mice 8 days after acute LCMV Armstrong infection. The effector signature 

was generated by taking the top 400 most upregulated genes between naive CD8+ T cells 

and DbGP33+ CD8+ T cells isolated from mice 8 days after acute LCMV Armstrong 

infection16. The memory signature was generated by upregulated genes between naive CD8+ 

T cells and LCMV-specific CD8+ T cells isolated from mice 48 days after acute LCMV 

Armstrong infection17. GSEA was performed using log2 fold change difference between 

classes. To determine the relative enrichment of these signatures in each treatment group, 

GSEA comparing the designated treatment regimen to the other 3 datasets was performed. 

RNA-seq data was visualized by using Microsoft Excel (version 14.4.3), Prism software 

(version 9.3.1, GraphPad), and ggplot2 R package48.

Single cell RNA-seq

Single cell RNAseq libraries were generated using the Chromium Single Cell 5’ Library & 

Gel Bead Kit (10x Genomics) according to the manufacturer’s protocol. In brief, DbGP33+ 

CD8+ T cells or naive CD44low CD8+ T cells were sorted and captured into the Gel 

Beads-in-emulsion (GEMs). After reverse transcription, the GEMs were disrupted and the 

barcoded cDNA was isolated, pooled, and amplified by PCR (13 cycles). The amplified 

cDNA was fragmented, and subjected to end repair and A-tailing followed by a sample 

index PCR (16 cycles). The purified libraries were sequenced to a depth of 50,000 reads per 

cell on a HiSeq3000 (Illumina) with 26 cycles for read 1, 8 cycles for index 1 (i7), and 91 

cycles for read 2.

Alignment, filtering, barcode counting, and unique molecular identifier counting were 

performed using Cell Ranger v3.1. Data were further analyzed using Seurat v.3.049. Briefly, 

cells with a percentage of mitochondrial genes below 0.05% were included. Cells with 

more than 4,000 or less than 1,000 detected genes were considered as outliers and excluded 

from the downstream analyses. Raw unique molecular identifier counts were normalized 

to unique molecular identifier count per million total counts and log-transformed. Variable 

genes were selected based on average expression and dispersion. PCA was performed using 

variable genes. Clusters were identified using the shared nearest neighbor algorithm in 

Seurat and t-SNE plots were generated based on selected principal component analysis 

dimensions. Marker genes were identified by the Seurat function FindAllMarkers. Log 
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normalized data are shown in the form of feature plots with the scale in a range of 0 

(grey) to 2.5~5 (purple). Gene set scoring was performed using the VISION R package 

v.1.1.0. The scoring algorithm is described here50. Briefly, expression of signature genes is 

weighted based on predicted dropout probability calculated from nearest neighbors, and the 

normalized expression summed for all genes in the gene set. Gene sets used were same as in 

RNA-seq.

Analysis of multiparameter conventional flow cytometry

For examining phenotypes of LCMV-specific CD8+ T cells, conventional 19-colour flow 

cytometry data of DbGP33+ CD8+ T cells after different treatments were concatenated, 

and subjected to UMAP plugins (nearest neighbors = 15, minimum distance = −0.5, and 

number of components = 2)51 and FlowSOM clustering algorithm (number of meta clusters 

= 3)52 using parameters of TCF-1 Alexa Fluor 488, granzyme B BV421, TIM3 BUV395, 

CX3CR1 BV785, CD101 PE-Cy7, CD218a PE, CXCR5 PE-Dazzle, SLAMF6 BUV737, 

CD73 BV605, CXCR3 BV480, Ly-6C R700, and CD44 BUV805 in FlowJo ver. 10.8.1 (BD 

Biosciences).

To determine which CD8+ T cells in 3 clusters produced effector cytokines or degranulated 

after stimulation with LCMV-specific peptides, 14-colour flow cytometry data of PD-1+ 

CD8+ T cells were concatenated and used for the subsequent analysis as described above 

using parameters of TCF-1 Alexa Fluor 488 (or PE), granzyme B BV421, CX3CR1 BV785, 

CD101 APC, CD218a PerCP-eFluor710 (or PE), TIM3 BUV395, SLAMF6 BUV737, and 

CD44 BUV805. Distribution of IFNγ+, IFNγ+TNFα+. IFNγ+IL-2+, and IFNγ+CD107a+ 

cells were checked in the defined 3 clusters. TCF-1 was excluded from the staining panel 

when intracellular IL-2 staining was performed by BD Cytofix/Cytoperm protocol due to the 

incompatibility of PE anti-IL-2 (clone JES6-SH4, BD Biosciences) for Foxp3 staining buffer 

protocol.

For testing which CD8+ T cells in 3 clusters produced IFNγ in response to IL-12 + 

IL-18 stimulation, DbGP33+ CD8+ T cells from mice treated with various regimens 

were concatenated and subjected to the subsequent analysis as described above by using 

parameters of TCF-1 Alexa Fluor 488, granzyme B BV421, CX3CR1 BV785, CD101 

PE-Cy7, CD218a PE, TIM3 BUV395, SLAMF6 BUV737, and CD44 BUV805. IFNγ+ cells 

were identified in the defined 3 clusters.

ATAC-seq

ATAC-seq analysis was performed as described elsewhere53. Briefly, 3–5 × 104 sorted cells 

were washed with cold PBS, then with RSB buffer (10 mM Tris-HCL pH 7.4, 10 mM NaCl, 

3 mM MgCl2), and lysed with lysis buffer (RSB buffer + 0.1% IGEPAL CA-630 + 0.1% 

Tween 20). Lysed nuclei were resuspended in the transposase reaction mix (25 μl 2 x TD 

buffer, 1 μl Illumina transposase, and 24 μl nuclease-free water) and incubated at 37 °C for 

30 min. DNA from the transposase reaction was purified using MinElute PCR purification 

Kit (Qiagen). PCR amplification was performed by using Nextera PCR primers. The final 

libraries were quantified using a KAPA Library Quantification Kit and sequenced on an 

Illumina HiSeq 2500 by ELIM Biopharm. Reads were aligned to mm10 using bowtie2, 
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discarding read pairs with mapping quality less than 20. Peaks were called separately for 

each sample using MACS2. A consensus peak set was derived by combining peaks from 

all samples and subsequently merging peaks that overlapped > 50%. Peaks that overlapped 

with regions identified in ENCODE blacklist54 were removed from the analysis. Peaks were 

visualized using IGV, with the y-axis set at the scale of reads per base pair normalized 

to the total number of reads assigned in consensus peaks for each sample. Gene and TSS 

annotations were based on the RefSeq database. The ability of the peaks to discriminate 

between subpopulations was assessed by selecting 5,000 peaks with the greatest overall 

variance following a variance stabilizing transformation. PCA was performed on the same 

data and a previously published data (PRJNA546023)30. To assess differential openness, 

we used conditional quantile normalization (CQN)55 followed by limma voom with quality 

weights56 on the matrix of insertions in peaks by sample. A linear model was fit to the data, 

and then contrasts for binary comparisons among the sample groups were sest up. Peaks 

were considered to be differentially open if the robust empirical Bayes p-value for a contrast 

from the fitted linear model was less than 0.05, after multiple hypothesis correction with the 

Benjamini-Hochberg procedure. To determine which regulatory elements contributed mostly 

towards alterations, each k-means cluster was examined for enrichment of transcription 

factor binding motifs using Homer57.

Statistical analysis

Prism software (version 9.3.1, GraphPad) was used for statistical analysis. The difference 

among the experimental groups was assessed by two-tailed unpaired t-test or two-tailed 

unpaired Mann-Whitney test for comparing 2 groups. One-way ANOVA with Tukey’s 

multiple comparison test or Kruskal-Wallis test with Dunn’s multiple comparison test was 

used for comparing more than 2 groups.

Hashimoto et al. Page 19

Nature. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data

Extended Data Fig. 1. PD-1 + IL-2 combination therapy synergistically expands functional 
LCMV-specific CD8+ T cells that mediate viral control during chronic infection.
a, Experimental setup for panels b-e. Mice chronically infected with LCMV were either 

left untreated, or treated with anti-PD-L1 antibody alone (200 μg i.p., every 3 days), IL-2 

therapy alone (15,000 IU i.p., twice daily), or the combination therapy for 2 weeks. b, 
Numbers of DbGP33+ CD8+ T cells in the indicated tissues and blood (per 1 × 106 PBMCs). 

c, d, Spleen cells were stimulated with pools of LCMV-specific peptides for 5 h and 
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analyzed by intracellular staining of cytokines (c) and degranulation (d). e, Viral titre in 

the indicated tissues. f, Experimental setup for panels g–i. LCMV chronically infected mice 

were either left untreated, or treated with combination therapy, or combination therapy plus 

anti-CD8 depleting antibody (200 μg i.p., every 3 days) for 2 weeks. g, Viral titre in the 

indicated tissues of the three groups of mice. h, i, Correlation between viral titre in the 

various tissues and the number of CD8+ T cells (h), or LCMV-specific (DbGP33+ and 

DbGP276+) CD8+ T cells (i). Results were pooled from 3–13 experiments (b–e) with n 

= 25–32 (spleen), n = 14–18 (liver), n = 7–8 (lung), and n = 20–33 (blood) (b), with n 

= 28–38 (IFNγ+), n = 28–38 (IFNγ+TNFα+), n = 16–23 (IFNγ+IL-2+), and n = 18–25 

(CD107a+) (c), and with n = 16–19 (spleen), n = 12–15 (liver), and n = 13–14 (lung) (e) 

per group or pooled from 2–3 experiments with 2–4 mice per group in each experiment 

(g-i). Data are presented as geometric mean and 95% CI (b–d), mean and SD (e, g), or 

linear regression line and Pearson correlation coefficient (two-tailed) (h, i) with p values. 

Statistical comparisons were performed using Kruskal-Wallis test with Dunn’s multiple 

comparison test (b–d) or one-way ANOVA with Tukey’s multiple comparison test (e). Untx, 

untreated.
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Extended Data Fig. 2. The proliferative response after PD-1 blockade, IL-2 therapy, and PD-1 + 
IL-2 combination therapy comes from the same population of PD-1+ TCF-1+ stem-like CD8+ T 
cells.
a, Gating strategy for sorting stem-like (PD-1+CXCR5+TIM3−) and exhausted 

(PD-1+CXCR5−TIM3+) CD8+ T-cell subsets isolated from spleens of CD45.2+ LCMV 

chronically infected mice. b-d, Summary data for the numbers of donor CD45.2+ CD8+ 

T cells after 2 weeks of PD-1 therapy, IL-2 therapy, and the combination therapy in liver 

(b), lungs (c), and blood (per 1 × 106 PBMCs) (d) of the recipient mice. Results were 

pooled from 3–4 experiments with n = 7–9 (PD-1 therapy), n = 5–13 (IL-2 therapy), and 

n = 5–11 (PD-1 + IL-2 combination therapy) per group. Data are presented as geometric 

mean and 95% CI (b–d) with p values. Dotted line indicates the limit of detection. Statistical 
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comparisons were performed by using two-tailed unpaired Mann-Whitney test. AF, Alexa 

Fluor; EF, eFluor; Tx, treated; Untx, untreated.

Extended Data Fig. 3. Transcriptional profiling of LCMV-specific CD8+ T cells generated by 
PD-1 monotherapy, IL-2 treatment, and PD-1 + IL-2 combination therapy during chronic 
infection.
Mice chronically infected with LCMV were treated with PD-1 monotherapy, IL-2 alone, or 

combination therapy for 2 weeks. LCMV-specific DbGP33+ CD8+ T cells from spleens of 

each treatment group were sorted for RNA-seq (a–d) and scRNA-seq (e-j). As a control, 
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naive (CD44lo) CD8+ T cells were also sorted for scRNA-seq (e-j). a, MA plots for 

gene expression of DbGP33+ CD8+ T cells after the indicated treatments. b–d, GSEA of 

DbGP33+ CD8+ T cells generated by the indicated treatments for effector signature (acute 

infection) (b), memory signature (acute infection) (c), and exhaustion signature (chronic 

infection) (d). e, The t-SNE projection of naive CD44lo CD8+ T cells and DbGP33+ CD8+ T 

cells in 4 treatment groups during chronic infection. Naive and four treatment samples were 

distributed and overlaid onto the four clusters. f, Numbers of cells in clusters 1, 2, and 3. 

g, Numbers of cells in cluster 1. Numbers of total DbGP33+ CD8+ T cells per spleen were 

estimated from geometric mean of Extended Data Fig. 1b (f, g). h, Normalized expression of 

several representative genes is shown within the 4 clusters i, Co-expression patterns of Tcf7 
and Gzmb in cells of each cluster are shown. j, GSEA of DbGP33+ CD8+ T cells generated 

by the different treatments for effector signature (acute infection) and exhaustion signature 

(chronic infection). Enrichment score for the signature in four treatment samples are shown 

as violin plots with horizontal bars of mean. Results were pooled from 2 (a–c) and 1–2 (e–j) 
experiments with n = 2–18 mice per group in each experiment. ES, enrichment score; Untx, 

untreated.
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Extended Data Fig. 4. Phenotypic and functional analysis of LCMV-specific CD8+ T cells 
generated by PD-1, IL-2, and combination therapy during chronic infection.
LCMV chronically infected mice were either left untreated, or treated with anti-PD-

L1 antibody alone, IL-2 therapy alone, or the combination therapy for 2 weeks. a, 
Representative FACS plots for co-expression of TIM3 and various phenotypic markers 

on DbGP33+ CD8+ T cells in spleens. b, c, One million splenocytes were cultured with 

recombinant mouse IL-12 and IL-18 (20 ng ml−1 each) for 5 h, then GolgiPlug was added, 

followed by culturing for 1 hour. Note that no viral peptides were added to the culture. 
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Cells were stained with surface markers including DbGP33-specific tetramer, fixed, and 

followed by intracellular staining of IFNγ. b, Representative FACS plots for co-staining 

of CD218a and IFNγ gated on DbGP33+ CD8+ T cells after the indicated treatments. c, 
Summary plots for the frequency of IFNγ+ cells in DbGP33+ CD8+ T cells. Results shown 

are representative flow plots from 2–7 experiments (a, b) or pooled from 7 experiments 

(c) with n = 2–5 per group in each experiment. Data are presented as mean and SD with 

p values (c). Statistical comparisons were performed using one-way ANOVA with Tukey’s 

multiple comparison test (c). AF, Alexa Fluor; EF, eFluor; Untx, untreated.

Extended Data Fig. 5. Identification of LCMV-specific CD8+ T cells generated after PD-1, IL-2, 
and combination therapy that produce cytokine after peptide stimulation.
LCMV chronically infected mice were either left untreated, or treated with anti-PD-L1 

antibody alone, IL-2 therapy alone, or the combination therapy for 2 weeks. Spleen 

cells were stimulated with pools of LCMV-specific peptides for 5 h and analyzed by 

intracellular staining for cytokine production. a, Representative UMAP with FlowSOM 

overlay of DbGP33+ CD8+ T cells isolated from spleens after the indicated treatments shows 

the distribution of cells in three clusters. b, Summary data for numbers of IFNγ+ LCMV-

specific CD8+ T cells in the defined 3 clusters in the different treatment groups is shown. 

Results were pooled from 4 experiments with 2–3 mice per group in each experiment. Data 

are presented as mean and SEM (b) with p values. Statistical comparisons were performed 

using Kruskal-Wallis test with Dunn’s multiple comparison test (d, e). Untx, untreated.
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Extended Data Fig. 6. Chromatin accessibility profiling of LCMV-specific CD8+ T cells in acute 
and chronic infection and after PD-1 treatment, IL-2 or PD-1 + IL-2 combination therapy.
a, Gene annotations of differentially accessible distal regulatory regions in DbGP33+ CD8+ 

T cells of mice treated with anti-PD-L1 and PD-1 + IL-2 combination therapy. The 

number of differentially open gene regulatory regions for genes of functional importance 

in DbGP33+ CD8+ T cells after PD-1 monotherapy vs. PD-1 + IL-2 combination therapy is 

shown. b, Accessibility tracks for representative genes in LCMV-specific DbGP33+ CD8+ T 

cells generated by various treatments during chronic infection. Light blue lines beneath each 

panel indicate differentially accessible regions in DbGP33+ CD8+ T cells generated by PD-1 

therapy versus PD-1 + IL-2 combination therapy. Red dotted lines highlight the regions 
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indicated by the light blue lines. c, Heat map with 10 clusters generated by using k-means 

clustering of 16,758 DARs among DbGP33+ CD8+ T cells generated by the combination 

therapy. Then, naive CD8+ T cells and various LCMV-specific CD8+ T-cell subsets during 

acute and chronic infections were incorporated into the heat map. Results were pooled from 

3 experiments of ATAC-seq with n = 12–18 for untreated mice or n = 1–3 for treatment 

samples per group in each experiment. ATAC-seq data for naive, acute (memory precursor 

(MP), terminal effector (TE), and memory), and chronic (stem-like and exhausted) was from 

our previous study30. Untx, untreated.

Extended Data Fig. 7. Importance of PD-1/PD-L1 blockade at the target site in reducing viral 
load during chronic LCMV infection.
a, Experimental design. Mice chronically infected with LCMV were divided into two 

groups; one group was treated with IL-2 only for 13 days (IL-2 group), and the second group 

was given IL-2 for 10 days followed by 2 doses of anti-PD-L1 antibody on days 10 and 

12 (IL-2 + late anti-PD-L1 group). Mice were then analyzed at day 14 for LCMV-specific 

CD8+ T-cell responses, viral titre, and liver immunopathlogy. b, Numbers of LCMV-specific 

(DbGP33+ and DbGP276+) CD8+ T cells. c, Viral titre in the indicated tissues. d-f, 
Immunopathological assessment. Serum levels of alanine aminotransferase (ALT) (d), liver 
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pathology score (e), and number of TUNEL+ sinusoidal cells and hepatocytes (f). Results 

were pooled from 2–4 experiments with n = 2–5 per group in each experiment (b–f). For 

serum ALT levels, serum samples were pooled from 2–3 mice. TUNEL staining was done 

on one of the representative experiments with n = 4 per group. Data are presented as 

geometric mean and 95% CI (b) or mean and SD (c-f) with p values. Statistical comparisons 

were performed using two-tailed unpaired Mann-Whitney test (b), or two-tailed unpaired 

t-test (c–f). ALT, alanine aminotransferase. TUNEL, terminal deoxynucleotidyl transferase 

dUTP nick end labeling.
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Extended Data Fig. 8. PD-1 + IL-2 combination therapy results in a more favorable CD8+ 

effector/CD4+ Treg ratio compared to IL-2 monotherapy.
Mice chronically infected with were either left untreated, or treated with anti-PD-L1 

antibody alone, IL-2 therapy alone, or combination therapy. a, Numbers of Foxp3+ CD4+ 

regulatory T cells (Tregs) in the indicated tissues. b, Numbers of LCMV-specific (DbGP33+ 

and DbGP276+) CD8+ T cells. c, Ratio of LCMV-specific (DbGP33+ and DbGP276+) CD8+ 

T cells vs. Foxp3+ CD4+ T cells (CD8+ effector/CD4+ Treg ratio). d, Correlation between 

viral titre and CD8+ effector/CD4+ Treg ratio in the various tissues. Results were pooled 
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from 5–8 experiments with n = 2–4 per group in each experiment. Data are presented as 

geometric mean and 95% CI (a, b), mean and SEM (c), or linear regression line and Pearson 

correlation coefficient (two-tailed) (d) with p values. Statistical comparisons were performed 

using Kruskal-Wallis test with Dunn’s multiple comparison test (a–c). Untx, untreated.

Extended Data Fig. 9. PD-1+TCF-1+ stem-like CD8+ T cells proliferate and differentiate into 
effector CD8+ T cells expressing the high affinity trimeric (CD25, CD122, CD132) IL-2 receptor 
after PD-1 + IL-2 combination therapy.
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a, Experimental setup for panels b-d. Stem-like (PD-1+CXCR5+TIM3−) and exhausted 

(PD-1+CXCR5−TIM3+) CD8+ T-cell subsets were sorted from the spleens of LCMV 

chronically infected CD45.2+ mice and each subset was transferred into infection-matched 

CD45.1+ recipient mice. Groups of these mice were then either left untreated, given anti-PD-

L1 antibody, IL-2 therapy, or combination therapy for 2 weeks. CD25 expression on donor 

CD45.2+ CD8+ T cells was checked before and after the treatments. b, Representative 

histogram of CD25 expression on the chronic CD8+ T-cell subsets pre-transfer. Naive 

(CD44lo) CD8+ T cells are also shown as a negative control. c, d, Representative FACS 

plots of CD25 expression and summary data of frequency of CD25+ cells in donor CD45.2+ 

CD8+ T cells originating from stem-like or exhausted CD8+ T cells after the indicated 

treatments. e, Experimental setup for panels f–o. LCMV chronically infected mice were 

treated with anti-PD-L1 antibody, IL-2 alone, or combination therapy. Mice were sacrificed 

on the indicated days and expression of CD25, CD122 and CD132 was examined on LCMV-

specific CD8+ T cells in the spleen. f, Representative flow plots for the co-expression of 

CD25 and Ki-67 on DbGP33+ CD8+ T cells at day 0 or day 6 after treatment. g, j, m, 

Representative histograms showing the expression of CD25 (g), CD122 (j), and CD132 (m) 

on stem-like and exhausted LCMV-specific DbGP33+ subsets CD8+ T cells before starting 

the treatment of LCMV chronically infected mice. Naive cells are CD44lo CD8+ T cells 

present in the same host. h, k, n, Representative histograms showing the expression of 

CD25 (h), CD122 (k), and CD132 (n) on DbGP33+ CD8+ T cells at days 0–6 after starting 

the indicated treatment. i, l, o, Summary box plots for the frequency of CD25+ cells (i), 
MFI of CD122 (l) and MFI of CD132 (o) on DbGP33+ CD8+ T cells after the indicated 

treatments. Results were pooled from 2–5 experiments with at least 4 mice per group (a–o). 

Data are presented as mean and SD (d) or the box (25th to 75th percentiles), the whiskers 

(min to max), and the line (the median) (i, l, o) with p values. Statistical comparisons were 

performed using one-way ANOVA with Tukey’s multiple comparison test. Untx, untreated.
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Extended Data Fig. 10. IL-2(V) does not synergize with PD-1 blockade during chronic LCMV 
infection.
LCMV chronically infected mice were left untreated, or treated with anti-PD-L1 antibody, 

anti-PD-L1 plus IL-2 wild-type (IL-2(WT)), or anti-PD-L1 plus IL-2(V) (modified IL-2 

with abolished CD25 binding) for 2 weeks. a, Numbers of DbGP276+ CD8+ T cells in the 

indicated tissues of the four groups of mice. b, Numbers of DbGP33+ and DbGP276+ CD8+ 

T cells in blood (per 1× 106 PBMCs) in the four groups. c, Numbers of IFNγ+ CD8+ T 

cells in the different groups. Spleen cells were stimulated with pools of LCMV-specific 

peptides for 5 h and analyzed by intracellular cytokine staining. d, Summary data for the 

expression of various phenotypic markers on DbGP33+ and DbGP276+ CD8+ T cells after 

the different treatments. Results were pooled from 2–3 experiments with 2–3 mice per group 

in each experiment. Data are presented as geometric mean and 95% CI (a–c) or mean and 

SD (d) with p values. Statistical comparisons were performed using Kruskal-Wallis test 

with Dunn’s multiple comparison test (a-c) or one-way ANOVA with Tukey’s multiple 

comparison test (d). Untx, untreated.
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Extended Data Fig. 11. IL-2(V) is biologically active in vivo but PD-1 + IL-2(V) combination 
therapy preferentially expands non-LCMV-specific PD-1 negative CD8+ T cells.
a, Experimental setup for b-c. Mice chronically infected with LCMV were left untreated, 

or treated with IL-2 wild-type (IL-2(WT)) or IL-2 variant (IL-2(V), modified IL-2 with 

abolished CD25 binding) for 2 weeks. Expansion of CD8+ T cells was examined in the 

spleen and blood in the three groups of mice. b, Numbers of CD8+ T cells. c, Numbers of 

CD44+ CD8+ T cells. d, Experimental setup for panels e–g. Chronically infected mice were 

untreated, or treated with anti-PD-L1 antibody, anti-PD-L1 plus IL-2(WT), or anti-PD-L1 

plus IL-2(V) for 2 weeks. Expansion of PD-1 negative and PD-1 positive CD8+ T cells 

was examined in the spleen and blood in the four groups of mice. e, Representative FACS 

plots for CD44 and PD-1 expression on CD8+ T cells in the spleen and blood after the 

various treatments. f, Numbers of CD44+ PD-1 negative CD8+ T cells in the spleen and 

blood. g, Numbers of CD44+ PD-1 positive CD8+ T cells in the spleen and blood (per 1×106 

PBMCs) of the four groups. Results were pooled from 3 experiments with at least 6 mice 

per group. Data are presented as geometric mean and 95% CI (b, c, f, g) with p values. 

Red box highlights preferential expansion of PD-1 negative CD8+ T cells by combination 
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therapy with anti-PD-L1 and IL-2(V) whereas combination therapy with anti-PD-L1 and 

IL-2(WT) expands PD-1 positive CD8+ T cells. Statistical comparisons were performed 

using Kruskal-Wallis test with Dunn’s multiple comparison test. Untx, untreated.

Extended Data Fig. 12. Effect of IL-2(WT) versus IL-2(V) on LCMV-specific CD8+ T cells 
during chronic infection.
a, Experimental design for data in panels b and c. Mice chronically infected with LCMV (> 

40 days post infection) were untreated or treated with IL-2 wild-type (IL-2(WT)) for 5 days, 

and CD25 expression was checked on PD-1negative and PD-1+ CD8+ T cells in the spleen. 

b, Representative FACS plots of CD25 expression. c, Summary plots of CD25 expression 

after IL-2(WT) and IL-2(V) treatments. d, Experimental design for data in panels e and 

f. Mice chronically infected with LCMV were untreated, treated with IL-2(WT) or treated 

with IL-2 variant (IL-2(V)) for 6 days. Expression of IL-2 receptors (CD25, CD122, and 

CD132) on LCMV-specific CD8+ T cells in the spleen were examined. e, f, Representative 
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histograms (e) and summary plots (f) of expression of IL-2 receptors on DbGP33+ CD8+ T 

cells after indicated treatments. Results were pooled from 2 experiments with 2–3 mice per 

group in each experiment. Data are presented as mean and SD (c, f) with p values. Statistical 

comparisons were performed using one-way ANOVA with Tukey’s multiple comparison 

test. Untx, untreated.

Extended Data Fig. 13. Comparing the effects of IL-2 wt cytokine versus IL-2 variant cytokine in 
PD-1 combination therapy in the LCMV chronic infection model with CD4+ T-cell help.
a, Experimental design. Mice infected with LCMV clone 13 (day 25 post-infection) 

were left untreated, or treated with anti-PD-L1 antibody, anti-PD-L1 plus IL-2 wild-type 

(IL-2(WT)), or anti-PD-L1 plus IL-2(V). b, Numbers of LCMV-specific DbGP33+ CD8+ T 

cells in the indicated tissues after the various treatments. c, Summary data for the expression 

of phenotypic markers on DbGP33+ or DbGP276+ CD8+ T cells in the spleen after the 
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different treatments. d, Numbers of IFNγ+, and IFNγ+TNFα+ LCMV-specific CD8+ T cells 

in the four groups. Spleen cells were stimulated with pools of LCMV-specific peptides 

for 5 h and analyzed by intracellular staining of cytokines e, Viral titre in spleen and 

serum in the four groups of mice. Dotted line indicates the limit of detection. Results 

were pooled from 3–4 experiments with 2–5 mice per group in each experiment. Data are 

presented as geometric mean and 95% CI (b, d) or mean and SD (c, e, f) with p values. 

Statistical comparisons were performed using Kruskal-Wallis test with Dunn’s multiple 

comparison test (b, d, f (number of LCMV-specific CD4+ T cells)) or one-way ANOVA 

with Tukey’s multiple comparison test (c, e, f (phenotype of LCMV-specific CD4+ T cells)). 

Untx, untreated.
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Fig. 1. PD-1+ TCF-1+ stem-like CD8+ T cells provide the proliferative burst after PD-1 blockade, 
IL-2 therapy, and PD-1 + IL-2 combination therapy during chronic LCMV infection.
a, The stem-like (PD-1+CXCR5+TIM3−) and terminally differentiated exhausted 

(PD-1+CXCR5−TIM3+) CD8+ T-cell subsets were sorted from the spleens of LCMV 

chronically infected CD45.2+ mice and each subset was transferred into infection-matched 

CD45.1+ recipient mice. Groups of these mice were then either left untreated, or given anti-

PD-L1 antibodies, IL-2 therapy or the combination therapy for 2 weeks. b, Representative 

FACS plots showing the frequency of donor CD45.2+ CD8+ T cells in the recipient mice two 

weeks after the various treatments. c, The numbers of donor CD45.2+ CD8+ T cells after 2 

weeks of the indicated treatments. Results were pooled from 3–4 experiments with n = 7–9 

(PD-1 therapy), n = 8–13 (IL-2 therapy), and n = 5–11 (combination therapy) per group. 

Data are geometric mean ± 95% confidence interval (CI). Dotted line indicates the limit 

of detection of donor CD45.2+ CD8+ T cells. P values are shown; statistical comparisons 

were performed using two-tailed unpaired Mann-Whitney test. AF, Alexa Fluor; Tx, treated; 

Untx, untreated.
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Fig. 2. Distinct transcriptional signature of virus-specific CD8+ T cells after PD-1 + IL-2 
combination therapy compared to PD-1 monotherapy during chronic LCMV infection.
a–h, Mice chronically infected with LCMV were treated with PD-1 monotherapy, IL-2 

alone, or combination therapy for 2 weeks. LCMV-specific DbGP33+ CD8+ T cells from 

spleens of each treatment group were sorted for RNA-seq (a-c) and scRNA-seq (d-h) 

analysis. As a control, naive CD44low CD8+ T cells were also sorted for scRNA-seq (d-h). 

a, PCA plot of DbGP33+ CD8+ T cells after the indicated treatments. b, The mean relative 

expressions of specific genes. c, GSEA of DbGP33+ CD8+ T cells generated by the indicated 

treatments for effector and memory signatures (acute infection), and exhaustion signature 

(chronic infection). The colour and size of the circles represent the enrichment score (ES) 

for each signature. d, t-SNE projections of naive CD44low CD8+ T cells and DbGP33+ 

CD8+ T cells generated by the various treatments. Four clusters (one for naive and three 

for treatment samples) were defined and are indicated by different colours. The new cluster 

(cluster 3) generated after combination therapy or IL-2 treatment is highlighted by the black 

circle. e, The proportions of three clusters in DbGP33+ CD8+ T cells in each treatment 

group. f, Normalized expression of several representative genes is shown within the four 

clusters. g, Numbers of Tcf7+Gzmb+ DbGP33+ CD8+ T cells that are present in clusters 1, 

2, and 3 after the various treatments. h, GSEA of DbGP33+ CD8+ T cells in each of three 

clusters for effector signature (acute infection) and exhaustion signature (chronic infection). 

Enrichment score for the signature in each cluster is shown as violin plots; the horizontal 

bars show the mean. Results were pooled from 2 (a–c) and 1–2 (d–h) experiments with n 

=2–18 mice per group in each experiment.
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Fig. 3. Phenotypic and functional characterization of LCMV-specific CD8+ T cells generated by 
PD-1 and IL-2 monotherapy and the combination therapy during chronic infection.
LCMV chronically infected mice were either untreated or treated with PD-1 therapy, IL-2 

treatment or the combination therapy for 2 weeks. a, Representative UMAP with FlowSOM 

overlay showing three clusters of concatenated DbGP33+ CD8+ T cells isolated from 

spleens after the four treatments. b, The proportions of three clusters of DbGP33+ CD8+ 

T cells in the different groups of mice. c, Representative histograms of various phenotypic 

markers expressed by DbGP33+ CD8+ T cells in the three clusters. d, Effector function in 

response to stimulation with LCMV-specific peptides. Spleen cells were stimulated with 

pools of LCMV-specific peptides for 5 h and analyzed by intracellular staining for cytokine 

production and degranulation. Summary data for numbers of PD-1+ LCMV-specific CD8+ T 

cells producing IFNγ and TNFα, IFNγ and IL-2, and IFNγ plus degranulation (CD107a+) 

are shown as a function of the three clusters in the different treatment groups. e, Antigen-

independent effector function. Spleen cells were stimulated with IL-12 and IL-18 (20 ng 

ml−1 each) for 6h without any viral peptides. Cells were then stained with surface markers 

including DbGP33-specific tetramer, fixed, and followed by intracellular staining of IFNγ. 

Summary data for numbers of LCMV-specific CD8+ T cells producing IFNγ+ in an antigen-

independent manner as a function of the three clusters in the various treatment groups. f, 
Chemotaxis index for CXCL9 and CXCL10. Sorted PD-1+ CD8+ T cells obtained from 

pooled spleens of chronically infected mice treated for 2 weeks by each treatment were 

tested for chemotaxis to CXCL9 and CXCL10. For a–e, the results were pooled from 2–4 

experiments with 1–8 mice per group in each experiment. Data are mean ± s.d. (b), mean ± 

s.e.m (d and e), or geometric mean ± 95% CI (f). P values are shown; statistical comparisons 

were performed using Kruskal-Wallis test with Dunn’s multiple comparison test (d–f).
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Fig. 4. Epigenetic signatures of LCMV-specific CD8+ T cells generated by IL-2 or PD-1 + IL-2 
combination therapy are distinct from that by PD-1 monotherapy during chronic infection.
a, MA plots for differentially accessible regions (DARs) in LCMV-specific DbGP33+ CD8+ 

T cells examined by ATAC-seq after PD-1, IL-2 and PD-1 + IL-2 combination therapy. 

Down, downregulated (closed); up, upregulated (open). b, Gene annotations of differentially 

accessible distal regulatory regions in DbGP33+ CD8+ T cells of mice treated with anti-

PD-L1 and PD-1 + IL-2 combination therapy. The number of differentially open gene 

regulatory regions for genes of functional importance in DbGP33+ CD8+ T cells after 

PD-1 monotherapy vs. PD-1 + IL-2 combination therapy is shown. c, PCA plot of ATAC-

seq analysis for naive CD8+ T cells and the various LCMV-specific CD8+ T-cell subsets 

generated during acute and chronic infection, and the DbGP33+ CD8+ T cells generated after 

PD-1 monotherapy, IL-2 treatment or the combination therapy. The results were pooled from 

three experiments of ATAC-seq experiments with n = 12–18 for untreated mice or n = 1–3 

for treatment samples per group in each experiment. The ATAC-seq data for naive, acute 

(memory precursor (MP), terminal effector (TE), and memory), and chronic (stem-like and 

exhausted) was from our previous study30.
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Fig. 5. CD25 blockade abrogates the synergy between IL-2 and PD-1 blockade.
a, Chronically infected mice were left untreated, or were treated with anti-PD-L1 antibodies, 

or combination therapy with anti-PD-L1 plus IL-2 for two weeks. One additional group was 

given the combination therapy plus a blocking anti-CD25 (PC61-N297Q) antibody for 2 

weeks. The LCMV-specific CD8+ T-cell response and viral titre were analyzed on day 14. 

The colour key in a applies to b–e. b, LCMV-specific CD8+ T cell responses. The numbers 

of DbGP33+ CD8+ T cells in the indicated tissues for all four groups of mice are shown. 

c, The numbers of IFNγ+, IFNγ+TNFα+, and IFNγ+IL-2+ CD8+ T cells in the different 

groups of mice. Spleen cells were stimulated with pools of LCMV-specific peptides for 5 h 

and analyzed by intracellular cytokine staining. d, The phenotype of DbGP33+ CD8+ T cells 

from the indicated treatment group. e, Viral titre in the indicated tissues in the four groups of 

mice. The results were pooled from 2–6 experiments with at least 4 mice per group. Data are 

geometric mean ± 95% CI (b and c) or mean ± s.d. (d and e). P values are shown; statistical 

comparisons were performed using Kruskal-Wallis test with Dunn’s multiple comparison 

test (b and c) or one-way ANOVA with Tukey’s multiple comparison test (d and e).
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Fig. 6. CD25 engagement by therapeutic IL-2 is crucial for the efficacy of PD-1 + IL-2 
combination therapy.
a, LCMV chronically infected mice (> 40 days after infection) were left untreated, or were 

treated with anti-PD-L1 antibodies, anti-PD-L1 plus IL-2 (WT), or anti-PD-L1 plus IL-2(V) 

(modified IL-2 with abolished CD25 binding) for 2 weeks. The colour key in a applies 

to b–d and f. b, LCMV-specific CD8+ T cell responses. The numbers of LCMV-specific 

DbGP33+ CD8+ T cells in the indicated tissues after the various treatments are shown. c, The 

numbers of IFNγ+TNFα+ and IFNγ+IL-2+ LCMV-specific CD8+ T cells in the four groups. 

Spleen cells were stimulated with pools of LCMV-specific peptides for 5 h and analyzed 

by intracellular cytokine staining. d, e, LCMV-specific DbGP33+ CD8+ T cells were sorted 

from spleens of LCMV chronically infected mice after various treatments and analyzed 

using RNA-seq. Naive CD44low CD8+ T cells from uninfected mice are also included in 

the analysis. d, PCA plot for naive (CD44low) and DbGP33+ CD8+ T cells generated by 

the different treatments. e, The mean relative expression of key specific genes in DbGP33+ 

CD8+ T cells generated after the various treatments. f, The viral titre in the indicated tissues 

in the four groups of mice. The results were pooled from 2–3 experiments with 2–3 mice 

per group in each experiment. Data are geometric mean ± 95% CI (b and c) or mean ± s.d. 

(f). P values are shown; statistical comparisons were performed using Kruskal-Wallis test 

with Dunn’s multiple comparison test (b and c) or one-way ANOVA with Tukey’s multiple 

comparison test (f).
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