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Jakob Michaëlsson, Jonas Frisén

Correspondence
jakob.michaelsson@ki.se (J.M.),
jonas.frisen@ki.se (J.F.)

In brief

Mold et al. investigate the clonal

architecture of the human CD8+ T cell

response to vaccination with live

attenuated yellow fever virus, and they

demonstrate that the multifaceted T cell

response to an acute viral infection is

created by the sum of distinct clonal

phenotypes.
ll

mailto:jakob.michaelsson@ki.se
mailto:jonas.frisen@ki.se
https://doi.org/10.1016/j.celrep.2021.109174
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.109174&domain=pdf


OPEN ACCESS

ll
Article

Divergent clonal differentiation trajectories
establish CD8+ memory T cell heterogeneity
during acute viral infections in humans
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SUMMARY
The CD8+ T cell response to an antigen is composed of many T cell clones with unique T cell receptors,
together forming a heterogeneous repertoire of effector and memory cells. How individual T cell clones
contribute to this heterogeneity throughout immune responses remains largely unknown. In this study, we
longitudinally track human CD8+ T cell clones expanding in response to yellow fever virus (YFV) vaccination
at the single-cell level. We observed a drop in clonal diversity in blood from the acute to memory phase, sug-
gesting that clonal selection shapes the circulating memory repertoire. Clones in the memory phase display
biased differentiation trajectories along a gradient from stem cell to terminally differentiated effector memory
fates. In secondary responses, YFV- and influenza-specific CD8+ T cell clones are poised to recapitulate
skewed differentiation trajectories. Collectively, we show that the sum of distinct clonal phenotypes results
in the multifaceted human T cell response to acute viral infections.
INTRODUCTION

Primary adaptive immune responses lead to clonal expansion of

rare antigen-specific naive CD8+ T cells and generation of long-

lived memory cells, which guard against subsequent infections

(Kaech and Ahmed, 2001). During this response, CD8+ T cells

differentiate into a diverse array of effector and memory cells

that exhibit distinct phenotypic and functional properties (Cham-

pagne et al., 2001; Gillespie et al., 2000; Jameson and Maso-

pust, 2009, 2018; Sallusto et al., 1999; Willinger et al., 2005). Hu-

man memory T cells are classified into four major subsets

primarily distinguished by expression of CCR7 and CD45RA,

where CCR7+CD45RA+ and CCR7+CD45RA� memory T cells

are termed TSCM and TCM, respectively, and CCR7�CD45RA+

and CCR7�CD45RA+memory T cells are termed TEM and TEMRA,

respectively (Sallusto et al., 1999). TSCM and TCM are theorized to

be multipotent memory cells, which re-establish the complete

repertoire of CD8+ effectors upon reinfection, while TEM and

TEMRA are considered to be primed cytotoxic effectors that exist
This is an open access article und
in the circulation and peripheral non-lymphoid tissues, serving as

a first line of defense against subsequent infections (Fearon

et al., 2001; Masopust et al., 2001; Reinhardt et al., 2001). At

the molecular level, TSCM and TCM are similar to naive T cells,

albeit with features of effectors and epigenetic signatures indic-

ative of prior effector status (Akondy et al., 2017; Fuertes Mar-

raco et al., 2015; Gattinoni et al., 2011). TEM and TEMRA have tran-

scriptomic profiles similar to activated effector CD8+ T cells,

suggesting that these cells are poised for rapid cytotoxicity (Will-

inger et al., 2005). Transfer of each cell type in mice revealed that

TSCM expand to greater numbers, are better at controlling tumor

growth than either TCM or TEM, and that individual TCM can have

stem cell-like capacity in serial transfer models (Gattinoni et al.,

2011; Graef et al., 2014). On the other hand, TEM have been

shown to be more protective than TCM against reinfection with

vaccinia virus, despite being less protective than TCM against

lymphocytic choriomeningitis virus (LCMV) infection in adoptive

transfermodels (Bachmann et al., 2005), suggesting that the pro-

tective roles of these subsets are context-dependent.
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Table 1. Summary of YFV-specific CD8+ T cells analyzed ex vivo

Donor HLA Time (days) Cells Clones

A A2 15 291 216

A A2 136 485 234

A A2 593 188 109

A B7 15 154 67

A B7 136 118 63

B A2 15 86 82

B A2 90 87 80

B B7 10 124 56

B B7 15 285 94

B B7 30 213 80

B B7 90 123 61

B B7 148 155 37

C A2 15 875 445

C A2 90 303 137

D A2 15 511 387

D A2 90 494 260

D A2 720 286 181
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The relative proportions of the memory T cell subsets vary be-

tween different infections. Acute infections typically generate

robust effector responses, which gradually give rise to more

abundant TCM (or TSCM) after resolution of the response (Blom

et al., 2013; Kaech and Ahmed, 2001; Miller et al., 2008). Recur-

rent or chronic infections are known to progressively generate

larger TEM populations, likely due to constant reactivation of ex-

isting memory populations (Appay et al., 2002; Champagne

et al., 2001). Studies examining memory T cell heterogeneity

following primary responses to yellow fever virus (YFV) vaccina-

tion in humans observed an emergence of TSCM and TEMRA that

persisted for years after vaccination (Akondy et al., 2017; Fuertes

Marraco et al., 2015). Similarly, both TSCM and TEMRA emerge af-

ter acute dengue virus infection (Chng et al., 2019). The clonal

composition and functional significance of each population how-

ever remain unknown.

Many of the markers used to characterize CD8+ T cells, e.g.,

CCR7, CD45RA, and CD27, have continuous rather than strict

binary expression patterns (Appay et al., 2002; Fuertes Marraco

et al., 2015; Gattinoni et al., 2011; Miller et al., 2008; Sallusto

et al., 1999). Advances in high-dimensional phenotyping have

also revealed a greater T cell heterogeneity, suggesting that

T cell identity can be viewed as a continuumof cell states ranging

from naive cells to highly differentiated effectors (Jameson and

Masopust, 2018; Newell et al., 2012). This makes classification

of a given single cell as a specific ‘‘cell type’’ challenging, as

many cells have intermediate phenotypes based on conven-

tional marker profiles. In contrast, viewing the total repertoire

of CD8+ T cells as continuum of cellular identities could capture

both the heterogeneity of the total CD8+ T cell repertoire, as well

as the unique identity of a givenCD8+ T cell along this continuum.

In theory, the diversity of CD8+ T cells in response to a given

antigen can be generated from one naive CD8+ T cell, or through

the concerted actions of many distinct T cell clones, each of
2 Cell Reports 35, 109174, May 25, 2021
which produces a population of phenotypically similar progeny

along a continuum of CD8+ T cell identities. Several attempts

have been made to address the clonal origins of discrete mem-

ory T cell types in mice and humans. In humans, T cell receptor

(TCR) profiling of purified CD8+ TCM and TEM populations identi-

fied biased representation of T cell clones with specificity for

influenza virus (Baron et al., 2003). Analysis of human CD4+

memory T cells, reactivated with fungal or bacterial antigens

in vitro, however, indicated that most clones give rise to hetero-

geneous CD4+ T helper cell fates with respect to cytokine pro-

duction (Becattini et al., 2015). Adoptive transfer of single naive

OT-1 TCR transgenic CD8+ T cells in mice revealed that a single

naive CD8+ T cell can give rise to multiple T cell fates (Gerlach

et al., 2010; Stemberger et al., 2007), while adoptive transfer of

multiple barcoded naive OT-1 TCR transgenic CD8+ T cells in

mice revealed clearly biased clonal differentiation patterns ac-

cording to cell surface phenotype (Buchholz et al., 2013; Gerlach

et al., 2013). Additional mouse fate mapping studies have re-

vealed clonal bias in CD4+ T helper cell differentiation based

on comparisons of multiple transgenic TCR models (Tubo

et al., 2013). Taken together, although it is clear that individual

naive T cells can give rise to both clonally biased progeny and

heterogeneous T cell responses in experimental models, it re-

mains largely unknown to what extent clonal bias of CD8+

T cell differentiation occurs in a polyclonal response to a natural

infection in vivo, both in mice and in humans.

In this study, we investigated the clonal contributions to mem-

ory T cell heterogeneity by longitudinally tracking individual CD8+

T cell clones responding to two distinct epitopes of the YFV vac-

cine (YFV-17D), as well as by analyses of in vitro recall responses

by single virus-specific CD8+ T cells. We show that the heteroge-

neity of primary YFV-specific human memory CD8+ T cells is

created by the sum of distinct clonal T cell identities along a con-

tinuum from TSCM to TEMRA. Furthermore, we demonstrate that

secondary CD8+ T cell responses are clonally biased, with

distinct effector progeny generated from CD8+ TSCM and TEMRA

founder cells. Our findings thus highlight an underlying clonal

heterogeneity that leads to the generation of diverse memory

T cell subsets in primary human immune responses and identify

distinct functional attributes of memory T cell clones in recall

responses.

RESULTS

Clonal diversity in circulating YFV-specific CD8+ T cells
drops from acute to memory phase of the response
To assess the clonal contribution to the circulating repertoire of

YFV-specific CD8+ T cells throughout a primary anti-viral im-

mune response, we analyzed 4,778 single antigen-specific

CD8+ T cells longitudinally after primary vaccination of four

healthy donors with YFV-17D (donors A–D) (Table 1). We tracked

CD8+ T cells specific for an immunodominant human leukocyte

antigen (HLA)-A2-restricted epitope (NS4b) and a subdominant

HLA-B7-restricted epitope (NS5) during acute (days 10–30),

earlymemory (days 90–150), and latememory (day 500+) phases

of the response (Figures 1A and S1A) (Blom et al., 2013). We

identified productive TCRb sequences for 3,058 cells using a

nested PCR strategy, targeting the TCRb chain locus in DNA
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Figure 1. Clonal contributions to primary CD8+ T cell responses to yellow fever vaccine

(A) Schematic diagram for experimental setup. Percent HLA-A2/NS4B- and HLA-B7/NS5-dextramer+ cells of total CD8+ T cells for donor A is shown as an

example.

(B) Percent YFV-specific CD8+ T cells of total CD8+ T cells (donors A–D, n = 4 for HLA-A2, n = 2 for HLA-B7).

(C) Clonal diversity measured by Fisher’s alpha throughout the acute-to-memory transition in donors A–D. Fischer’s alpha calculated by 203 random sampling

without replacement of 75 cells from the pool of analyzed cells for each donor/antigen/time point. Error bars represent standard error of mean of repeated

sampling.

(D) Correlation between percent YFV-specific (dextramer+) CD8+ T cells versus clonal diversity (Fisher’s alpha) at day 15 (r2 = 0.89, p < 0.01 by two-tailed Pearson

test) (donors A–D, n = 4 for HLA-A2, n = 2 for HLA-B7).

(E) Evolution of clone sizes throughout the acute (day 15)-to-memory (days 90/136 and 593/720) transition. All HLA-A2-restricted clones from donors A and Dwith

n > 3 cells at a single time point are shown for visualization purposes. Red dashed lines indicate ‘‘expanding’’ clones at late time points.

A summary of statistical results using all clones with n R 1 for at least at two time points is shown in Table S2.
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from whole genome-amplified single cells (Balazs et al., 2013)(;

Hård et al., 2019), and an additional 1,720 cells using full-length

single-cell RNA sequencing (scRNA-seq) and TCRa and/or b

chain (Table S1) (Bolotin et al., 2015; Picelli et al., 2013). Despite

an approximately 10-fold difference in response magnitude

(Blom et al., 2013), HLA-A2 and HLA-B7 responses displayed

similar patterns of expansion and contraction (Figures 1B,

S1B, and S1C).

We next investigated whether clones exhibited uniform or

biased expansion and contraction throughout the acute to

memory phase of the response. We accounted for sampling

variability between donors, antigens, and time points by boot-

strapping analyses (Figures S1D and S1E). We measured

clonal diversity in terms of the number of individual clones

observed per cells sampled (Figure S1D), as well as Fisher’s

alpha index (Figures 1C and S1E), a commonly used measure

of population diversity that is relatively insensitive to sampling

depth (Fisher et al., 1943). We observed a significant decline

in clonal diversity from the acute (day 15) to memory (day

90+) phase of the response for all donors (three-way
ANOVA, p < 0.001; Fisher’s alpha, acute: 270, late/memory:

195) (Figures 1C and S1E).

The clonal diversity at the acute phase of the response corre-

lated with the total frequency of antigen-specific CD8+ T cells in

blood at this time (Figure 1D), indicating that the variability in

overall response magnitude across donors and viral epitopes

is at least partially dictated by the number of clones participating

in the response. While this finding is consistent with conclusions

made in some mouse models (Moon et al., 2007; Obar et al.,

2008), further studies are needed to confirm whether this is

generalizable to CD8+ T cell responses to other viral infections

and in larger cohorts.

Peripheral clonal expansions during the acute response
do not predict clonal contributions to the circulating
memory T cell repertoire
The longitudinal decline in diversity suggests that clonal selec-

tion plays a role in shaping the circulating memory repertoire af-

ter YF-17D vaccination. Consistent with this, contraction of large

clones and expansion of smaller clones was apparent during the
Cell Reports 35, 109174, May 25, 2021 3
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acute-to-memory transition in the two donors with large datasets

spanning the acute to late (day 500+) memory phases of the

HLA-A2/NS4B response (Figure 1E; clones with n > 3 cells

used for visualization purposes only). We assessed the relation-

ship between clone size and persistence to the late memory

phase (day 593 or 720) on clones where we observed at least

one cell present in multiple different time points. Large clone

sizes at day 15 were negatively associated with long-term sur-

vival (log odds ratio:�1.76 donor A,�1.83 donor D; p < 0.05; sta-

tistical analyses were performed on all cells), while clone sizes at

day 90/136 were positively correlated with persistence to day

500+ (log odds ratio: 0.51 donor A, 0.73 donor D; p < 0.05) (Table

S2). This suggests that clones persisting in the memory phase of

the response are stably maintained in circulation, while

increased clonal expansion in the acute response is inversely

correlated with the likelihood of differentiation into a long-lived

memory T cell clone. While this does not preclude the possibility

that long-lived memory cells derive from effector precursors, as

recently suggested (Akondy et al., 2017; Youngblood et al.,

2017), it supports the conclusion from studies in mice that acute

phase effector expansion is not necessarily a primary determi-

nant of eventual memory fate (Grassmann et al., 2020).

Diverse memory phenotypes emerge after resolution of
the acute phase of the response to YFV vaccination
To characterize the phenotypic evolution of the primary YFV-

specific CD8+ T cell response in peripheral blood, we examined

cells from the acute and memory response for CD8+ T cells spe-

cific for the HLA-A2/NS4b and HLA-B7/NS5 YFV epitopes in

three donors using high-dimensional flow cytometry. We

measured the expression of proteins characteristic of TCM/SCM

(CCR7, CD127, TCF-1, LEF1, CD27) (Gattinoni et al., 2011;

Kratchmarov et al., 2018; Sallusto et al., 1999; Xing et al.,

2016) and TEM/EMRA (granzyme A, granzyme B, CD94, CD57)

(Chattopadhyay et al., 2009; Willinger et al., 2005), in addition

to CD45RA, KLRG1, CXCR4, and Ki67, and analyzed popula-

tion-level heterogeneity using dimensionality reduction (Becht

et al., 2019) (Figures 2A, S2A, and S2B). This allowed us to iden-

tify the emergence of polarized memory T cell populations

throughout the acute-to-memory transition of the response simi-

larly to recent characterizations of the T cell response to acute

dengue infection (Chng et al., 2019).

Based on UMAP clustering, the vast majority of acutely re-

sponding cells grouped together, centrally between highly polar-

ized TEMRA and TSCM populations, and expressed effector pro-

teins (granzyme A and B), yet they were distinguished from
Figure 2. High-dimensional phenotypic characterization of YFV-specifi

(A andB) YFV-specific CD8+ T cell phenotypic distribution byUMAP dimensionalit

response to YFV vaccination. Concatenated data from HLA-A2/NS4B- and HLA-B

blood CD8+ T cells from the same donors are included as contour plots (gray). Ex

scaled values). Individual data and UMAPs with protein expression for bulk CD8

(C) Monocle (v2) trajectory analysis of YFV-specific cells (concatenated data f

and TCM/SCM (CCR7) markers shown to indicate phenotype of different branche

(D) Monocle trajectory analysis showing distribution of CD8+ T cells according to

three donors (E, F, and G).

(E)Visualization of polarized TCM/SCM (blue square, CD127+CCR7+) and TEM/EMRA

(green square, CD127+CCR7�) corresponding to cells with mixed identities obse

(F) Expression of LEF-1, TCF-1, and granzyme B in TCM/SCM (blue), TEM/EMRA (red
memory populations on the basis of having lower expression

of CD45RA and CXCR4 (Figures 2A and S2A). As expected, a

large fraction of YFV-specific CD8+ T cells expressed Ki67 at

day 15, indicative of proliferation (Figures S2A, S2B, and S2D).

In contrast, most cells at day 90 regained CD45RA expression

and displayed increased phenotypic heterogeneity according

to memory markers, covering the range of phenotypes between

highly polarized TSCM and TEMRA fates (Figures 2B and S2A). Tra-

jectory analysis of YFV-specific CD8+ T cells at day 15 and 90

using Monocle (v2) revealed the emergence of cells with biased

CD45RA+CCR7�GZMB+ TEMRA or CD45RA
+CCR7+GZMB� TSCM

fates throughout the acute-to-memory transition (Figures 2C

and 2D; bulk CD8+ T cells in Figure S2C), consistent with

what was seen in CD8+ T cell immunity to dengue infection

(Chng et al., 2019; Qiu et al., 2017). While we noted clear in-

ter-individual differences in distribution of YFV-specific CD8+

T cells along the range of memory phenotypes, no obvious

differences were observed between the HLA-A2/NS4B and

HLA-B7/NS5 epitopes (Figure 2D). We observed an interme-

diate population of cells in the trajectories similar to those

recently observed in late-stage dengue-specific T cells (Fig-

ure 2D) (Chng et al., 2019). Closer analysis of individual pro-

teins revealed the existence of intermediate phenotypes, e.g.,

a population of CD127+CCR7� CD45RA+/�CD8+ T cells with

intermediate expression of TCF-1 and LEF-1 (Figures 2E and

2F). Notably, in mouse models CD127+CD62L�(CCR7�) cells
are generally classified as TEM (Huster et al., 2004), which

differs from the definition in most human studies (CCR7�

CD45RA�), and thus we will term these cells CD127+ TEMRA

hereafter to avoid confusion. Our findings overall support the

view that virus-specific memory CD8+ T cells, when exam-

ined at a single-cell level, are likely to exhibit a wide range

of variable cell states rather than discrete identities (Jameson

and Masopust, 2018).

Coupling clonality to cellular identity by scRNA-seq
identifies unique clonal origins of long-lived TEMRA and
TSCM

To understand how CD8+ T cell clones contribute to different

phenotypes emerging during the acute-to-memory transition of

the response, we tracked the phenotypic evolution of cells

from individual T cell clones longitudinally. We combined cell

surface protein expression analysis (Figure S3A; Table S1) with

full-transcript scRNA-seq (Picelli et al., 2013). This allowed us

to identify distinct clones on the basis of shared TCRa and

TCRb sequences, and to further refine the classification of
c CD8+ T cells at acute and memory stages

y reduction during acute (A, day 15) ormemory (B, day 90) phases of the primary

7/NS5-dextramer+ CD8+ T cells from three donors are shown. Bulk peripheral

pression levels of individual protein markers are displayed as heatmaps (log2-
+ T cells are shown in Figure S2.

rom HLA-A2 and B7-dextramer+ cells from donor E) with TEM/EMRA (GZMB)

s.

time point (top panels) and HLA-A2/B7 epitope restriction (bottom panels) for

(red square, CD127�CCR7�) and an intermediate population of CD8+ T cells

rved in UMAP and Monocle visualization in (A)–(D) above.

), and CD127+CCR7� (green) YFV-specific CD8+ T cells.
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cellular marker profiles, coupling clonality to phenotype (Table

S1). In order to phenotypically classify single CD8+ T cells, we

used a partial least-squares (PLS) regression approach with

CCR7 protein expression as a starting point to train a classifier

for all sequenced YFV-specific CD8+ T cells (Figure S3B; see

‘‘classifier approach’’ in STAR Methods) (Durif et al., 2018). The

PLS-based classification strategy works as a sparse principal

component analysis (PCA) based on genes identified as being

differentially expressed between CCR7high and CCR7� cells (Ta-

ble S3). We adopted this strategy because many antigen-spe-

cific CD8+ T cells are not easily classified as a discrete ‘‘cell

type’’ on an individual basis, despite the fact that we did observe

that cells gradually acquired phenotypic properties associated

with the classical TCM/SCM and TEM/EMRA types over time (Figures

S3B and S3C). We ranked and assigned a score to each CD8+

T cell based on transcriptome differences according to the likeli-

hood that they were strong effectors (probability of a single cell

being a central memory cell [pCM] = 0) or strong TCM/SCM

(pCM = 1.0), allowing us to also classify cells having intermediate

identities (Figure S3C). We validated the pCM score on cells

sorted from bulk CD8+ T cell populations on the basis of classi-

cally defined phenotypes (naive, TSCM, TCM, TEM, TEMRA) (Fig-

ure S4). Notably, many of the top genes identified by our classi-

fication strategy (TCF7, CCR7, LTB, SELL, GZMK, GZMB,

GZMH, ZEB2, CCL4, GNLY) (Figures 3A and S4C) play estab-

lished roles in specifying TCM/SCM and TEM/EMRA identities in

mice and humans (Jameson and Masopust, 2018; Kaech and

Cui, 2012; Omilusik et al., 2015; Xing et al., 2016). In both donors,

we found that the pCM score accurately ordered cells according

to expression of these genes (Figures 3A and 3B).

For donor A, we analyzed three time points and examined how

cells from individual clones varied with respect to pCM score

longitudinally throughout the response (Figures 3C and 3D). In

the acute phase, most clones consisted of cells with low pCM

scores, indicating an effector identity. In the early (day 136)

and late (day 593) memory phase, we observed a gradual in-

crease in pCM scores over time for cells in many of the clones,

consistent with the hypothesis that clones go through an effector

stage prior to adopting a TSCM fate (Akondy et al., 2017).

Focusing on the memory phase we found that not all clones,

however, transitioned toward a TSCM fate, as some gave rise

exclusively to CD8+memory T cells with low pCM scores (clones

127, 75, 240, 118, 230) (Figures 3C and 3D). Our findings thus

reveal that distinct clonal fates, which often are skewed toward

a TSCM or TEMRA phenotype in the memory phase of the

response, contribute to the overall phenotypic heterogeneity

observed in long-lived CD8+ T cell memory repertoires. This

finding is corroborated by a recent report, documenting skewed

clonal contributions to transcriptionally distinct memory T cell

subsets in a single donor surveyed 18months after YFV vaccina-

tion (Minervina et al., 2020).

Individual CCR7+ TSCM, CD127+ TEMRA, and CD127�

TEMRA memory T cells give rise to distinct effector
progeny following secondary reactivation
Currently, TCM/TSCM are positioned at the apex of a differentia-

tion cascade, acting as multipotent, self-renewing cells capable

of generating all effector cell classes (Gattinoni et al., 2011; Graef
6 Cell Reports 35, 109174, May 25, 2021
et al., 2014; Lugli et al., 2013), whereas TEM/TEMRA only generate

short bursts of highly cytotoxic effector cells (Lalvani et al., 1997;

Sallusto et al., 1999; Schenkel et al., 2013). This model has been

established and tested primarily on the basis of adoptive transfer

studies in mice and in vitro re-stimulation assays of bulk popula-

tions of cells sorted according to conventional memory and

effector phenotypes in humans (Gattinoni et al., 2011).

In this study, we analyzed recall potential by single memory

CD8+ T cells in an in vitro model of antigen-specific T cell reac-

tivation. We performed antigen-specific reactivation of index-

sorted, single YFV-specific memory CD8+ T cells and monitored

expansion potential by measuring viable HLA-A2/NS4b-specific

CD8+ T cell numbers after 2–3 weeks of culture (Figure 4A). We

characterized the effector progeny of nine individual memory

T cell founders identified as either TSCM (clones B4, E4, H2),

CD127+ TEMRA (clones A7, A8, G6), or CD127� TEMRA (clones

F3, G8, H9), representing the general spectrum of memory iden-

tities observed in our study (Figures 4B and 4C). After an 18-day

expansion period, we detected thousands of progeny from each

founder clone, all of which were CCR7�CD127� and which ex-

pressed variable levels of PD-1 and CD57, indicating their status

as highly activated effector cells (Figure 4D). TCR sequencing

confirmed the clonal origins of each population of expanded

cells (Table S1). In general, we observed higher PD-1 expression

in progeny derived from TEMRA compared to TSCM, indicating that

TEMRA-derived effectors are predisposed to stronger regulation

after initial rounds of expansion (Figure 4D).

We performed high-coverage scRNA-seq on 36–45 clonally

expanded cells from each clone to determine the diversity of

phenotypes arising from individual memory CD8+ T cells. In

contrast to the CD127� TEMRA-derived effectors, some TSCM-

derived and CD127+ TEMRA-derived effector progeny displayed

signs of ongoing proliferation even 18 days after activation (Fig-

ure 4E), consistent with previous findings that TSCM undergo

greater expansion relative to TEM/EMRA (Gattinoni et al., 2011).

Because clonally expanded progeny from all memory T cells ex-

hibited a stereotypic effector profile (CCR7�CD45RAlow), we

could not use conventional protein marker expression as a guide

for interpreting cell type heterogeneity. Therefore, after account-

ing for cell cycle differences, we examined intra- and inter-clonal

variability of effector progeny on the basis of gene expression

differences by diffusion map dimensionality reduction (Figures

4F and S5A; Table S4) (DM1 genes and Gene Ontology analysis

for each cluster) (Haghverdi et al., 2015).We observed that clonal

effector progeny generally separated by founder cell phenotype,

with some cells exhibiting more intermediate phenotypic identi-

ties based on diffusionmap scores (Figure 4F). There were, how-

ever, exceptions; clone E4, which had a clear CD45RA+CCR7+

TSCM founder phenotype (Figure 4B), produced progeny more

similar to progeny from CD127+ TEMRA founders, while clone

A7, a clone derived from a CD45RA+CCR7�CD127+ TEMRA, pro-

duced progeny similar to those from TSCM founders. The obser-

vation that different memory T cells could yield distinct effector

progeny, despite exhibiting stereotypical TSCM or TEMRA pheno-

types, provides a possible explanation for how heterogeneous

recall responses can be generated after reactivation of bulk

TSCM populations (Gattinoni et al., 2011; Kratchmarov et al.,

2018).
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Figure 3. High-resolution phenotypic characterization of individual CD8+ T cell clones throughout primary YFV vaccination

(A) Heatmaps (Z scored) depicting selected genes that are differentially expressed between CD8+ T cell subsets in high-coverage scRNA-seq analysis of single

CD8+ T cells from donors A and B taken at acute (day 15) and late (day 90, 136, or 593) time points post-vaccination. Cells are ordered according to score (pCM

score) (Figure S3), with pCM = 0 being effectors and pCM = 1 indicating polarized TCM/SCM. HLA restriction and cell cycle status are indicated in bars below

individual heatmaps. The number of clonally related cells identified for each cell is indicated by size.

(B) Flow cytometry plots for donor A depicting individual CD8+ T cells (HLA-A2 and B7 combined) colored according to pCM score.

(C) Individual CD8+ T cells from clones (n > 3 cells at two or more time points) from donor A plotted according to pCM score versus time.

(D) Distribution of single-cell phenotypes for clones during the memory (day 136/593) phase of the response according to pCM score (donor A). Clones

with n > 3 cells found at either time point for both HLA-A2- and B7-restricted responses are shown. Histogram represents the distribution of all cells in clones

with n > 3 cells along the gradient of pCM scores. **Clones that significantly diverge from expected distributions based on the total population (p < 0.05,

Wilcoxon rank-sum test).
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The progeny from all CD8+ memory T cell founders lacked

CCR7 expression, and only rarely expressed TCF7 or IL7R

mRNA (Figure 4G). In contrast, we observed LEF1 expression

in multiple cells across both TSCM- and TEMRA-derived progeny

(Figure 4G), suggesting that this Wnt family transcription factor

might be able to sustain memory potential. We noted that

effector progeny generated from all memory T cells expressed

high levels of GZMA, GZMB, GNLY, and PRF1 transcripts, sup-

porting their classification as putative cytotoxic effector cells

(Figure 4G). We observed an enrichment of genes involved in

lymphocyte homing (CXCR3, GPR15, ITGB1, CCR2, SELL) in

TSCM-derived progeny, while TEMRA-derived effectors showed

significantly higher expression of inflammatory chemokines

(e.g., CCL3, CCL4, CCL5) and IFNG expression (Figures 4G

and S5B; Table S3). We additionally noted that TSCM- and

TEMRA-derived progeny could partially be distinguished based

on the expression of SELL and KLRD1. CD62L (the protein

encoded by SELL) is a widely used marker of TCM in mice

(Buchholz et al., 2013; Gerlach et al., 2013), and it is enriched

in TCM/SCM in our in vivo data, whereas KLRD1 is highly en-

riched in TEM/EMRA (Figures 3A and S4C). We therefore

reasoned that the cell surface proteins encoded by these genes

(CD62L and CD94) might be useful for identifying effector T cell

subpopulations with distinct memory T cell founders in humans

(Figure 4G).

CD94 and CD62L delineate heterogeneous effector
T cell subsets generated in recall responses in vitro

We next validated whether KLRD1 (CD94) and SELL (CD62L)

were potential markers to classify distinct subtypes of effector

T cells generated in memory T cell recall assays. We replicated

our in vitro re-stimulation experiments using single memory

T cells isolated from two donors (donors A and B) at different

times throughout the memory phase of the response (days 90,

136, 593, and 1,401) (Figure 5A). Founder cell phenotypes

were once again defined on the basis of index sorting of HLA-

A2/NS4b-specific CD8+ memory T cells with CD45RA, CCR7,

CD127, and CD57. Similar frequencies of each memory T cell

type exhibited evidence of some recall potential (Figure S5D),

with single cells generating asmuch as 100,000 effector progeny

in 2–3weeks (Figure 5B).We also noted that single TSCM typically

gave rise to more progeny in these assays than did CD127� and

CD127+ TEMRA memory T cells (Figure 5B), consistent with our

observation of increased cell cycling in this subset (Figure 4E)
Figure 4. Secondary reactivation of single CD8+ T cell clones yields ph

(A) Experimental setup showing sorting of memory CD8+ T cells, expansion for

scRNA-seq.

(B and C) Phenotype of index-sorted CD8+ T cell memory clones from donor A at

TEM/EMRA and TCM/SCM classification (CD45RA versus CCR7, contour plot) or (C

(CCR7+CD127+; blue), CD127+ TEMRA (CCR7�CD127+CD57�; green), and CD12

donor A (day 136) (far left). Color gradients in UMAPs indicate protein expression

(D) Cell surface protein expression of CCR7, CD127 (TSCM/CM markers), CD57 a

each sorted single founder T cell shown in (B). Clones are colored according to

(E) Cell cycle score based on scRNA-seq analysis combining score from G1/S/M

(F) Diffusion map score (using DM1) for expanded single CD8+ T cells from each c

45 cells/clone).

(G) Violin plots showing scaled expression levels for individual genes associated

CD127� TEMRA. (5) Putative markers SELL and KLRD1 were identified as surface
and with reports of greater proliferative potential by TSCM in

mice and humans (Gattinoni et al., 2011; Gattinoni et al., 2009).

We analyzed the effector progeny of nine additional single

memory T cells (donor B, HLA-A2/NS4b-specific, day 1,401)

with respect to expression of CD62L and CD94. Similar to our re-

sults based on RNA expression (Figure 4G), the progeny had

distinct patterns of CD62L or CD94 expression at the protein

level (Figure 5C), indicating that expression of these proteins is

indeed clonally biased. Summing up the phenotypic diversity

of the progeny of the individual clones largely recreated the

pattern of phenotypic heterogeneity observed in bulk re-stimula-

tion (Figure 5D). In this experiment five of nine memory T founder

cells were phenotypically identified as TSCM (CD45RA+

CCR7+CD127+CD57�) and gave rise to CD94�CD62L+/� (clones

D09, H04, H05, H06) and CD94�CD62L� (clone F02) progeny.

Two founders exhibited a clear TEMRA phenotype (CD45RA+

CCR7�CD57+) (clones F04 and D12) (Figure 5E) and gave rise

to CD62L�CD94+ progeny. One CCR7+CD45RA+ founder cell

(clone A08) produced CD62L�CD94+ progeny similar to the

TEMRA founders, but it was distinguished from TSCM founder cells

based on lack of CD127 expression (Figure 5E). These results

again indicate that although founder phenotype generally corre-

lated well with the phenotype of the progeny, there were also ex-

ceptions. More importantly, these findings suggest that hetero-

geneity within the effector populations generated in recall

responses may in part derive from the collective behavior of

different T cell clones, as opposed to any individual memory

T cell possessing pluripotent recall capacity. However, future

studies are needed to examine whether clonally biased recall re-

sponses can be observed in vivo in humans.
Diverse effector CD8+ T cell progeny generated in recall
responses to YFV and influenza antigens are composed
of distinct T cell clones
Recall potential of different human memory T cell subpopula-

tions is commonly studied by in vitro reactivation of sorted bulk

T cell populations. We wanted to address whether effector po-

tential for a memory T cell could be encoded at the level of indi-

vidual clones, rather than within populations of phenotypically

similar cell types. Because we observed that the clonal effector

progeny of single TSCM and TEMRA tended to exhibit distinct pat-

terns of CD62L and CD94 expression in vitro, we reasoned that

we may be able to isolate unique T cell clones from bulk
enotypically distinct effector progeny

18 days, and sorting single cells from each expanded clone for downstream

day 136 overlaid on bulk CD8+ T cells from matched blood, using (B) classical

) UMAP plots depicting bulk CD8+ T cells (gray) and individual sorted TSCM
7� TEMRA (CCR7�CD127�CD57+; red) YFV-specific founder CD8+ T cells from

levels for CCR7, CD127, and CD57 on total CD8+ T cells.

nd PD-1 (effector/activation markers) on expanded T cell clones (B4-H9) from

founder phenotype (B and C).

phases for single cells from each clone (Butler et al., 2018).

lone based on variable genes identified by scRNA-seq from each clone (n = 32–

with (1) TSCM, (2) cytotoxic effectors, and enriched in progeny of (3) TSCM or (4)

proteins that differed between TSCM and TEMRA progeny.
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Figure 5. Individual CD8+ memory T cells give rise to progeny characterized by CD62L or CD94 expression

(A) Schematic illustrating the process for monitoring expansion potential and effector phenotypes for single HLA-A2/NS4B-specific CD8+ memory T cells.

(B) Number of progeny generated from single-cell expansions according to ‘‘founder’’ memory T cell phenotype: TSCM (n = 164, CD45RA+CCR7+CD127+),

CD127+ TEMRA (n = 170, CD45RA+CCR7�CD127�), and CD127� TEMRA (n = 79, CD45RA+CCR7�CD127�). Statistical significance was assessed by a Kruskal-

Wallis test and Dunn’s multiple comparison test.

(C) Surface marker expression profiles of progeny from individual CD8+ YFV-specific memory T cells isolated at day 1,401 post-vaccination and restimulated as

shown in (A). Different expanded clones are labeled above plots and colored according to phenotype: CD94+ progeny (red: A08, F04, D12), CD62L+/�CD94�

progeny (blue: D09, H05, H04, H06), and CD62L�CD94� progeny (green: F02, A04).

(legend continued on next page)
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reactivation assays on the basis of these markers after effector

expansion.

We analyzed bulk CD8+ T cell responses against YFV, influ-

enza, and the chronic viral pathogen cytomegalovirus (CMV).

After 2 weeks of reactivation, we observed expanded, antigen-

specific CD8+ T cells for each viral antigen (Figure S6A). We phe-

notyped the expanded T cell populations for each donor/virus

combination using CD62L and CD94 expression and isolated

triplicates of 50 sorted CellTrace Violet (CTV)�dextramer+

CD8+ T cells from CD62L+CD94� and CD62L�CD94+ subsets

for RNA-seq analysis (Figures 6A and S6B). Comparing gene

expression in CD62L+CD94� versus CD62L�CD94+ CD8+

T cells specific for YFV and influenza revealed a clear segrega-

tion of the two populations across donors and anti-viral

responses (Figure 6B; Table S3). Gene expression differences

were similar, although not identical, to our clonal scRNA-seq ex-

periments, with CD62L+CD94� cells expressing elevated levels

of genes related to homing (GPR15, S1PR1, KLF2) and

CD62L�CD94+ cells expressing elevated levels of effector-asso-

ciated genes (CCL3, CCL4, CCL5, TNF, NKG7) (Figure 6B). In

contrast to the YFV and influenza-specific CD8+ T cells, we de-

tected substantially fewer differences between CD62L+CD94�

and CD62L�CD94+ CMV-specific CD8+ T cells, possibly reflect-

ing a larger overlap in effector identities in the setting of chronic

viral infections (Figure S6C).

To address whether CD62L+CD94� and CD62L�CD94+ cells

among the expanded virus-specific CD8+ T cells had distinct

clonal compositions, we analyzed the distribution of TCRb se-

quences between samples (Figure 6C; Table S5). YFV-specific

responses were characterized by a higher number of unique

clones relative to influenza and CMV specific responses in all do-

nors (Figure 6C). The CD62L+CD94� andCD62L�CD94+ popula-
tions, in both YFV- and influenza-specific effector cells, largely

contained unique and non-overlapping clones (Figure 6D). This

supported our hypothesis that distinct populations of T cell

clones in the memory pool give rise to phenotypically distinct

populations of effector progeny during reactivation. In contrast

to YFV and influenza, CMV responses were characterized by

substantial clonal overlap between the two populations (Fig-

ure 6D), suggesting that chronic antigen exposure may lead to

subclonal diversification and thus increased clonal heterogene-

ity, or possibly promote the differentiation of polyfunctional

clones.

DISCUSSION

In this study, we provide evidence that distinct T cell clones

participate to different extents in the effector and memory phase

of the immune response, at least in the circulating T cell reper-

toire. Combining clonal tracing and transcriptomic analysis we

additionally found that individual clones exhibited skewed differ-

entiation trajectories throughout the response, giving rise to
(D) Expression of CD62L and CD94 on HLA-A2/NS4B-specific CD8+ T cells from

blood mononuclear cells (PBMCs) (right). Bulk PBMC stimulation was done on do

and HLA-A2 dextramer staining.

(E) Expression levels of CCR7, CD45RA, CD127, andCD57 on founder CD8+ T cell

TEMRA give rise to CD94+ progeny.
long-lived memory T cell subsets with different clonal composi-

tions. Finally, we provide evidence that distinct memory T cell

types can give rise to phenotypically distinct effector progeny,

suggesting that the diversification of clones into distinct memory

T cell states likely impacts the clonal contributions to heteroge-

neous recall responses.

Our findings corroborate and build on multiple lines of evi-

dence from fate mapping studies performed in transgenic mice

(Buchholz et al., 2013; Gerlach et al., 2013; Plumlee et al.,

2013), where mouse CD8+ T cells derived from adoptively trans-

ferred single naive OT-1 transgenic CD8+ T cells displayed

biased differentiation patterns with respect to expression of

CD27, CD62L, and KLRG1 after infection in vivo. We extend

these findings to a primary immune response to a live viral vac-

cine in humans, which activates a polyclonal CD8+ T cell popu-

lation, and demonstrate that the biased phenotype of individual

clones extends beyond the expression of a limited set of cell sur-

face markers. By defining clonal T cells at a single-cell level, ac-

cording to transcriptome profiles rather than selected markers,

we could further demonstrate that clones exhibit variable identi-

ties within the continuous distribution of cell states ranging from

TSCM to TEMRA phenotypes (Jameson and Masopust, 2018).

Our findings that clonal diversity decreases from the acute to

memory phase of the response and that clonal size at the acute

phase is negatively associated with persistence as long-lived

memory clones are consistent with results from clonal fate map-

ping in mouse models, where the size of clones observed in the

primary response was not correlated with persistence as long-

lived memory cells (Buchholz et al., 2013; Gerlach et al., 2013;

Grassmann et al., 2020). Focusing of the TCR repertoire has

also been observed in acute to chronic phases of CMV re-

sponses (Day et al., 2007). A recent study tracking changes in

clonal diversity during primary or secondary responses to YFV

vaccination in two donors found that in short-term (18 months)

recall immunity there was a general preservation of overall clonal

richness, but a marked variability with respect to clonal expan-

sions in each response (Minervina et al., 2020). In a second

donor, re-vaccinated 30 years after the primary vaccine, a strik-

ingly lower number of unique clones was observed during recall

responses. Therefore, loss of acutely responding clones and var-

iable participation of acutely responding clones to recall re-

sponses have both been observed. Whether our observations

concerning changes in clonal composition reflect loss of certain

clones, unevenness in the dynamics of clonal expansion and

contraction during the acute andmemory phase of the response,

or clonal differences in migration to tissues throughout the

response, however, remains to be investigated. Given the likely

importance of tissue-resident memory T cells in combatting sec-

ondary infections, this will be important to address in settings

where tissue biopsies can be monitored in parallel.

Studies tracking clonal CD8+ T cell differentiation after adop-

tive transfer have shown that clones adopting a TCM fate divide
nine concatenated clones (left) and after restimulation of 106 total peripheral

nor B for 12 days, and responding cells were identified based on CTV dilution

s depicted in (C) show thatmost TSCM give rise to CD94�CD62L+ progeny, while
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Figure 6. Clonally distinct effector populations emerge upon secondary activation of bulk YFV- and influenza-specific memory CD8+ T cells

(A) Expression of CD62L and CD94 on expanded virus-specific (HLA-A2/virus-dextramer+CTV�) CD8+ T cells 2 weeks after stimulation with YFV, influenza, or

CMV from a single donor (donor I; donors J and D are shown in Figure S6B).

(B) Heatmap depicting differentially expressed genes identified by RNA-seq (adjusted p [padj] < 0.05, log2 fold change > 1) between CD62L+CD94� and

CD62L�CD94+ expanded YFV- and influenza-specific CD8+ T cells from three donors (three replicates with 50 cells each per donor/virus combination). Scale

represents Z score, and virus and donor are depicted in top bars. Euclidean clustering segregates effector T cells on the basis of phenotype, but not on the basis

of donor origin or viral specificity. Heatmap for CMV-specific CD8+ T cells is shown in Figure S6C.

(legend continued on next page)
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slower (Kretschmer et al., 2020), which may explain the appear-

ance of larger TSCM-biased clones in the memory phase of the

YFV response that were not detected in the acute phase of the

response. Given the phenotypic and functional similarities of

TSCM to naive T cells, it is possible that a subset of TSCM may

represent clones that fail to fully undergo differentiation in acute

responses. Inhibition of the mitogen-activated protein kinase

pathway, a key signaling pathway for T cell activation, was

recently shown to favor TSCM differentiation, suggesting that

limited acute activation may lead to clonal skewing toward a

TSCM fate (Verma et al., 2021). Conversely, mouse studies have

shown that repeated vaccinations lead to substantial memory

T cell expansions consisting primarily of TEM, rather than TCM
(Masopust et al., 2006; Vezys et al., 2009). A more detailed anal-

ysis of the efficacy of polarized TCM/SCM versus TEM/EMRA both on

a per cell and population level may help to further elucidate the

efficacy of each for long-term memory immunity and the poten-

tial for additional heterogeneity of TSCM cells with distinct activa-

tion histories.

We observed similar clonal differentiation trajectories for both

HLA-A2- and HLA-B7-restricted YFV-specific CD8+ T cells,

despite an approximately 10-fold difference in the number of

clones participating in the response, arguing that the frequency

of naive precursors does not strongly influence the ability of indi-

vidual clones to adopt a specificmemory fate (Marzo et al., 2005;

Obar et al., 2008). Additionally, we were unable to identify clear

differences in gene expression in CD8+ T cells at day 15 between

clones that subsequently developed into either memory cells

with a clear TSCM or TEMRA phenotype, and as such were not

able to predict the memory fate of acutely responding CD8+

T cells. The observation that many clones had a clear effector

phenotype early in the response, and subsequently transitioned

into a TSCM phenotype in thememory phase of the response (Fig-

ure 3C), is consistent with themodel that human CD8+ TSCM cells

undergo linear differentiation from effector cells (Ahmed et al.,

2009; Akondy et al., 2017; Bannard et al., 2009), but it does

not rule out asymmetric division early in the response as an

explanation for memory formation (Chang et al., 2007; Lin

et al., 2016). Recent evidence in mice suggests that some

long-lived TCM clones undergo limited effector differentiation

during the primary response (Grassmann et al., 2020). We

observed some clones where all cells exhibited high pCM scores

at both acute and memory stages of the response. Thus, our re-

sults are consistent with the existence of multiple modes of

generating long-lived memory T cell subsets.

We focused much of our attention on T cells present in the

memory phase of the response, where we observed less clonal

diversity, more stability of clones between time points, and

more phenotypic heterogeneity according to protein and RNA

expression patterns. In our in vitro recall assays we observed

that individual TSCM may not act as multipotent stem cell-like
(C) Heatmaps depicting distribution of unique TCRb chains in CD62L+CD94� and

RNA-seq replicates. Each row represents a unique TCRb chain. Triplicates wi

abundance in each group.

(D) Distribution of TCRb chains between CD62L+CD94� and CD62L�CD94+ subse
percent of reads found in CD62L+CD94� and CD62L�CD94+ subsets, respectivel
the CD62L+CD94� or the CD62L�CD94+ subsets (black circles) or that are share
cells with the capacity to generate a diverse repertoire of effector

and memory cells upon secondary activation (Fearon et al.,

2001; Gattinoni et al., 2011; Kratchmarov et al., 2018). We

observed that individual TSCM and TEMRA can each produce

thousands of activated progeny upon antigen-specific re-stimu-

lation, all of which exhibit a highly differentiated effector pheno-

type (CD45RA�CCR7�CD127�GZMB+) (Figures 4 and 5), but

they still generated effector cells with distinct gene expression

profiles. Notably, they exhibited limited intra-clonal variability,

suggesting that each cell type gave rise to distinct effector types

that were relatively similar within each clone. This is reminiscent

of findings in hematopoietic stem and progenitor assays, where

phenotypically similar cells transferred in bulk generate hetero-

geneity, while individual cells show more restricted potential to

give rise to mature hematopoietic lineages (Naik et al., 2013;

Weinreb et al., 2020). This suggests that the appearance of plas-

ticity in bulk adoptive transfer studies may in fact reflect the cu-

mulative behaviors of many restricted individual cells, consistent

with observations of distinct patterns of activation after single-

cell adoptive transfer of TCM in mice (Graef et al., 2014). This

observation is not inconsistent with the notion that an individual

T cell clone, defined by all progeny of a single naive T cell, could

give rise to a full range of progeny on reactivation, but argues that

high degrees of plasticity are not likely to be typically encoded in

a single memory T cell.

In our experiments TSCM generally gave rise to effector prog-

eny with higher expression of genes regulating tissue homing,

but lower levels of inflammatory chemokines. In contrast,

TEMRA-derived effectors expressed higher levels of inflammatory

chemokines, e.g., CCL3 and CCL4. A greater understanding of

the roles of TEMRA in vivo will be necessary to define what their

specific roles are in mediating secondary immunity but, given

that they appear poised to express inflammatory chemokines,

it is tempting to speculate that they could serve as ‘‘alarmins’’

in peripheral tissues, which potentially recruit progeny of TSCM
that are thought to be generated in secondary lymphoid tissues.

If this were the case, the fact that TSCM and TEMRA contain clon-

ally distinct populations of T cells may then have implications for

how T cells bearing unique TCRs would have to signal from

different tissues and cooperate to maximize secondary immu-

nity. Such a two-step mechanism could also serve to prevent

potentially harmful autoreactivity caused by a single cross-reac-

tive clone.

In our clonal restimulation experiments we did not observe ev-

idence of TCM- or TSCM-like cells emerging within the 20-day

expansion period after in vitro activation of TSCM clones. This

stands in contrast to bulk in vitro restimulation assays performed

on these cells where non-specific TCR crosslinking has been

used to activate sorted populations of TSCM or TEM/EMRA

that were monitored for proliferative responses (Gattinoni et al.,

2011). We also observed minimal gene expression of the
CD62L�CD94+ populations for each donor/virus combination identified in bulk

th 50 cells for each donor/virus/subpopulation were used to estimate clonal

ts in YFV, influenza, and CMV-responding CD8+ T cells. y and x axes represent

y. Size of circles and percentages represent percent of all clones found in either

d between subsets (blue circles).
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TCM/SCM-associated transcription factor TCF7, which was previ-

ously shown to be retained in a fraction of dividing cells after bulk

activation of naive and TCM cells in vitro as evidence of asym-

metric differentiation driving phenotypic diversity in memory

populations (Kratchmarov et al., 2018). It is possible that our acti-

vating conditions preclude the ability of such cells to persist or

expand; however, the use of antigen-specific stimulation rather

than non-specific TCR crosslinking should in theory represent

a more physiological model system to study this response. An

alternative explanation is that effectors generated after TSCM re-

activation retain epigenetic signatures that allow them to return

to a TSCM state once rested for extended periods after the reso-

lution of the response (Abdelsamed et al., 2017; Youngblood

et al., 2017). Interestingly, LEF1 gene expression was observed

in a fraction of responding cells from each clone (Figure 4G).

Given that LEF1 and TCF7 are typically co-expressed in long-

lived memory cells, this could be early evidence of a re-acquisi-

tion of a quiescent memory state by at least a fraction of effector

cells in our assays (Zhou and Xue, 2012). The fact that some

memory T cells appeared to generate cells that continue to ex-

press CD62L after secondary restimulation is reminiscent of find-

ings in mouse models demonstrating that TCM reacquire CD62L

expression after secondary and tertiary infections, possibly re-

flecting an early re-adoption of a TCM/SCM phenotype (Gerlach

et al., 2016).

The observation that some TSCM behaved more similarly to

TEMRA in our reactivation assays, despite clearly expressing

CCR7 protein, while some TEMRA behaved as TSCM-like cells,

highlights that CCR7 expression alone does not always predict

the quality of secondary recall responses at the clonal level.

This is supported by a study in mice that observed heterogeneity

in recall responses after transfer of purified TCM or TEM, despite a

clear bias for TCM to have greater expansion potential and persis-

tence overall (Graef et al., 2014). In general, the presence of cells

with distinct fates within these phenotypically defined popula-

tions would support the observation that adoptive transfer of

sort-purified memory subsets yields varying degrees plasticity

within responding T cells. Focusing future efforts on tracking

the fate and function of T cells at the clonal level should help to

better define the mechanisms determining the generation of

memory T cell diversity, and perhaps more importantly how

distinct clonal identities impact the quality of secondary immune

responses, which may guide the development of new vaccines

and adoptive transfer strategies.
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Functional properties and lineage relationship of CD8+ T cell subsets identified

by expression of IL-7 receptor a and CD62L. J. Immunol. 175, 4686–4696.

Bannard, O., Kraman, M., and Fearon, D.T. (2009). Secondary replicative func-

tion of CD8+ T cells that had developed an effector phenotype. Science 323,

505–509.

Baron, V., Bouneaud, C., Cumano, A., Lim, A., Arstila, T.P., Kourilsky, P., Fer-

radini, L., and Pannetier, C. (2003). The repertoires of circulating human CD8+

central and effector memory T cell subsets are largely distinct. Immunity 18,

193–204.

Becattini, S., Latorre, D., Mele, F., Foglierini, M., De Gregorio, C., Cassotta, A.,

Fernandez, B., Kelderman, S., Schumacher, T.N., Corti, D., et al. (2015). T cell

immunity. Functional heterogeneity of human memory CD4+ T cell clones

primed by pathogens or vaccines. Science 347, 400–406.

Becht, E., McInnes, L., Healy, J., Dutertre, C.A., Kwok, I.W.H., Ng, L.G., Gin-

houx, F., and Newell, E.W. (2019). Dimensionality reduction for visualizing sin-

gle-cell data using UMAP. Nat. Biotechnol. 37, 38–44.

Balazs, A.B., Tsai, J.M., and Baltimore, D. (2013). Isolation of unknown rear-

ranged T-cell receptors from single cells. US patent US8497071 B2, filed

June 28, 2010, and granted July 30, 2013.

Benjamin, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a

practical and powerful approach tomultiple testing. J. R. Stat. Soc. Ser. A Stat.

Soc. 57, 289–300.

Blom, K., Braun, M., Ivarsson, M.A., Gonzalez, V.D., Falconer, K., Moll, M.,
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Antibodies

Anti- Human CD3e A700 BD Biosciences Clone UCHT1, RRID:AB_396952

Anti- Human CD3e BUV805 BD Biosciences Clone SK7, RRID:AB_2870181

Anti-Human CD3e PE-Cy5 BD Biosciences Clone UCHT1, RRID:AB_395741

Anti- Human CD4 PE-Cy5 BD Biosciences Clone SK3, RRID:AB_2833103

Anti- Human CD4 BUV615 BD Biosciences Clone SK3, RRID:AB_2870258

Anti- Human CD8a APC-Cy7 BD Biosciences Clone SK1, RRID:AB_396892

Anti- Human CD8a BV570 BioLegend Clone RPA-T8, RRID:AB_2563213

Anti- Human CD14 V500 BD Biosciences Clone M4P9, RRID:AB_2737727

Anti- Human CD16 BUV496 BD Biosciences Clone 3G2, RRID:AB_2870224

Anti- Human CD19 V500 BD Biosciences Clone HIB19, RRID:AB_10562391

Anti- Human CD27 BV786 BD Biosciences Clone L128, RRID:AB_2744353

Anti- Human CD27 BV750 BioLegend Clone O323, RRID:AB_2810436

Anti- Human CD45RA PE-CF594 BD Biosciences Clone HI100, RRID:AB_11154413

Anti- Human CD45RA BUV563 BD Biosciences Clone HI100, RRID:AB_2870211

Anti- Human CD49f BV650 BD Biosciences Clone GoH3, RRID:AB_2744415

Anti- Human CD57 FITC BD Biosciences Clone NK1, RRID:AB_395986

Anti- Human CD57 BV605 BioLegend Clone QA17A04, RRID:AB_2728426

Anti- Human CD62L (L-Selectin) BV650 BioLegend Clone DREG-56, RRID:AB_2563821

Anti- Human CD94 (KLRD1) PE BioLegend Clone DX22, RRID:AB_314536

Anti- Human CD94 (KLRD1) PE-Cy7 BioLegend Clone DX22, RRID:AB_2632753

Anti- Human CD127 PE-Cy7 BeckmanCoulter Clone R34.34, RRID:AB_2833031

Anti- Human CD127 BV711 BioLegend Clone A019D5, RRID:AB_2562908

Anti- Human CD184 (CXCR4) PE-Cy5 BioLegend Clone 12G5, RRID:AB_314614

Anti- Human CD197 (CCR7) BV421 BD Biosciences Clone 150503, RRID:AB_2728119

Anti- Human CD279 (PD-1) BV711 BD Biosciences Clone EH12.1, RRID:AB_2738543

Anti- Human Ki67 BV786 BD Biosciences Clone B56, RRID:AB_2732007

Anti- Human Granzyme A A700 BioLegend Clone CB9, RRID:AB_961343

Anti- Human Granzyme B PE-CF594 BD Biosciences Clone GB11, RRID:AB_2737618

Anti- Human TCF-1 PE BioLegend Clone 7F11A10, RRID:AB_2728492

Anti- Human LEF1 A488 Cell Signaling Technology Clone C12A5, RRID:AB_10949502

Chemicals, peptides, and recombinant proteins

HLA-A*0201-NLVPMVATV-FITC Dextramer

(CMV)

Immudex WB2132

HLA-A*0201-GILGFVFTL-APC Dextramer

(FLU)

Immudex WB2161

HLA-A*0201-LLWNGPMAV-APC

Dextramer (YFV, HLA-A2/NS4B)

Immudex WB3584

HLA-B*0702/RPIDDRFGL-APC Dextramer

(YFV, HLA-B7/NS5)

Immudex custom order

Recombinant Tn5 Transposase Produced in house by Sandberg Lab N/A

Peptide: LLWNGPMAV (HLA-A2/NS4B) JPT Peptide Technologies SP-MHCI-0063

Peptide: GILGFVFVTL (HLA-A2/Flu M1) JPT Peptide Technologies SP-MHCI-0004

Peptide: NLVPMVATV (HLA-A2/CMV pp65) JPT Peptide Technologies SP-MHCI-0005

CellTrace Violet (CTV) cell proliferation kit Invitrogen C34557

(Continued on next page)
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Recombinant human IL-2 Peprtotech 200-02

Lymphoprep Stem Cell Technologies 07851

Recombinant RNase Inhibitor Takara 2313B

Triton X-100 Sigma-Aldrich T9284

dNTP mix (10mM) Thermo-Fisher R0192

Agencourt Ampure XP Beads BeckmanCoulter A63881

EDTA (0.5M) Thermo-Fisher AM9261

Sodium Dodecyl sulfate 20% Thermo-Fisher AM9820

TE Buffer (pH 8.0) RNase Free Thermo-Fisher AM9849

Recombinant Phi29 DNA Polymerase Lucigen No Longer Produced

Phi29 DNA Polymerase Thermo-Fisher EP0094

Deposited data

TCR Sequencing FASTQ Files N/A N/A

Single Cell RNaseq Datasets N/A N/A

Bulk RNaseq Datasets N/A N/A

Critical commercial assays

CD8 T cell Negative Selection Kit (Human) Miltenyi Biotec 130-096-495

KAPA Hotstart Ready Mix Roche KK2602

KAPA HiFi Polymerase Roche KK2102

Oligonucleotides

Template Switching Oligonucleotide (TSO)

50 AAGCAGTGGTATCAACGCAGA

GTACATrGrG+G 30

Exiqon Picelli et al., 2013

Nextera XT 24-index kit, 96 samples Illumina FC-131-1001

ISPCR Primer

50AAGCAGTGGTATCAACGCAGAGT 30
IDT Picelli et al., 2013

Oligo dT30VN 50

AAGCAGTGGTATCAACGCAGA

GTACT30VN 30

IDT Picelli et al., 2013

TCR Sequencing Primers IDT Hård et al., 2019

Random Hexamer (30 phosphorothioated)
50 NpNpNpSNpSN 30

IDT N/A

Software and algorithms

Salmon Light Weight Mapping Algorithm Patro et al., 2017 https://combine-lab.github.io/salmon/

CutAdapt (v1.14) Martin, 2011 https://cutadapt.readthedocs.io/en/stable/

guide.html

UrQt Modolo and Lerat, 2015 https://github.com/l-modolo/UrQt

FASTX-Tookit http://hannonlab.cshl.edu/fastx_toolkit/

ImMunoGeneTics information system

(IMGT)

Lefranc et al., 2015 http://www.imgt.org

Limma Ritchie et al., 2015 https://www.bioconductor.org/packages/

devel/bioc/vignettes/limma/inst/doc/

usersguide.pdf

Sparse Partial Least-squares Analysis Durif et al., 2018 https://gdurif.perso.math.cnrs.fr/tags/

sparse-pls/

R studio (v1.20) R Core Team https://www.R-project.org/

Seurat R package (v2.3.4) Butler et al., 2018 https://satijalab.org/seurat/

Vegan R package Dixon, 2003 https://www.rdocumentation.org/

packages/vegan/versions/2.4-2

(Continued on next page)
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DeSeq2 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

MiXCR Bolotin et al., 2015 https://mixcr.readthedocs.io/en/master/

Link to Relevant Custom Code N/A https://gitbio.ens-lyon.fr/lmodolo/

yellow_fever
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and can be fulfilled by the Lead Contact, Jakob

Michaëlsson (jakob.michaelsson@ki.se).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Custom R scripts relating to PLS and Diversity analysis are deposited at: https://gitbio.ens-lyon.fr/lmodolo/yellow_fever.

The sequencing data reported in this paper is deposited on a secure Swedish server (https://doi.org/10.17044/scilifelab.

14376104). Data access requests may be submitted to the Science for Life Laboratory Data Centre through the DOI link.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human volunteers were identified from an ongoing study examining the longitudinal immune response to yellow fever vaccine YFV-

17D (approved by the Regional Ethical Review Board in Stockholm, Sweden: 2008/1881-31/4, 2013/216-32, and 2014/1890-32).

Informed consent was obtained from all subjects prior to study start. Two subjects (Donor ‘A’ (male, 32 years), Donor ‘B’ (female,

33 years)) were selected for scRNA-seq analysis on the basis of being positive for both HLA-A2 and HLA-B7 and having T cell re-

sponses against two yellow fever virus epitopes (HLA-A2/LLWNGPMAV and HLA-B7/RPIDDRFGL) presented on the respective

HLA types. Peripheral blood was collected at days 15, 136, and 593 after vaccination for Donor ‘A’ and days 10, 15, 30, 90, 148

and 1401 for Donor B. For experiments using DNA amplification and TCR sequencing from single cell libraries Donor ‘B’ was

used as well as additional donors (Donor ‘C’ (female, 28 years) and ‘D’ (male, 25 years)) with time points at days 15 and 90 for Donor

‘C’ and days 15, 90 and 720 for Donor ‘D’. Phenotyping based on flow cytometry was performed on an additional set of donors (Donor

‘E’ (male, 38 years), Donor ‘F’ (male, 36 years), and Donor ‘G’ (female, 25 years)) at days 15 and 90. Viral restimulation assays were

performed using donors Donor ‘D’, Donor ‘I’ (female, 23 years), and Donor ‘J’ (male, 44 years) and bulk RNA-seq was used to classify

cell types. In all cases, peripheral blood mononuclear cells (PBMCs) were isolated by density centrifugation (Lymphoprep, StemCell

Technologies, Inc., 07801) and stored in liquid nitrogen in 90% FCS and 10% DMSO until sorting. The number of cells used for TCR

sequencing ex vivo are summarized in Table 1.

METHOD DETAILS

Flow cytometry
For all analysis of ex vivoCD8+ T cells, cryopreserved PBMCwere used for flow cytometry analysis. PBMCwere thawed at 37�C and

washed in FACS buffer (PBS with 2% fetal bovine serum and 2mM EDTA). Prior to staining and sorting CD8+ T cells were first en-

riched by negative isolation of CD8+ T cells by magnetic microbeads (Miltenyi). For index sorting of YFV-specific CD8+ T cells, iso-

lated CD8+ T cells were first stained with HLA-A2/YFV NS4B LLW- or HLA-B7/YF NS5 RPI -dextramer APC (Immudex) for 15 min on

ice and subsequently stained with CCR7 BV421 (clone 150503), CD14 V500 (clone M4P9), CD19 V500 (clone HIB19), CD27 BV786

(clone L128), CD3 Alexa700 (clone UCHT1), CD4 PE-Cy5 (clone SK3), CD45RA PE-CF594 (clone HI100), CD49f BV650 (clone GoH3),

CD57 FITC (clone NK1), CD8a APC-Cy7 (clone SK1), CD95 PE (clone DX2), PD1 BV711 (clone EH12.1) (all from BD Biosciences),

CD127 PE-Cy7 (clone R34.34, BeckmanCoulter), and Live/Dead fixable Aqua (ThermoFisher). After staining, the cells were washed

twice and used for index-sorting as detailed below. For sorting of in vitro expanded single CD8+ T cell clones, cells were stained with

the same antibody panel as above.

For the extended phenotyping of YFV-specific CD8+ T cells (shown in Figures 2A, 2B, and S2) thawed PBMC from donors E, F, and

G were stained with HLA-A2/YFV- or HLA-B7/YFV-dextramer APC for 15 min on ice, and subsequently cell surface stained with the

following antibodies: CD16 BUV495 (clone 3G2), CD45RA BUV563 (clone HI100), (all from BD Biosciences), CD127 BV711 (clone

A019D5), CD27 BV750 (clone O323), CD57 BV605 (clone QA17A04), CD8 BV570 (clone RPA-T8), CD94 PE-Cy7 (clone DX22),
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CXCR4 PE-Cy5 (clone 12G5), KLRG1 APC-Fire750 (cloneSA231A2) (all from BioLegend), and Live/Dead fixable Aqua (Thermo-

Fisher). Subsequently, the cells were washed twice in FACS wash, fixed and permeabilized using BD transcription factor kit (BD

Bioscience) and stained with CD3 BUV805 (clone SK7), CD4 BUV615 (clone SK3), Granzyme B PE-CF594 (clone GB11), Ki67

BV786 (clone B56) (all from BD Biosciences), Granzyme A Alexa700 (clone CB9), TCF-1 PE (clone 7F11A10) (both from BioLegend),

and LEF-1 Alexa488 (clone C12A5, Cell Signaling Technology). After washing twice in permeabilization buffer (BD Biosciences), the

cells were resuspended in FACS buffer and analyzed on a FACSymphony (BD Biosciences).

For sorting of CMV-, Flu-, and YFV-specific CD8+ T cells (Figure 5), stimulated PBMC were stained with HLA-A2/CMV-dextramer

FITC, HLA-A2/Influenza-dextramer APC, or HLA-A2/YFV-dextramer APC for 15min on ice, prior to staining with CD14 V500 (clone

M4P9), CD19 V500 (clone HIB19), CD27 BV786 (clone L128), CD3e PE-Cy5 (clone UCHT1), CD8a APC-Cy7 (clone SK1), PD1 BV711

(clone EH12.1) (all from BD Biosciences), CD57 BV605 (clone QA17A04), CD62L BV650 (clone DREG-56), CD94 PE (clone DX22) (all

from BioLegend), CD45RA PE-Cy5.5 (MEM-56, ThermoFisher), and Live/Dead fixable Aqua (ThermoFisher).

Flow cytometry data were analyzed using FlowJo (v10, FlowJo) using regular bi-variate gating. UMAP-analysis was performed in

FlowJo v. 10.5.3. In Figures 2A, 2B, and S2B, 8000 bulk CD8+ T cells and 2400 YFV-specific CD8+ T cells collected at day 15 and 90

after vaccination were used for the UMAP analysis based on expression of CCR7, CD16, CD27, CD45RA, CD57, CD94, CD127,

CXCR4, granzyme A, granzyme B, KLRG1, LEF-1, and TCF-1. In Figure 4C, UMAP analysis was based on expression of CCR7,

CD27, CD45RA, CD57, CD95, CD127, and PD-1.

Index sorting and single-cell RNA-Seq
Cryopreserved PBMC isolated from donors at different time points post-vaccination were stained as described above (Flow cytom-

etry). For sorting, single live CD14�CD19�CD3+CD8+Dextramer/YFV+ cells were index-sorted in single-cell mode on a BD FACS Aria

III (BD Biosciences). All other parameters (CD57, CD95, CD45RA, CD127, CD27, CCR7, CD49f) were also recorded for each sorted

cell. Cells were sorted into 96-well V-bottom plates (Thermo) containing lysis buffer (0.1%Triton X-100, 2.5mM dNTP, 2.5uM Oligo-

dT, 0.1U RNase inhibitor (Takara)) and immediately stored on dry ice or transferred to a �80�C freezer for long-term storage. Single

cell RNA-seq was performed using the Smart-Seq2 protocol as described previously (Picelli et al., 2013). 24 cycles of amplification

were used to account for the low RNA content of single lymphocytes. Final libraries containing 96-individually indexed cells were

generated based on a custom version of the Nextera XT protocol using an in house Tn5 transposase (Picelli et al., 2014) and

were sequenced to high depth (Table S1) on an Illumina HiSeq2000 on high output mode (Illumina).

Single T cell multiple displacement amplification (MDA)
Cryopreserved PBMC isolated from donors at different time points post-vaccination were thawed at 37�C and washed in FACS

buffer. The cell pellet was re-suspended in FACS buffer containing antibodies for CD3E, CD8A, and HLA-A2/YFV- or HLA-B7/YF-

dextramer APC. After a 30-minute incubation cells were washed and sorted by FACS on an Influx using index sort mode (BD Bio-

sciences). Single YFV-specific CD8+ T cells were sorted into 96-well v-bottom plates (as for scRNA-seq) containing a lysis buffer

(200mM KOH, 4mM EDTA, 40mM DTT) and immediately transferred to ice for 10-minutes after which a neutralization buffer

(400mM HCL, 600mM Tris-HCL pH 7.5) was added followed by an additional 10-minute incubation on ice as previously described

(Evrony et al., 2012). MDAwas carried out by adding a prepared cocktail containing Phi29 polymerase [Final concentration: 2U Phi29

(epicenter), 50 mM random hexamer primers (IDT), 2mM dNTP, 1x Phi29 reaction buffer (epicenter)] and incubating plates at 30�C for

6-10 hours followed by a 65�C incubation for 3 minutes to terminate the reaction. Random samples were screened to determine suc-

cessful reactions using a Qubit to detect dsDNA concentration (BR Kit, ThermoFisher). Plates were subsequently stored at�20�C for

downstream screening. In some cases plates were stored at �80�C after neutralization until reactions could be performed.

Amplification of TCR b chains from scMDA libraries
Approximately 100ng of amplified DNA was used to amplify TCRb-chains from single T cell MDA libraries as previously described

(Benjamin Balazs, 2013; Hård et al., 2019). Briefly, a two-step (nested) PCR was used to generate amplicons of approximately

300-400bp in length in which the 30 end represented the junctional region (J segments) of the TCR adjacent to the complementary

determining region (CDR). Primers used for the second PCR contained handles for downstream indexing steps (Hård et al., 2019). A

third PCR was then used to index individual samples corresponding to wells (1-96) of the 96-well plate to which the single cells were

originally sorted. After indexing samples were pooled (each plate into a single sample) and a second indexing step was performed

during the addition of Illumina sequencing handles (TruSeq protocol). Primers used for the initial amplification steps were adapted

from a published source (Benjamin Balazs, 2013). A summary of detected TCRs can be found in Table S1.

In vitro restimulation assays for single-cell responses
Cryopreserved peripheral blood samples from donor Donor A were washed and total CD8+ T cells were processed as described for

single cell RNA-seq and in a previous publication (Reinius et al., 2016). Index sorting was also performed based on the same antibody

panel and protocol described for single cell RNA-seq. Single live CD8+CD3+HLA-A2/YFV-dextramer+ cells were sorted directly into

96 well U-bottom plates containing 2 mg/ml peptide (LLWNGPMAV), 20U/ml IL-2, and 50.000 irradiated (40Gy) CD3-depleted autol-

ogous PBMCs in T cell media (RPMI1640 with 10% heat inactivated human AB sera, 1mM sodium pyruvate, 10mMHEPES, 50 mM2-

mercaptoethanol, 1mM L-glutamine, 100U/ml penicillin and 50 mg/ml streptomycin) and were cultured for 18 days. Every 4–5 days
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half of the media was replaced with fresh T cell media containing 50U/ml IL-2 and 2 mg/ml peptide, and the wells were visually in-

spected for proliferation. After 18 days, nine expanded clones were selected for single-cell sorting for RNA-seq based on the pres-

ence of sufficient cell numbers (> 100) and no evidence of contaminating cells (all live cells were CD8+ and bound the HLA-A2/NS4B

dextramer). Single-cell RNA-seq libraries were generated as described above for the in vivo studies on YFV-specific CD8+ T cells. A

list of TCRs detected, as well as cell surface protein index data can be found in Table S1 (Index scRNaseq Data tab).

Bulk virus stimulation assays
Cryopreserved PBMC from 3 individual donors (Donors D, I, J) previously vaccinated against yellow fever virus, all of which also had

detectable HLA-A2-restricted responses to Influenza virus, and two of which had detectable responses to CMV, were thawed and

resuspended in PBS. The cells were subsequently labeled with 2 mMCellTrace Violet (CTV) (Invitrogen) to allow tracking cell division.

After labeling the cells were washed and re-suspended in T cell media. 106 cells/well were cultured in T cell media supplemented with

50U/ml recombinant human IL-2 and 250ng/ml peptide (LLWNGPMAV (YFV HLA-A2), GILGFVFVTL (Flu HLA-A2), or NLVPMVATV

(CMV HLA-A2)) for 7 days, after which the mediumwas replaced with fresh T cell media supplemented with 50U IL-2/ml and the cells

were cultured for an additional 7 days. After stimulation, the cells were harvested and stained as described above (Flow cytometry).

Subsequently the cells were washed twice in FACS buffer and sorted on a BD ARIA III (BD Bioscience). For sorting, live, single,

CD3+CD8+Dextramer+ cells were sorted into CD62L+CD94� and CD62L�CD94+ subsets. For each donor, virus and population 50

cells were sorted into 96-well plates for RNaseq analysis as described above.

Bulk RNA-seq
Bulk RNA-seq was performed using the Smart-Seq2 protocol modified to accommodate larger amounts of RNA. Modifications

included increasing the amount of strand-switch primer used for cDNA library generation (30 mM) and decreasing the cycles for ampli-

fication of cDNA (18 cycles). 50 cells were sorted into 96-well plates and the smart-seq2 protocol was carried out with the aforemen-

tioned modifications.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sequencing TCR b chains from scMDA libraries
Pooled libraries were sequenced on aMiSeq (Illumina). After demultiplexing of Illumina sample indexes, the reverse read (R2, 150ba-

ses) Fastq file was converted to Fasta format. Identical sequences were clustered using the FASTX-Toolkit (http://hannonlab.cshl.

edu/fastx_toolkit/) FASTA Collapser. Then sequences were sorted by our 96-well indexes using the FASTX barcode splitter, and

the first 44 bases were finally trimmed off using the FASTA trimmer to facilitate downstream sequence analysis. Accurate assignment

of individual TCRb-chains to single cells was accomplished by first identifying the top sequences with counts above background

levels (determined by examining count frequencies in 0 cell wells or wells in which no PCR product was observed). These sequences

were then submitted to the International ImMunoGeneTics (IMGT) TCR sequence identifying platform (Lefranc et al., 2015) and pro-

ductive or consistently observed unproductive TCR beta chains were assigned to individual cells. For Donor B one set of samples

(P11259) was sequenced using 2x300bp sequencing and these samples were analyzed directly by MIXCR and top hits were

screened and selected using a similar threshold (Bolotin et al., 2015). Unproductive sequences that consistently occurred were

screened by performing BLAST searches and excluded if they matched known genomic regions outside of the TCR locus.

Single-cell RNA-seq mapping
Following sequencing and demultiplexing, read pairs were trimmed from Illumina adapters using Cutadapt (version 1.14) (Martin,

2011), and UrQt was used to trim all bases with a phred quality score below 20 (Modolo and Lerat, 2015). Read pairs were subse-

quently aligned to the protein coding sequences of the human transcriptome (gencode.v26.pc_transcripts.fa) using Salmon (version

0.8.2) (Patro et al., 2017), and gene annotation using gencode.v26.annotation.gtf. MIXCR was used to determine TCRa- and

b-chains.

Single-cell RNA-seq normalization and batch correction
For Donor A we filtered poor quality libraries using an approach similar to that described in Shalek et al. (2014). Briefly we applied the

SVM-bagging algorithm to all cells comparing blank libraries (libraries generated from 0 cell wells) to all single cell libraries using the R

package e1071 (https://cran.r-project.org/web/packages/e1071/index.html). Under the hypothesis that each random sub-sample

should contain few cells looking like blanks, we classify each time the full dataset from the fitted SVM and record the results. We

can then compute the probability of a given single cell library to look like 0 cell libraries from the number of times that it has been

classified as such. Finally, we ran a last SVM classification trained on the 25% of cells with the highest and 25% of the cells with

the lowest probability of looking like a blank to label the cells. With less cells for the female donor in vivo data, and for the in vitro

data, we used the SVM model fitted on the male donor to classify these cells.

All cells determined to be of poor quality by this procedure were removed from downstream analysis. Normalization across wells

was performed using the SCnorm procedure (Bacher et al., 2017). We processed each time-point independently to avoid removing

any day specific effect. Counts obtained after normalization were used for downstream analysis.
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For visualization we used Combat to remove batch effect (Leek et al., 2012).

Classifier approach for assigning probability of a single cell being a ‘‘centralmemory’’ cell (pCM) based on protein and
transcriptome analysis
Human T cells appear to undergo high rates of transcriptional bursting as previously judged by the fraction (approximately 80%) of

genes which are expressed in a mono-allelic pattern, leading to a substantial fraction of zeros in single cell RNaseq datasets compli-

cating downstream analysis (Reinius et al., 2016). This limits the ability to perform clustering and classification of single cells using

conventional approaches. In recent publications this has been circumvented by the creation of ‘meta-cells’ that compile average

gene expression for cells that cluster in close proximity according to standard methods (Li et al., 2019; van Dijk et al., 2018).

To overcome this barrier and avoid averaging unrelated clones, we adopted a semi-supervised approach to rank cells based on

similarity. To classify the cells, we started with a manual classification of donor Donor A in vivo cells. This classification was con-

structed manually based on high or low CCR7 protein expression and identified 101 CCR7+ memory cells and 101 CCR7� effector

cells. Our goal was to extend this typology to all the in vivo cells and not just extreme CCR7 phenotypes. For this we trained a logistic

PLSmodel with a sparsity constraint on themanually annotated cells. For computational reasons we could not train our model on the

full scRNA-seq dataset. To circumvent this problem, we build a first model on a reduced set of markers, then we used this model to

detect differentially expressed genes between the two predicted groups by this first model and trained our final model on the differ-

entially expressed genes (see Figure S3B for example of manual and PLS-based selection of CCR7+ and CCR7� cells in each time

point). We trained our first model using the following factors:

d GNLY, GZMH, CCL4, KLRD1, GZMB and ZEB2 as typical effector/effector memory T cell genes.

d LTB, TCF7, CCR7, GZMK and SELL as typical central memory T cell genes.

d The cell surface proteins CCR7 and CD127 as central memory T cell markers.

This procedure is described in detail in Durif et al. (2018). The sparsity constraint selected the cell surface proteins CCR7 and

CD127, and the gene CCL4 as sufficient markers for this classification.

We used this initial PLS model on the complete Donor A day 15, 136 and 593 datasets to produce a first classification of cells into

memory or effector type. This classification was built on the full Donor A dataset, crossing different batches and time-points, to try to

extract a memory signature independent of these two factors.

We then performed a differential expression analysis between the two predicted cell types while accounting for batch and day ef-

fects (Table S3). The following procedure describes the way we conducted differential expression analysis throughout the study: We

place ourselves in the framework of the generalized linear model with over-dispersed count distributions. We tested each gene for

zero-inflation with the Vuong test (Vuong, 1989) to compare a zero-inflated Negative Binomial model to a Negative Binomial model of

the count distribution. In case of zero-inflation the gene expression profile between cell typeswasmodeledwith a zero-inflated Nega-

tive Binomial distribution or a Negative Binomial distribution using the R package glmmTBM (https://github.com/glmmTMB/

glmmTMB). Then, we used a likelihood ratio test with the R package lmtest (https://CRAN.R-project.org/package=lmtest) between

the model accounting for cell type, batch and day effect and the model only accounting for batch and day effect, for each gene. To

account for the large number of batches, we used the generalized linear model framework withmixed effect tomodel the batch effect

as a mixed effect (Fournier et al., 2012; Skaug et al., 2016).

We then used the 322 differentially expressed genes (FDR%0:05) (Benjamin and Hochberg, 1995), in addition to the 11 genes used

before identify a memory signature only relying on scRNA-seq data (without using CCR7 protein expression) (Table S3). To achieve

this goal, we fit a second logistic PLSmodel with a sparsity constraint on these factors and themanually annotated cells. The sparsity

constraint selected the genes ABI3, CD8A, COTL1, FOXP1, HNRNPA1, LTB, NUCB2, GNLY, GZMH, CCL4, KLRD1, GZMB, ZEB2,

TCF7, CCR7, GZMK and SELL as sufficient for this classification. We used this model on donor A in vivo dataset to compute our final

classification. In addition of using the binary memory or effector classification, we also used the probability of being in the memory

group (pCM-score) throughout the paper, which is a byproduct of modeling the two groups with a logistic distribution. This memory

probability also contains information when studying cells of intermediary expression type, which allowed us to rank all cells.

For quality filtering we used the second logistic PLS model fitted on donor A in vivo data to classify donor B in vivo data.

The final list of genes differentially expressed between cell-types was computed using the same likelihood ratio tests as before. For

each time-point, we compared amodel accounting for thememory probability as a continuous factor and the batch effect as amixed

effect only impacting batch differences.

Analysis of single-cell data based on cell type
For ‘training plate’ data on sorted CD8+ T cells based on cell type in Figure S6 the following analysis was done. We selected 2580

genes based on differential expression analysis performed at each time-point on Donor A YFV-specific cells according to scRNaseq

based on effector and central memory (CCR7+) differences (FDR % 0.05). The genes were further filtered to keep only genes ex-

pressed in more than 20% of the cells in the training dataset (429 genes). We then performed a PCA on the scaled and anscomb

transformed reads counts for the single-cell training dataset. We transformed the bulk training dataset in the same fashion and pro-

jected them on the single-cell PCA.
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For the heatmap in Figure S6 we scored cells from the training plate using the second logistic PLS model from the donor A YFV-

specific CD8+ T cells.

In vitro clonal single-cell RNA-Seq analysis
Single cell RNaseq data from Figures 4 and S5 were analyzed using Seurat R package (v2.3.4) (Butler et al., 2018). First, we removed

two cells based on the low number of unique genes recorded (i.e., less than 3 standard deviations from the mean). Counts for the

remaining 359 cells were normalized for sequencing depth, log-transformed, and scaled to a constant factor of 10,000. Next, using

a mean variability plot, we identified the top 6,456 highly variable genes (HVGs), which were used for downstream principal compo-

nent analysis (PCA). We further ran Seurat’s CellCycleScoring function to produce a cell cycle phase score based on normalized

expression of canonical markers of S and G2M phases, and combined these to define an average cell cycle score.

We then ran differential expression analysis (DEA) to compare gene expression profiles of cells originating from CCR7+IL7R+ SCM

founder cells (clones H2, E4, and B4) or CD57+ EMRA founder cells (clones G8, F3, and H9). For the purpose, we used Wilcoxon’s

rank sum test followed by Bonferroni’s correction for multiple testing and identified 154 differentially expressed genes (DEGs,

adjusted p value < 0.05).

After regressing out the effect of cell cycle, we performed a second PCA, and identified relevant principal components (PC) to use

for subsequent non-linear dimensionality reduction. We ran diffusion map using destiny R package (v2.12.0) (Angerer et al., 2016),

considering previously identified DEGs (n = 154) and top 14 PCs. The first dimension on our diffusion map (DM1) effectively ordered

cells along a SCM to EMRA continuum and was therefore used to assign a score to each cell in the dataset.

GeneOntology Biological Process was used as an ontology source to generate lists of enriched terms based on genes contributing

significantly to DM1.

Bulk RNA-Seq analysis
DeSeq2 was used to analyze bulk RNA-seq data in R studio version 1.20 (Love et al., 2014). Briefly, raw count values were used as

input into deSeq2, and variance stabilizing transformation was used to transform data. Data were donor normalized using Limma

(Ritchie et al., 2015). A cut-off of > 50 total counts among all samples was used to filter out low expressed genes. Genes with an

adjusted p value < 0.01 and an absolute log2-fold change greater than 1 were considered as differentially expressed between paired

samples of CD62L+CD94� and CD62L�CD94+ cells. Heatmaps of gene expression were generated using Pheatmap in R.

TCRa� and b-chains were identified in bulk RNA-seq data using the MIXCR software package (Bolotin et al., 2015). To exclude

TCR sequences which represent mapping artifacts, caused by inappropriate classification of alternative transcripts in Bulk RNa-

seq datasets as TCRs, we first removed any TCR sequence that was found in wells stimulated by different viral epitopes, as it

would be unlikely that a cross reactive TCR would exist for two unrelated viral peptides. We used TCRb-chains to define individual

clones although our final data includes information on both chains of the receptor. An unfiltered list of all TCR sequences identified

by MIXCR is included (Table S5). Relative amounts of TCRb�chain sequences obtained for each replicate sample were deter-

mined by taking the sum of all counts for a given TCR within a single donor/virus combination and then calculating the frequency

of counts observed in each sample relative to the total counts. In order to visualize differences between CD94+CD62L� and

CD94�CD62L+ subsets, samples were sorted based on abundance of a given TCR observed within each group relative to the

other group.

Ecological analysis of longitudinal clonal information in Figure 1
We studied the evolution of the clonal diversity through time for each donor and antigen. We assigned the cells to clones based on

shared TCRb chain sequences (or both TCRa and b for RNaseq). Single T cells expressing a TCRb-chain not detected in any other

cells were assigned as an individual clone. We then computed the size of each clone at each time point.

Estimating the clonal diversity is similar to estimating species diversity in ecology. Thus, considering different clones as different

species, we computed the Fisher alpha coefficient of each sample. Wemade the computation in R, with the fisher.alpha function for

the R package vegan, for each time-point (Dixon, 2003; Fisher et al., 1943). The Fisher alpha coefficient can be seen as a measure of

biodiversity allowing us to compare the clonal diversity between time-point (31).

To evaluate the effect of the sample size on the number of clones detected we performed a bootstrap subsampling experiment. For

this analysis we identifed each sample as a specific donor/antigen/time point combination.We then drew cells with replacement from

each sample data. We drew 1000 of these samples for each number of cells between 20 and up to the highest number of cells across

samples for an antigen and donor. We then computed the number of clones detected in each bootstrap draw. The loess regression of

the bootstrapped number of detected clone for each sampling day is represented in each figure as a smooth black line and the

colored ribbon represents the 90% confidence interval.

The Fisher’s alpha index is a tool to measure the diversity within a population. It’s a parametric diversity index which assumes that

the distribution of clone abundance follows a log distribution. We identified the Fisher’s alpha indexes as a scale independent indi-

cator of diversity as the loess regression are straight line. Therefore we chose the Fisher’s alpha index to test if we can detect a sig-

nificant decrease in clonal diversity between early and late (after day 15) time point. For this we pooled the cell information across

sampling day within each donor and antigen. We used these two groups of cells for each donor and antigen to draw 10000 bootstrap

sample, of size the lowest number of cells between the early and late group. We then computed the Fisher’s alpha index for each of
e7 Cell Reports 35, 109174, May 25, 2021
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the draw. We computed a 3-way ANOVA on the Fisher’s alpha indexes, to test for time differences while accounting for donor and

antigen differences.

Clone survival analysis. For this analysis, we studied the effect of clone size on clonal survival. Here survival refers specifically to

presence/persistence within the circulation as we cannot account for cells that have either not entered the circulation or have exited

the circulation permanently and seeded peripheral tissues. With 3 to 4 time points per donor and antigen (A2 or B7), we assigned the

cells to clone according to shared TCRb-chain sequences (Donor D) or both TCRa- and b�chain sequences (Donor A). We then

computed the size of each clone at each time point, and again assigned a size of one, for clones not sampled at earlier time-points

but found at a later time-points.

To test if highly expanding clones in the circulation at early time points (day 15; ‘‘acute response’’) had a lower probability of survival

in the circulation than less expanding clones, we studied the effect of the size of the clones at each time points (excluding the last one)

on the presence of the clones at the last time point sampled. For Donor D (HLA-A2 response) (Donor D_HLA-A2) we studied the effect

of the clone size on days 15 and 90 and their interaction on the clone survival to the last time-point (day 720). For, Donor A (HLA-A2

response) (Donor A_HLA-A2) we studied the effect of the clone size on days 15 and 136, and their interaction on the clone survival to

the last time-point (day 593). We used a logistic regression using R (32) to model these effects for the two donors.

We can see that an increase in unit of size on day 15 has a deleterious effect on the survival probability, with a log odds ratio of

�1.83 (SE 0.14), and �1.76 (SE 0.17) for Donor D_HLA-A2 and Donor A_HLA-A2 respectively (p value < 0.05) (Table S2). Thus,

the bigger the clone is on day 15, the lower its probability of surviving to the last time-point. We can also see that an increase in

unit of size at a later time-point (day 90 or day 136) lead to an increased survival probability, with a log odds ratio of 0.73 (SE

0.18) and 0.49 (SE 0.15) for Donor D_HLA-A2 (day 90) and Donor A_HLA-A2 (day 136) respectively (p value < 0.05). This means

that clones that grow later have a higher probability of surviving to the last time-point. Finally, an increase unit in size at both

time-points, while increasing the probability of survival at the last time-point (p value < 0.5), has a lower positive effect on the survival

probability than the size at the late time point alone. With a log odds ratio of 0.41 (SE 0.11) versus 0.73 (SE 0.18) for Donor D_HLA-A2

and 0.25 (SE 0.15) versus 0.51 (SE 0.14) for Donor A_HLA-A2.
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Figure S1: Gating strategy and dynamics of YFV-specific CD8+ T cell responses and clonal diversity (Related to Figures 1, 3): 
(A) Sort strategy for isolating single live CD14-CD19-CD8+Dextramer+ T cells for DNA or RNAseq (Donor A shown). 
(B) Frequencies of YFV-specific HLA-A2/NS4B (left) and HLA-B7/NS5 (right) CD8+ T cell responses at days 0, 15, and 90 after 
vaccination and (C) percent contraction of YFV-specific HLA-A2/NS4B and HLA-B7/NS5 CD8+ T cell responses from day 15 today 90 
after vaccination. Colored circles represent donors A-D included in this study. Frequency data for all donors except donors A and B was 
sourced from Blom et al. (D) Bootstrap analysis measuring the number of clones detected in a given sample by sampling a given number 
of cells from each antigen/timepoint with replacement (donor A-D). 1000 samples were drawn for each cell number starting at n=20 cells 
and increasing to the maximum number of cells for a given donor/antigen/timepoint combination, and total number of clones identified for 
each draw was determined. Smooth black line represents Loess regression of bootstrapped number of detected clones for each dataset and 
colored ribbonsrepresent 90% confidence interval for each dataset relative to number of cells sampled. (E) Fischer’s-a index, a scale 
independent indicator of population diversity, for T cells from the acute (≤30 days) or memory (≥90 days) phase for each donor/antigen. 
10.000 bootstrap calculations were used with the lowest number of cells present in either early or late group for each dataset. Box plots 
show Fischer’s-a index for all tests. 3-way ANOVA was used to test whether there was a significant drop in diversity between acute and 
memory phase, controlling for donor and antigen. On average Fischer’s-a index dropped from 270 at acute phase to 195 at memory phase 
(p>0.001). 
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Figure S2: Protein expression by YFV-specific and bulk CD8+ T cells (Related to Figure 2): 
(A) Protein expression by bulk and YFV-specific CD8+ T cells at day 15 and 90 analyzed by multicolor flow cytometry in 3 
donors (donors F, E, and G). (B) Expression of indicated proteins in UMAP of bulk CD8+ T cells corresponding to UMAPs 
for YFV-specific CD8+ T cells in Figure 2A. (C) Protein expression for the indicated markers within the Monocle projection 
for YFV-specific HLA-A2/NS4B- and HLA-B7/NS5-dextramer+ CD8+ T cells from donor E at day 15 and 90 combined. 
(D) Expression of Ki67 at day 15 (left) and day 90 (right) in YFV-specific CD8+ T cells (donor E) within the Monocle 
projection. Color scales depicts log2 normalized expression values for each protein.
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Figure S3: Partial least squares classification of YFV-specific CD8+ T cells (Related to Figure 3):
(A) Cell surface phenotype of bulk and YFV-specific CD8+ T cells at day 15 and day 136 from donor A with antibody panel used 
for index-sorting. CD8+ T cells were enriched by negative-selection using MACS beads and stained with HLA-A2 or HLA-B7 dextramers 
in combination with the indicated markers, in addition to CD3, CD8, CD14, CD19 and a live/dead marker. Live CD3+CD8+ cells are shown 
for bulk and CD3+CD8+Dextramer+ cells are shown for YFV-specific CD8+ T cells. (B) PLS scoring of single cells relative to CCR7 
protein expression at each timepoint for donor A. Single cells were identified to train a partial least squares (PLS) classification as 
described previously (Durif et al, 2018). First a PLS is trained on manually identified CCR7+ and CCR7- cells at each timepoint to classify 
all cells according to similarity based on a small subset of known TCM/SCM and TEM/EMRA markers. Differential expression is then 
performed on putative TCM/SCM and TEM/EMRA cells according to the initial classification and a second PLS is performed according 
to patterns of gene expression identified across these cell types to generate a pCM score. (C) Classification of single YFV-specific CD8+ 
T cells in donor A and Donor B based on pCM Score. Typical TCM/SCM and TEM/EMRA genes expressed relative to pCM score in 
single YFV-specific CD8+ T cells in donor A (upper panels) and donor B (lower panels). Day after vaccination is indicated by color. 
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Figure S4: Validation of pCM score using sorted CD8+ T cells (Related to Figure 3): 
(A) Sorting strategy to identify CD8+ T cell types in blood. Naïve (black), TCM (light blue), TEM (orange) and TEMRA (red) in 
bulk CD8+ T cells. Two TSCM were identified among CD45RA+CCR7+ cells based on expression of CD95 (dark blue). Single 
cells and bulk (50 cells) RNAseq was performed on each of the naïve, TCM, TEM and TEMRA populations. (B) Principle 
component analysis of single cells and bulk T cells analyzed by RNAseq. PC2 separates subsets, while PC1 primarily identifies 
differences in number of unique genes detected. (C) Combined RNAseq analysis and PLS allows classification of pCM score 
despite sparse expression of genes typically associated with TSCM/CM and TEM/EMRA cells. Heatmap shows expression of 
selected genes for single CD8+ T cells ordered according to pCM score. Phenotype by cell surface protein expression and pCM 
class is indicated at top of heatmap. (D) Gene expression data for bulk (50 cells) sequencing of each population. 
(E) pCM score versus PC1, PC2, and PC3. (F) Enrichment of typical TEM/EMRA and TSCM/CM genes in PC2 loadings. 
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Figure S5: Genes associated with diffusion map score 1 and founder cell-related DEGs (Related to Figure 4 and 5):
(A) Heatmap depicting genes associated with Diffusion Map 1 (DM1) score used in Figure 4F. Genes labeled for each cluster 
include known T cell functional genes associated with cytotoxicity or cell migration and effector functions. GO terms for cluster 1 
depicted since most genes in this cluster were cell cycle related. (B) Differentially expressed genes in progeny from TSCM and 
TEMRA founder cells. Heatmap depicting differentially expressed genes (padj<0.05) between progeny of single YFV-specific 
CD8+ TSCM or TEMRA founder cells. (C) Increased expression of inhibitory receptors in TEMRA-derived progeny. Expression of 
MAF, LAG3, and CTLA4 in progeny of single YFV-specific CD8+ TSCM or TEMRA founder cells. Scaled gene expression values
are shown. (D) Similar cloning efficiency across CD8+ T cell subsets. Percentage of wells seeded with the indicated CD8+ T cell
founder cell type that had detectable YFV-specific CD8+ T cell progeny. Results from 5 independent experiments are shown.
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Figure S6: Characterisation of expanded YFV-, Flu, and CMV-specific CD8+ T cells (Related to Figure 6):
(A) Proliferation of YFV-, Flu-, and CMV-specific CD8+ T cells. CD8+ T cell proliferation analyzed by cell trace violet 
(CTV) dilution after 2 weeks of stimulation with YFV NS4B, Flu M1, or CMV pp65 HLA-A2-restricted epitopes in 3 donors. 
Red depicts virus-specific CD8+ T cells (HLA-A2-dextramer+ cells), and blue depicts CTV+ dextramer- CD8+ T cells.
(B) Expression of CD62L and CD94 on YFV-, Flu-, and CMV-specific CD8+ T cells after 2 weeks of stimulation.
HLA-A2-dextramer+ live CD8+ T cells from donor I and donor J are shown. (C) Differentially expressed genes between 
CD62L+CD94- and CD62L-CD94+ CMV-specific CD8+ T cells. 
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