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Abstract

Chronic viral infections are characterized by a state of CD8" T-cell dysfunction that is associated
with expression of the programmed cell death 1 (PD-1) inhibitory receptorl~4. A better
understanding of the mechanisms that regulate CD8* T cell responses during chronic infection is
required to improve immunotherapies that restore function in exhausted CD8* T cells. Here we
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identify a population of virus-specific CD8* T cells that proliferate after blockade of the PD-1
inhibitory pathway in mice chronically infected with lymphocytic choriomeningitis virus
(LCMV). These LCMV-specific CD8* T cells expressed the PD-1 inhibitory receptor but also
expressed several costimulatory molecules such as ICOS and CD28. This CD8" T cell subset was
characterized by a unique gene signature that was related to that of CD4* T follicular helper (Tgp)
cells, CD8* T cell memory precursors and haematopoietic stem cell progenitors, but that was
distinct from that of CD4* T1 cells and CD8* terminal effectors. This CD8" T cell population
was found only in lymphoid tissues and resided predominantly in the T cell zones along with naive
CD8* T cells. These PD-1* CD8* T cells resembled stem cells during chronic LCMYV infection,
undergoing self-renewal and also differentiating into the terminally exhausted CD8* T cells that
were present in both lymphoid and non-lymphoid tissues. The proliferative burst after PD-1
blockade came almost exclusively from this CD8* T cell subset. Notably, the transcription factor
TCF1 had a cell intrinsic and essential role in the generation of this CD8* T cell subset. These
findings provide a better understanding of T cell exhaustion and have implications in the
optimization of PD-1-directed immunotherapy in chronic infections and cancer.

Functional exhaustion of antigen-specific CD8* T cells has been well-documented during
persistent infections!2 and cancer3. A hallmark of exhausted CD8* T cells is expression of
various inhibitory receptors most notably PD-14. Several studies have shown that the pool of
exhausted CD8" T cells is phenotypically and functionally heterogeneous®-8. Our goal here
was to better characterize the CD8* T cells that are present during chronic viral infection. A
previous study shows that a subset of human CD8" T cells express CXCR5, a chemokine
receptor, that is normally present on B cells and CD4* T cells. Another study described
CXCR5* CD8* T cells that regulate autoimmunity in micel®. We therefore investigated
whether CXCR5* CD8* T cells were also generated during persistent viral infections. We
addressed this issue using the mouse model of LCMV infection in which T cell exhaustion
was first documented®. We found that there was a distinct population of CXCR5* LCMV
glycoprotein 33-41 epitope (GP33)-specific CD8* T cells in the spleens of chronically
infected mice (LCMV clone 13 strain), whereas GP33-specific memory CD8" T cells in
mice that had cleared the infection (LCMV Armstrong strain) did not express CXCR5 (Fig.
1a). The CXCR5* CD8* T cells in chronically infected mice also expressed the CD4* Tgy
markers ICOS and Bcl-6 and were negative for Tim-3, a marker associated with CD4* Ty1
cells!1. In contrast, the CXCR5~ GP33-specific CD8" T cells in chronically infected mice
expressed Tim-3 and were negative for ICOS and Bcl-6. Both subsets of GP33-specific
CD8* T cells in chronically infected mice expressed high levels of the PD-1 inhibitory
receptor, with the CXCR5™ cells showing slightly higher levels (Fig. 1a). An identical
pattern of expression of these molecules was seen with CD8* T cells that recognize another
LCMYV epitope, GP276 (Extended Data Fig. 1a). Thus, this novel population of CXCR5*
cells was seen with both tetramer positive CD8* T cells and these cells were detectable as
early as day 8 after infection and were stably maintained in mice with high levels of viremia
(Fig. 1b, Extended Data Fig. 1b). To determine if the generation of these cells was due to
antigen persistence or to the different tropism of LCMV clone 1312, mice were infected with
either a low dose (2 x 102 plaque-forming units (PFU)) of clone 13 that is controlled within
aweek, or with a high dose (2 x 106 PFU) that causes a persistent infection. CXCR5*
LCMV-specific CD8* T cells were only generated in the chronically infected mice, showing
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that antigen persistence drives the generation of this CD8* T cell subset (Extended Data Fig.
2).

Transcriptional profiling revealed that the PD-1*CXCR5" and PD-1*CXCR5~ CD8* T cells
in chronically infected mice had distinct gene signatures (Extended Data Fig. 3a). Notably,
the CXCR5* CD8* T cells expressed higher levels of several costimulatory molecules
(Cd28, Icos, Tnfsfl4 (LIGHT), Tnfrsf4 (0X-40)) and lower levels of inhibitory receptors
(Cd244 (2B4), Haver2 (Tim-3), Entpd1 (CD39), Lag3) compared to CXCR5™ cells (Fig. 1c,
Extended Data Fig. 3h). These two CD8* T cell populations also showed differences in the
expression of effector molecules, chemokines and chemokine receptors, Toll-like receptors
(TLRs), transcription factors and memory markers (Fig. 1c and Extended Data Fig. 3b).
CXCR5~ CD8* T cells had higher levels of several effector molecules (perforin, granzymes,
etc.), but did not express IL-2 or TNF, suggesting a more terminally differentiated state (Fig.
1c, Extended Data Fig. 4), confirming and extending earlier results with PD-1*Tim-3* CD8*
T cells’. Interestingly, the two CD8" T cell subsets expressed different 7/r genes (Fig. 1c).
TLRs are key molecules associated with innate immune responses but their role on CD8* T
cells is not well understood!3. 7/r3and 7/r7were selectively upregulated by CXCR5* CD8*
T cells and this was corroborated by enrichment of TLR cascade genes and interferon
signalling pathways in this subset (Extended Data Fig. 5a). Regarding transcription factors,
the CXCR5* CD8* T cells expressed Bc/l6, Tcf7and Plag/l that are typically associated
with CD4* Tgy cells!4, whereas CXCR5™ cells expressed Pram1 (Blimp-1) that is linked
with CD4* Tyl cells and effector CD8* T cells, highlighting the distinct transcriptional fates
of these two CD8* T cell subsets. Both subsets expressed Eomes and 7hx21 (T-bet) but
CXCR5* cells showed higher Eomes and lower Thx21 expression. The expression pattern of
ld2and /d3was informative; the CXCR5™ cells had high 1d2 and low 1d3 pattern found in
terminal effector CD8* T cells that mostly die whereas CXCR5* CD8* T cells had low /a2
and high /a3, the transcriptional profile characteristic of memory precursor CD8" T cells
that survive and give rise to the pool of long-lived memory cells'®. The expression of
memory cell markers Se// (CD62L) and //7r (CD127) was also consistent with the CXCR5*
cells being less differentiated. In addition, the CXCR5* subset had enriched genes associated
with mitochondrial fatty acid p-oxidation and mTOR signalling (Extended Data Fig. 5).
Recent studies have highlighted the importance of fatty acid metabolism in maintenance of
memory CD8* T cells1®.17, Furthermore, CXCR5* CD8™ T cells expressed several genes in
the Wnt signalling pathway that are known to be associated with self-renewal and the
maintenance of haematopoietic stem cells8 (Fig. 1c). To determine if gene expression levels
seen by microarray analysis correlated with protein expression, we co-stained CXCR5* and
CXCR5~ GP33-specific and GP276-specific CD8* T cells with a representative set of
markers and found that there was an excellent correlation between RNA levels and protein
expression (Fig. 1d, Extended Data Fig. 1c). Gene set enrichment analysis (GSEA) showed
that CXCR5~ CD8" T cells were related to CD4* Ty1 cells and CD8* terminal effectors,
whereas the CXCR5™ subset was similar to CD4* Tgy cells and CD8* memory precursors
(Fig. 1le, Extended Data Fig. 6). Interestingly, we also found a relationship between
CXCR5* CD8* T cells and haematopoietic stem cell progenitors (Fig. 1e). Taken together,
these results suggest that LCMV-specific CXCR5* CD8* T cells may function as memory
stem cells during chronic infection.
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LCMV clone 13 causes a disseminated infection that targets multiple lymphoid and non-
lymphoid organs, so we next analysed the tissue distribution of the two CD8" T cell subsets
in chronically infected mice. We found that LCMV-specific CXCR5* CD8* T cells were
present only in lymphoid tissues whereas the more terminally differentiated CXCR5~ CD8*
T cells were present in both lymphoid and non-lymphoid organs (Fig. 2a, Extended Data
Fig. 7a,b). The blood presented a notable pattern; during the early phase (day 8) of chronic
infection, both subsets were present in the blood, but later (day 30 onwards) only the
CXCR5~ CD8* T cells were in circulation (Extended Data Fig. 7c,d). As both CD8* T cell
subsets were present in the spleen, we determined their anatomic location within the organ.
We used multiplexed confocal imaging coupled with histocytometry analysis, a technique
that simultaneously permits quantitative assessment of cellular phenotype and positioning in
tissues!®. Owing to lack of available CXCRS5 antibodies capable of /n situ staining of fixed
mouse tissues, we identified the two CD8* T cell subsets based on expression of TCF1. The
CXCR5*Tim-3" subset is TCF1* whereas the CXCR5™Tim-3" cells are TCF1~ (Fig. 1d).
Naive CD8" T cells also express TCF1 so we used the PD-1 stain to discriminate between
naive cells (PD-17) and the two CD8* T cell subsets from chronically infected mice (both
PD-1%) (Extended Data Fig. 8a). Quantitative analysis showed that the CXCR5* CD8* T
cell subset was present predominantly in the T cell zones of the white pulp (along with naive
T cells) whereas the CXCR5™ subset was located mostly in the red pulp of the spleen (Fig.
2b—d). Similar results were observed when we examined the anatomic location of the two
subsets in the spleen at an earlier time after infection (Extended Data Fig. 8b,c). In this
context it is worth noting that the red pulp is the major site of LCMV infection in the spleen
and this is where the more terminally differentiated CD8* T cells reside?0 (Extended Data
Fig. 8d). There are also some LCMV-infected cells in the white pulp (dendritic cells and
fibroblastic reticular cells) but the red pulp macrophages are the major reservoir of infection
in the spleen?L. We next performed /n vivo intravascular labelling?? using injection of
fluorophore-conjugated anti-CD45.2 to further confirm the differential distribution of
CXCR5* and CXCR5~ CD8* T cells into the T cell zone and red pulp, respectively. We
found that most of the CXCR5~ CD8* T cells were stained by the /n vivo antibody, showing
their access to the blood in the red pulp, whereas the CXCR5" CD8* T cells were not
stained by the intravascular staining consistent with their preferential localization in the
splenic white pulp (Fig. 2e). Notably, the CXCR5* CD8" T cells were located
predominantly in the T cell zones and not in the B cell areas. This was despite the fact that
the CXCR5 molecule on these cells was functional and these CD8" T cells were able to
migrate in response to the chemokine CXCL13 in an /n vitro assay (Extended Data Fig.
8e,f). However, the CXCR5* CD8* T cells also expressed higher levels of Ccr7mRNA
compared to their CXCR5™ counterparts and were able to migrate in response to the
chemokines CCL19/21 that are present in the T cell areas (Fig. 2f,g). This functional CCR7
could explain the positioning of this CXCR5* CD8* T cell subset in the T cell zone23. The
CXCR5* CD8* T cells also expressed higher levels of CD69 (Fig. 2h). This could also
contribute to their retention in the T cell areas?4. Finally, the CXCR5* CD8* T cells express
very high levels of the chemokine-encoding gene Xc¢/I that promotes interactions with
XCR1* lymphoid dendritic cells that are predominantly located in the white pulp?® (Fig. 1c).
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To examine the /n vivo dynamics of the two CD8* T cell subsets, we transferred
congenically marked Cell-trace Violet (CTV)-labelled CXCR5*Tim-3~ and CXCR5 Tim-3*
cells from chronically infected mice into infection-matched recipients (Fig. 3a). As shown in
Fig. 3b, the CXCR5~ CD8" T cells exhibited minimal to no division in the spleen or liver of
recipient mice 21 days after transfer and these cells also retained their phenotype. In
contrast, the CXCR5* CD8* T cells not only underwent proliferation resulting in self-
renewal but also gave rise to the CXCR5™Tim-3* subset. Consistent with this, there was a
higher frequency of donor cells in the spleens of recipient mice that received CXCR5* CD8*
T cells (Fig. 3c). These results show that CXCR5~ CD8" T cells are terminally differentiated
with limited proliferative potential, whereas the CXCR5* CD8* T cells act as stem cells
during chronic infection; they undergo a slow self-renewal and also give rise to the more
terminally differentiated effector-like CD8* T cell subset that is present in both lymphoid
and non-lymphoid tissues. We next tested the ability of CXCR5" and CXCR5~ CD8* T cell
subsets to respond to LCMV clone 13 infection after transfer into naive mice. These
experiments were performed after transfer of low numbers (2,500) or high numbers (90,000)
of donor cells (Extended Data Fig. 9a). Identical results were seen in both conditions. The
transferred CXCR5~ CD8* T cells showed no expansion in the blood, spleen or liver, but
there was vigorous expansion of the transferred CXCR5" CD8* T cells in all of these tissues
(Fig. 3d, Extended Data Fig. 9b—h). In addition, CXCR5* cells once again gave rise to both
the CXCR5* and CXCR5~ CD8* T cell subsets, which further documents their proliferative
capacity and stem cell-like characteristics (Fig. 3e, Extended Data Fig. 9d,g).

PD-1 is a central regulator of CD8* T cell exhaustion and blockade of this inhibitory
pathway enhances T cell immunity in chronic viral infections and cancer3. To determine
how these two CD8* T cell subsets would respond to PD-1 blockade, CXCR5* and
CXCR5~ CD8* T cells were transferred into infection-matched chronically infected mice
and groups of these mice were then treated with PD-L1 blocking antibody (Extended Data
Fig. 10a). Blockade of the PD-1 inhibitory pathway had minimal effect on CXCR5~ CD8* T
cells. In contrast, the CXCR5" CD8* T cells responded to the PD-1 blockade and were
present in significantly higher numbers in mice that were treated with the anti-PD-L1
antibody (Fig. 3f). PD-1 blockade substantially increased (>30-fold) the differentiation of
CXCR5* CD8* T cells into the CXCR5~ CD8* T cell subset (Fig. 3g, Extended Data Fig.
10b). These results show that the proliferative burst seen after PD-1 blockade comes from
this novel PD-1* CD8" T cell subset that we have identified.

The marked difference in the expression of TCF1 between the CXCR5" and CXCR5~ CD8*
T cell subsets (Fig. 1d) was of interest, as recent studies have shown that this transcription
factor plays a role in the generation of CD4* Tgy cells26:27 and also in the maintenance of
haematopoietic stem cells in an undifferentiated state?8. We examined the role of TCF1
(encoded by 7c¢f7) in the generation of this CXCR5" CD8* T cell subset using 7¢f7-
deficient P14 transgenic CD8* T cells that recognize the GP33 epitope from LCMV
glycoprotein. Wild-type or 7¢f7/~ P14 cells were transferred into congenically distinct
naive mice followed by LCMV clone 13 infection (Fig. 4a). The 7¢77/~ P14 cells expanded
after clone 13 infection, but exhibited a notable defect in their ability to generate
CXCR5*Tim-3~ CD8* T cells whereas wild-type P14 cells gave rise to both CXCR5* and
CXCR5™~ CD8* T cells as expected (Fig. 4b,c,e). Endogenous GP33-specific CD8* T cells in
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mice that received 7c¢f7/~ P14 cells also differentiated normally into both CD8* T cell
subsets (Fig. 4d). Taken together, these results show that TCF1 has an essential and cell
intrinsic role in the differentiation of CXCR5* CD8* T cells. The inability to generate this
CD8" T cell subset was coupled to a marked loss of the 7¢cf7/~ P14 cells from both
lymphoid and non-lymphoid tissues (Fig. 4f—i). In summary, these data show that TCF1 is
indispensable for the generation of CXCR5* CD8* T cells and that these stem-like cells are
critical for the maintenance of virus-specific CD8" T cells during chronic infection.

We have defined a PD-1* virus-specific CD8* T cell population in chronically infected mice
that is characterized by a unique gene signature with similarities to CD4" Tgy cells, CD8*
memory precursor cells and haematopoietic stem cell progenitors. This unique
transcriptional program may represent a specific adaptation of CD8* T cells to chronic
antigenic stimulation. It will be of interest to determine if a similar adaptation occurs during
autoimmunity and cancer. The identification of such CD8* T cells in cancer will be of
special relevance as our studies in chronic LCMV infection have shown that these CD8* T
cells selectively proliferate after PD-1 blockade. PD-1 directed immunotherapy is now one
of the most promising approaches for treatment of several different types of cancers and is
an approved drug for melanoma, lung cancer and bladder cancer. Our study, defining the
phenotype and gene expression program of the CD8* T cells that respond to PD-1 blockade,
should facilitate the rational design of combination immune therapies.

Mice, viral infections and virus titration

Six to eight-week-old female C57BL/6 mice and CD45.1 congenic mice were purchased
from Jackson Laboratory. Mice were infected with either LCMV Armstrong strain (2x10°
PFU, intraperitoneally(i.p.)), low dose LCMV clone 13 strain (2x102 PFU, intravenously
(i.v.)) for acute infections, or high dose LCMV clone 13 strain (2x108 PFU, i.v.) for chronic
infections. Additionally, transient CD4" T cell depletion was used in the chronic LCMV
infection model to induce life-long systemic infection with high levels of viremia, which
provides an optimal model to study T cell exhaustion2®. Serum viral titers were determined
by plaque assay on Vero E6 cells as described previously30. The conditional knockout P14
female mice for 7cf7were Rosa26CFP TefAVfhCD2-Cre* (referred to as ' 7¢#77/~") in which
80-90% of peripheral T cells had deletion of 7cf7with GFP expression representing Cre
recombinase activity?’. Littermate Rosa26CFP 7cfA/hCD2-Cre™ P14 mice were used as
wild-type control mice. LCMV DPGP33-specific TCR transgenic P14 mice were fully
backcrossed to C56BL/6 mice. No statistical methods were used to predetermine sample
size. The number of animals for each experiment was determined based on previous
experience with the model system. The investigators were not blinded to allocation during
experiments and outcome assessment and the experiments were not randomized. All animal
experiments were performed in accordance with Emory University Institutional Animal Care
and Use Committee.
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Flow cytometry

Flow cytometric analysis was performed on a FACS Canto Il or LSR I (BD Biosciences).
Lymphocytes were isolated from tissues including spleen, blood, liver, bone marrow, brain,
gut intestinal epithelium, and mesenteric lymph nodes as described previously3%:31, Direct
ex vivo staining and intracellular cytokine staining were performed as described
previously30 with fluorochome-conjugated antibodies (purchased from BD Bioscience,
eBioscience, BioLegend, R&D, Cell Signaling Technology, Vector Laboratories, and
Invitrogen). To detect LCMV-specific CD8* T cell responses, tetramers were prepared as
described previously32. For detection of CXCRS5, a three-step staining protocol was used as
described previously33 with minor modifications. Cells were stained with tetramer and rat
anti-mouse CXCR5 antibody (BD Bioscience). Samples were then incubated with 20 uM d-
biotin (Avidity) and a secondary biotin-SP-conjugated Affinipure F(Ab’), goat anti-rat IgG
(Jackson Immunoresearch). Finally, cells were stained with streptavidin-APC (Invitrogen),
streptavidin-PE or streptavidin-BV421 (BioLegend) as well as with antibodies specific to
surface molecules. Note that collagenase digestion resulted in reduced staining for CXCRS.
For intracellular detection of transcription factors such as Bcl-6, T-bet, Eomes and TCF1,
surface-stained cells were permeabilized, fixed and stained by using the Foxp3
Permeabilization/Fixation Kit according to manufacturer’s instructions (eBioscience). For
intracellular detection of pS6, surface-stained cells were permeabilized, fixed and stained
using Phosflow Lyse/Fix buffer (BD) and Phosflow Perm/Wash buffer | (BD). For in vivo
antibody labelling, 30 ug of BV421-conjugated anti-CD45.2 antibody (BioLegend) was
injected i.v. into chronically infected mice. Three minutes after the injection, splenocytes
were isolated and used for direct ex vivo staining as described previously?2. FACS data were
analysed with FlowJo software (TreeStar).

wCell sorting was performed on a FACS Aria Il (BD Biosciences). Microarray analysis, in
vitro chemotaxis, and transfer experiments were performed on PD-1*CXCR5*Tim-3~ and
PD-1*CXCR5 Tim-3" CD8* T cells sorted from chronically infected mice (>45 days p.i.) at
a purity of greater than 96%. CD44!°CD8* T cells and B220*CD19* B cells were isolated
from uninfected mice.

RNA isolation and microarray analysis

RNA from sorted cells was purified (QIAGEN) and hybridized to Affymetrix mouse 430 2.0
arrays (Memorial Sloan-Kettering Cancer Center, Genomics Core Facility). Raw data (CEL
files) were normalized by RMA using Affy R package. Principal component analysis was
performed using arrayQualityMetrics R package. Differential expression analysis was
performed between any two subsets using limma R package (Adjusted P-value < 0.05 and
fold-change > 1.5). Gene Set Enrichment Analysis (GSEA) was run for each cell subset in
pre-ranked list mode with 1,000 permutations (nominal P-value cutoff < 0.01). As gene sets
for the GSEA analyses, we used Reactome pathways (http://www.reactome.org/); the
MSigDB gene sets related to haematopoietic stem cells34; and gene signatures associated
with Tgy or Tyl CD4™ T cells33, memory precursor/terminal effector CD8* T cells3® and
thymic innate Tgy-like CD4™ T cells®6. To define these signatures, we downloaded the
microarray data from GEO database (GSE16697, GSE8678 and GSE64779); collapsed
probe sets that matched to the same gene symbol by taking the one with highest expression
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across all samples; removed genes with lowest 30% mean expression; and performed
differential expression analysis between the two classes using limma (adjusted P-value <
0.01 and fold-change > 2). Enrichment scores were visualized using the corrplot package in
R. Enrichment scores of Reactome pathways and the genes shared by two pathways were
represented as nodes and links, respectively using Cytoscape software. The microarray data
are available in the Gene Expression Omnibus (GEO) database (http://
www.nchi.nlm.nih.gov/geo) under the accession number GSE84105.

Confocal microscopy and histocytometry

Chemotaxis

To examine the localization of the CD8* T cell subsets in the spleen, 20 pm
paraformaldehyde-fixed paraffin-embedded spleen sections were prepared, imaged, and
analysed as previously described with minor modifications!®. Briefly, images were acquired
with a Lecia SP8 tiling confocal microscope (Leica Microsystems) equipped with a 40x
1.3NA oil objective. Fluorophore spillover into adjacent channels was compensated using
the Leica Channel Dye Separation module. Owing to high spatial resolution of the objective,
deconvolution was not performed. Nuclear histo-cytometry analysis was performed by
segmentation of all Jojo-1 stained nuclei (1:15,000 dilution; Invitrogen) in the imaged
volume using Imaris (Bitplane) surface creation module, and by exporting the resultant
statistical information into Excel (Microsoft) and then into Flowjo 10 (TreeStar). Positional
gates for the T-cell zones, B-cell follicles and the red pulp were created in Flowjo using the
relative densities of CD3*B220™ T cells, CD3"B220" B cells and CD3"B220-CD44"i
myeloid cells, respectively. These gates were then applied to the cells of interest to assess
their relative distribution across different splenic compartments.

To examine which area of the spleen is infected by LCMV clone 13, spleens of chronically
infected mice (>45 days p.i.) were isolated and embedded in OCT-Tissue Tek and frozen
immediately over liquid-nitrogen-chilled isopentane. Sections 7 um in thickness were cut
using a micro-cryotome. They were air-dried, and then fixed in chilled acetone:methanol
(1:1, v/v) at =20 °C for 10 min. The slides were permeabilized in 0.1% Triton X-100 for 30
min. The spleens were blocked with goat serum, mouse Fc block (clone 2.4G2, BD
Bioscience) and avidin-biotin blocking reagent (MVectashield). The slides were then stained
for LCMV antigen using pig anti-LCMV sera (1:200), BV421-rat anti-IgD (1:200,
BioLegend) and biotin hamster anti-CD3 (1:100, BD Bioscience) for 1 h, followed by Alexa
555 anti-pig 1gG (1:500, Invitrogen) and streptavidin —Alexa 647 (1:200, BioLegend). After
washing with PBS, the slides were mounted with Prolong Gold mounting medium (Life
Technologies) and cover slipped. The pictures were taken using AxioCam MRc (Zeiss) with
Axionvision Rel4.7 software.

Chemotaxis assays were performed as described previously3” with minor modifications.
Transwells with 5 um pores (Corning Costar) were used. Sorted CXCR5* and CXCR5~
CD8* T cells (2.5x104 cells in 100 ul) were seeded onto upper wells. The bottom wells
contained either 580 pl of PBS, a mixture of recombinant CCL19 and CCL21 (each 1 pg/ml,
R&D), or recombinant CXCL13 (3 ug/ml, R&D). Transmigrated cells were counted by flow
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cytometry for 200s at medium acquisition speed. The chemotactic index represents the ratio
of cells in the lower chamber in the presence versus absence of chemokines.

Cell transfer, labelling with cell tracking dye and PD-1 blockade

For adoptive transfer experiments, 2.5 x 102 or 0.6 to 1.0x10° CD8* T cells sorted from the
spleens of chronically infected mice (>45 days p.i.) were transferred i.v. into infection-
matched, or naive mice. To track the proliferation of lymphocytes, sorted CD8" T cells were
labelled with Cell-trace Violet (Invitrogen), according to the manufacturer’s protocol. PD-1
blockade was performed as described previously* after the transfer of two CD8* T cell
subsets into infection-matched mice. For P14 experiments, splenocytes containing 2.5x103
wild-type or 7¢f7~ P14 cells (CD45.2%) were transferred i.v. into naive CD45.1 recipient

mice.

Statistical analysis

All experiments were analysed using Prism 6 (GraphPad Software). Statistical differences
were assessed using a two-tailed unpaired or paired Student’s t-test. P values of <0.05 and
<0.01 indicated the significant difference between relevant groups.
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Extended Data Figure 1. LCMV GP276-specific CD8" T cells also consist of CXCR5* and
CXCR5~ CD8" T cell subsets during chronic infection
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a, Phenotypic analysis of GP276-specific CD8* T cells in the spleens of immune mice that
had cleared an acute LCMV Armstrong infection or mice that were chronically infected with
LCMV clone 13 (day 30 after infection (p.i.)). FACS plots showing CXCR5 expression in
combination with the indicated markers are gated on GP276 tetramer* CD8* T cells. b,
Longitudinal analysis of the numbers of GP276-specific CXCR5*Tim-3~ and
CXCR57Tim-3* CD8* T cells in the spleen at the indicated time after infection. LCMV
titers in the serum are shown as the shaded yellow area. Graph shows the mean + s.e.m. Data
are the average of 8 mice from two experiments per time point (total n=48). ¢, Phenotypic
characterization of CXCR5* and CXCR5~ GP276-specific CD8" T cells in the spleen of
chronically infected mice (>45 days p.i.).

b
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: | Y
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Extended Data Figure 2. Low dose challenge with LCMV clone 13 results in acute infection and
does not generate CXCR5" CD8" T cells

Mice were infected with either low dose (2x102 PFU) or high dose (2x10° PFU) of LCMV
clone 13, and the generation of CXCR5" CD8" T cells was examined at day 8 and day 35
p.i. a, Serum virus titers at day 8 after infection. b, Representative flow plots of CXCR5 and
Tim-3 expression on GP33-specific CD8* T cells in the spleen at day 8 and 35 p.i. Data are
obtained from a total of 16 mice with 4 mice per group at each time point. Student’s t-test,
where ** P < 0.01.
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Extended Data Figure 3. Distinct transcriptional profiles of CXCR5* and CXCR5~ CD8* T cells
from spleens of mice chronically infected with LCMV

a, Principal component analysis of naive (CD44/°) CD8* T cells isolated from uninfected
mice and CXCR5*Tim-3"PD-1* and CXCR5™Tim-3*PD-1* CD8* T cells isolated from
chronically infected mice (>45 days p.i.). Each square represents an individual biological
replicate. b, Relative expression of selected genes as determined by Affymetrix microarray
analysis. Data are shown as fold change relative to naive (CD44!°) CD8* T cells. Graphs
show the mean £ s.e.m.
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Extended Data Figure 4. LCMV-specific CXCR5" CD8* T cells are more polyfunctional than

CXCR5~ CD8* T cells

Splenocytes from chronically infected mice (>45 days p.i.) were stimulated with GP33-41
peptide for 5 h followed by phenotypic marker staining and intracellular staining. a, Gating
strategy for IFNy*PD-1*CXCR5*Tim-3™ and IFNy*PD-1"CXCR5 Tim-3* CD8" T cells.
b, Representative FACS plots and graph showing the frequency of TNFa- and IL-2-
producing cells among IFN-y* CD8* T cells. Data are representative of 2 experiments (n=4
per experiment). Student’s paired t-test, where ** P < 0.01.
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Extended Data Figure 5. Analysis of reactome pathways, mTOR signalling and fatty acid
metabolism in CXCR5" and CXCR5~ CD8™ T cells from LCMYV chronically infected mice

a. Reactome pathways in CXCR5*Tim-3"PD-1* and CXCR5 Tim-3*PD-1* CD8* T cells
isolated from the spleens of mice chronically infected with LCMV (>45 days p.i.). GSEA
(nominal P<0.01; 1,000 permutations) was used to identify positive (red, maximum
normalized enrichment score (NES) = 3.2) or negative (blue, min NES = -3.7) enrichment
of Reactome pathways (http://www.reactome.org/) in CXCR5*Tim-3"PD-1* and

CXCR5 Tim-3*PD-1* CD8" T cells using meta-analysis. The size of the circles (nodes)
represents the number of genes on each pathway. The links between circles (edges) represent
the number of genes shared by two given pathways. The networks were generated using
Cytoscape. b, GSEA on mTOR signalling and fatty acid metabolism. Bars represent
pathways with nominal P-value < 0.01. c,d, Splenocytes from chronically infected mice
(>45 days p.i.) were stimulated with medium or GP33-41 peptide for 1 h followed by
phenotypic marker staining and phosphorylated S6 ribosomal protein (pS6) staining. Flow
cytometry analysis (c) and MFI (d) of pS6 expression in CXCR5* and CXCR5~ CD8* T cell
subsets after ex vivo stimulation. Data are representative of 2 experiments (n=4 per
experiment). Student’s paired t-test, where * P < 0.05.
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Extended Data Figure 6. Comparison of gene signatures of CXCR5" and CXCR5~ CD8* T cell
subsets from chronically infected mice with 1d27/"1d37/~ innate Ten-like CD4* T cells

a, GSEA was performed using genes pre-ranked by the mean Z-score values of each CD8*
subset (naive, CXCR5* or CXCR5™) calculated across all samples. Splenic CD4* Tgy gene
signatures from wild-type mice and thymic innate variant Tgy gene signatures from
1d27/"1d37~ mice (GSE64779)36 were used as gene sets in our GSEA. Genes were
considered up- or downregulated in cell subsets compared to control (sorted
CD4*TCRB*CD8" cells) if there was a fold-change > 2 and P < 0.05%6. b, Heat map
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illustrating the relative expression of the indicated genes of 1d2/"1d3~/~ CD4* T cells
defined in ref. 36 compared to those of naive, CXCR5" and CXCR5~ CD8" T cells. GSEA
analysis revealed some interesting similarities and differences between the CXCR5* CD8* T
cells from chronically infected mice and the 1d27/~1d37/~ Tgy-like CD4* T cells. These two
cell populations are distinct, but share certain biological properties such as increased self-
renewal activity. For example, some of the interesting inhibitory and costimulatory
molecules such as Pdcdl (PD-1), Tnfsfl4 (LIGHT), CdZ28, and /cos were commonly
upregulated in both CXCR5* CD8* and innate Tgy-like CD4* T cells, whereas molecules
like Cd244(2B4), Prfl, Fasland Gzmb were downregulated in both cell types. However,
there were also many differences perhaps the most notable being the low expression of 7c¢f7
(TCF1) in the innate CD4* T cells compared to the high expression of 7¢f7in the CXCR5*
CD8™ T cells and the critical role of this transcription factor in the generation of these cells.
Notably, the CD4* T cell population defined in ref. 36 is genetically deficient in both /a2
and /d3, whereas the CXCR5" CD8* T cells express high levels of /a3, Thus, many aspects
of the transcriptional program of these two cell types will be distinct.
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Extended Data Figure 7. Tissue distribution of LCMV-specific CXCR5* and CXCR5~ CD8* T
cells in chronically infected mice

a,b, Frequency (a) and numbers (b) of LCMV-specific CXCR5" and CXCR5~ CD8* T cells
in the indicated tissues at >45 days p.i. in chronically infected mice (SP, spleen; BM, bone
marrow; LN, mesenteric lymph nodes; IEL, intestinal epithelial lymphocytes). c,d,
Representative FACS plots (c) and graph (d) showing the frequency of CXCR5*Tim-3~
GP33-specific CD8* T cells in the blood and spleen at day 8 and day 30 p.i. FACS plots are
gated on DPGP33 tetramer* CD8* T cells. Data are obtained from 4 or 8 mice. Graphs show
the mean + s.e.m. Student’s t-test, where **P < 0.01; *P < 0.05.
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Extended Data Figure 8. Anatomic localization of CXCR5" and CXCR5~ CD8* T cells in the
spleen and in vitro migration of the two CD8" T cell subsets to CXCL13

a, Analysis of TCF-1 and PD-1 expression in CD8* T cell subsets in the spleen of

chronically infected mice (>45 days p.i.). Left and middle FACS plots are gated on total
CD8* T cells and PD-1* CD8" T cells, respectively. Right FACS plot displays the overlay of
TCF-1 and PD-1 expression in gated PD-1~, PD-1*CXCR5*Tim-3~ and

PD-1*CXCR5 Tim-3" CD8* T cells. b,c, Nuclear histocytometry analysis of the spleen (b)

and frequency (c) of the CD8* T cell subsets within the respective zones of the spleen 10
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days after LCMV clone 13 infection (n=3). d, Representative immunofluorescence staining
of LCMV clone 13 infection in the spleen (>45 days p.i.). The spleen was stained for LCMV
antigen (red), 1gD (blue) and CD3 (white) and examined via microscopy (n=4). Note,
LCMV infection is mostly in the red pulp. e, CXCR5 expression on splenic naive (CD44!°)
CD8* T cells, B cells and CXCR5* GP33-specific CD8* T cells from chronically infected
mice (>45 days p.i.). f, Relative migration of sorted B cells and CXCR5*Tim-3"PD-1* and
CXCR5 Tim-3*PD-1* CD8" T cell subsets in response to CXCL13, which is a ligand for
CXCRS. Data are combined from two experiments performed in duplicate wells for each
sample. Graphs show the mean and s.e.m. Student’s t-test, where **P < 0.01; *P < 0.05.
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Extended Data Figure 9. CXCR5* CD8™ T cells selectively undergo proliferation after LCMV

clone 13 challenge

a, Sorted PD-1*CXCR5*Tim-3~ and PD-1*CXCR5 Tim-3" CD8" T cells isolated from
CD45.2* chronically infected mice (>45 days p.i.) were adoptively transferred into naive
CD45.1* recipient mice, followed by LCMYV clone 13 challenge. Two sets of adoptive-
transfer experiments were performed; one using a low dose of donor cells (2,500 cells) and
another with a large dose of donor cells (90,000 cells). The data shown in Fig. 3d, e are from
the high-dose transfer experiment. Data in b—d are from the high-dose transfer; and in e-h
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are from the low-dose transfer. b, Expansion of CXCR5* CD8" T cells in the blood after
LCMV clone 13 infection. ¢, Number of cells in the spleen and liver 14 days after infection.
d, Phenotypic analysis of transferred donor CXCR5*Tim-3" cells in the spleen 14 days after
challenge showing proliferation and differentiation of this subset. Data are representative of
3 experiments (n=4 or 6 mice per experiment). e, Expansion of CXCR5* CD8* T cells (low
dose transfer) in the blood after infection with LCMV clone 13. f, Number of cells in the
spleen and liver 14 days after challenge. g, Phenotypic analysis of transferred donor
CXCR5*Tim-3~ and CXCR5~Tim-3" cells in the spleen and liver at 14 days after infection
showing differentiation of CXCR5* CD8* T cells. h, Number of CXCR5*Tim-3~ and
CXCR5 Tim-3* CD8* T cells derived from donor CXCR5" or CXCR5~ CD8™ T cells in the
spleen and liver after clone 13 challenge. Dashed line indicates the limit of detection. Data
are combined from two experiments (n=8 or 10 per group, total n=18). Graph shows the
mean and s.e.m. Student’s t-test, where ** P < 0.01.
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Extended Data Figure 10. Enhanced conversion of CXCR5*Tim-3~ CD8" T cells to Tim-3*
CD8™ T cells after PD-1 blockade

a, Sorted PD-1*CXCR5*Tim-3~ and PD-1*CXCR5 Tim-3* CD8* T cells isolated from
CD45.2" chronically infected mice (>45 days p.i.) were adoptively transferred into
infection-matched CD45.1* recipient mice, followed by treatment with anti-PD-L1 antibody.
b, Phenotypic analysis of sorted donor CD8* T cell subsets before transfer and 14 days after
the transfer followed by PD-1 blockade. Data are representative of 2 experiments (total n=5,
7, or 9 mice per group).
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Figure. 1. Identification of a population of PD-1* CD8" T cells during chronic LCMYV infection
that has a unique gene signature that resembles both CD4* Tgp cells and CD8" memory

precursor T cells

a, Phenotypic analysis of GP33-specific CD8* T cells in the spleens of mice infected with
LCMV Armstrong (acute) or clone 13 (chronic) at day 30 post infection (p.i.). b,
Longitudinal analysis of the numbers of GP33-specific CXCR5* and CXCR5~ CD8* T cells
in the spleens of chronically infected mice (n=8 from two experiments per time point).

Graph shows the mean and s.e.m.. ¢, Heat map illustrating the relative expression of genes in
naive CD8* T cells from uninfected mice and CXCR5*Tim-3"PD-1* and
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CXCR5 Tim-3*PD-1* CD8* T cells from chronically infected mice (>45 days p.i.). d,
Phenotypic characterization of CXCR5* and CXCR5~ GP33-specific CD8* T cells in the
spleens of chronically infected mice (>45 days p.i.). e, GSEA for identifying specific gene
signatures of the two CD8* T cell subsets from chronically infected mice compared to gene
signatures of different subsets of CD4* and CD8" T cells and haematopoietic stem cells.
HSC, haematopoietic stem cell; NES, normalized enrichment score.
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Figure 2. CXCR5* PD-1* CD8" T cells are found in lymphoid tissues of chronically infected mice
and reside predominantly in T cell zones

a, Frequency of PD-1*CXCR5*Tim-3~ and PD-1*CXCR5 Tim-3* LCMV-specific
(GP33+GP276) CD8™ T cells in the indicated tissues (45 days p.i.). b, Representative
histology of the spleen and nuclear histocytometry analysis to identify the anatomic location
of the two CD8* T cell subsets in chronically infected mice. ¢, Zoomed-in panels for the T
cell zone and the red pulp. T, T-cell zone; R, red pulp; B, B-cell zone. d, Frequency of the
CD8™ T cell subsets within the respective zones. Data are representative of 3 experiments
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(n=3 per experiment). e, /n vivo CD45.2 labelling of CXCR5* and CXCR5~ GP33-specific
CD8* T cells in spleen, 3 min after injection (n=4). f, Relative gene expression of Ccr7
mMRNA in sorted CD8" T cell subsets. g, Migration of sorted CD8* T cell subsets in response
to CCL19 and CCL21. Data are combined from 2 experiments done in duplicate wells. h,
CXCR5 and CD69 expression on GP33-specific CD8* T cells. Graph shows the mean and
s.e.m.. Student’s t-test, where **P< 0.01; *P< 0.05. BM, bone marrow; mLN, mesenteric
lymph nodes; IELs, intestinal epithelial lymphocytes; AU, arbitrary units.
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I. Transfer of CD8 T cell subsets from chronically infected mice into infection-matched recipients
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Figure 3. CXCR5* CD8" T cells act as stem cells during chronic LCMV infection and respond to
PD-1 blockade

a, Experimental set-up showing transfer of congenically marked CTV-labelled
PD-1*CXCR5*Tim-3~ and PD-1"CXCR5~Tim-3" CD8* T cells from chronically infected
mice into infection-matched recipient mice. b, Proliferation and differentiation of CXCR5*
CD8™* T cells in spleen and liver after adoptive transfer. ¢, FACS plots of donor CD8* T cells
in the spleen. Data are representative of 3 experiments (total n=7 or 14 mice per group). d,
Representative FACS plots showing expansion of donor CXCR5* CD8* T cells after transfer
into naive mice followed by LCMV clone 13 infection (see Extended Data Fig. 9a for
experimental setup). e, Phenotypic analysis of donor CD8" T cell subsets pre-transfer and 14
days after transfer and clone 13 infection. Data are representative of 3 experiments (n=4 or 6
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per experiment). f, FACS plots and total number of donor CD8" T cells recovered after
adoptive transfer of CXCR5" and CXCR5~ CD8* T cells into infection-matched recipient
mice followed by PD-1 blockade (see Extended Data Fig. 10a for experimental setup) g,
Expansion and differentiation of CXCR5" CD8" T cells after PD-1 blockade. Dashed line
indicates the limit of detection. Data are combined results of 2 experiments and are mean +
s.e.m. Student’s t-test, where *P < 0.05.

Nature. Author manuscript; available in PMC 2017 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Im et al. Page 30
a b spleen c day 8
Day 0 day 5 day 8 blood bone marrow
Infect with 4 |e43 4.26|166.9 . 7.91 4 205|586 | . 164
LCMV clone 13 ; . g i
- WT WT
55K P14 ; P14
WT P14 e B
(CD45.2) naive CDA45.1 day 5, 8, 16, 1) 178
! —» and30 %4 5 365924 2.1
Analysis \ =W
2.5K Tef7* Tef7+
Tef7+ P14 ‘ — P14 . P14
(CD45.2) naive CD45.1 S E RN 7. £
F 206 0.294) 5.1 0.388 112.8 0.414 =
CXCR5 >
d endogenous e |
P14 D°GP33* 106
4 15.2 ; c: by
N\ [}
WT P14 _ wT b S 1054
transfer X P14 : j:f
- £
4.6/17.37 =/ 142 0.671 © 25 2 1044
: 4.41| [e6.7 128 0.607| [96.9 2.46 §
N i | e 1034
Tor7 P14 | | @) _ o7 g | i = 1%/ -e-wrpi4
transfer o P14 3 = i ’ 3 @ Tof7 P14
kS } P R \i.«/c//‘/ ST 102 T r .
= l1o4 |- 7 = o6 1.28/1975 1.61)180.8.. 1.42/ 10.582 0.0646 0 10 20 20
CXCR5 CXCR5 » days post infection
g h day 30 i Day 30
day 16 blood bone marrow
148 206 1083 mmwr P4
- W 7cf7+ P14
WT wWT " CU=PIE 4
T ] 1054 il
P14 PESREN P14 24
s 28
©
c
] 28 404
0204 ERe 10
< o
oo =
Tef7+ TofT* = 6 03]
P14 o P14 & s 1
< <
8 3
102 ”
> N
CcD8 CD8 > Q}oo Q)Q \-/\4@

Figure 4. TCF1 is required for the generation of CXCR5* CD8* T cells during chronic LCMV
infection

a, Congenically marked wild-type or 7¢f7/~ LCMV GP33-specific P14 transgenic CD8* T
cells were transferred into naive mice, followed by LCMV clone 13 infection. b,c, CXCR5
and Tim-3 expression on wild-type and 7¢77/~ P14 cells in the spleen (b) and in tissues (c)
at the indicated time points. d, CXCRS5 and Tim-3 expression on wild-type or 7¢f77~ donor
P14 cells and on endogenous GP33-specific CD8* T cells in the spleen 20 days p.i. e,
Phenotypic analysis of wild-type and 7cf77~ P14 cells in the spleen 8 days p.i. f.g,
Longitudinal analysis of the numbers (f) and FACS plots (g) of wild-type and 7¢777~ P14
cells in the spleen after clone 13 infection. h,i, FACS plots (h) and total number (i) of wild-
type and 7¢f7~ P14 cells in the tissues 30 days p.i. Data are representative of 2
experiments (n=7 or 8 mice per time point). Graph shows the mean and s.e.m. Student’s t-
test, where **P < 0.01; *P < 0.05.
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