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SUMMARY

Convalescing coronavirus disease 2019 (COVID-19) patients mount robust T cell responses against SARS-

CoV-2, suggesting an important role of T cells in viral clearance. To date, the phenotypes of SARS-CoV-2-

specific T cells remain poorly defined. Using 38-parameter CyTOF, we phenotyped longitudinal specimens

of SARS-CoV-2-specific CD4+ and CD8+ T cells from nine individuals who recovered from mild COVID-19.

SARS-CoV-2-specific CD4+ T cells were exclusively Th1 cells and predominantly Tcm cells with phenotypic

features of robust helper function. SARS-CoV-2-specific CD8+ T cells were predominantly Temra cells in a

state of less terminal differentiation than most Temra cells. Subsets of SARS-CoV-2-specific T cells express

CD127, can proliferate homeostatically, and can persist for over 2months. Our results suggest that long-lived

and robust T cell immunity is generated following natural SARS-CoV-2 infection and support an important

role of SARS-CoV-2-specific T cells in host control of COVID-19.

INTRODUCTION

The first cases of coronavirus disease 2019 (COVID-19) were re-

ported in December of 2019 in Wuhan, China, and soon there-

after its causative agent was identified as SARS-CoV-2, a beta-

coronavirus with 79% sequence identity to the SARS-CoV that

had emerged in 2003.1 SARS-CoV-2 has proven to be much

more transmissible than its SARS-CoV counterpart, quickly

spreading around the world and causing what was declared a

pandemic on March 11, 2020. By June of 2020, confirmed cases

of COVID-19 surpassed 6million, nearly 6%of which were fatal.2

The outcome of exposure to SARS-CoV-2 can range from

asymptomatic infection to death, most often caused by respira-

tory failure because of acute respiratory distress syndrome

(ARDS). Limited genetic diversity has been observed in circu-

lating SARS-CoV-2 strains, and genetic variations do not seem

to correlate with disease severity,3 suggesting that the variable

COVID-19 outcomes are driven by variable host responses.

Many individuals exposed to SARS-CoV-2 are asymptomatic

or exhibit only a mild course of disease, suggesting that natural

immunity can effectively combat this virus. Although most

studies of SARS-CoV-2 immunity have focused on the humoral

immune response, emerging data suggest that T cell-mediated

immunity is also likely to play an important role in eliminating

the virus. Lymphopenia, characterized by reduced numbers of

CD4+ and CD8+ T cells, is predictive of disease severity.3 In

addition, levels of activated T cells increase at the time of

SARS-CoV-2 clearance.4 Furthermore, the clonality of T cell re-

ceptor (TCR) sequences5 is higher in patients with mild than se-

vere COVID-19, suggesting a role of antigen-specific T cell re-

sponses in symptom resolution. A beneficial role of T cells in

combating COVID-19 would be in line with observations that

CD4+ and CD8+ T cells are protective against the closely related

SARS-CoV.6–8 However, the nature of the response is also

important because Th1 responses appear to be protective

against SARS-CoV, whereas Th2 responses are associated

with immunopathology.9–11 Th17 responses have also been

implicated in immunopathology during coronavirus infection.12

Only a limited number of studies have characterized the

SARS-CoV-2-specific T cell response. These studies have
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focused on the breadth of the T cell response and detected

T cells recognizing spike and non-spike epitopes.13–17 In

some13,16 but not other17 studies, responses were also detected

in individuals who had not been infected with SARS-CoV-2, pre-

sumably reflecting recognition of cross-reactive epitopes from

other coronaviruses. These responses primarily involved non-

spike open reading frames (ORFs).16 ELISA revealed that pep-

tide-treated peripheral blood mononuclear cells (PBMCs) upre-

gulated interferon g (IFNg) but not interleukin-4 (IL-4) or IL-17,

suggesting a Th1 response.14,16 Limited phenotyping based on

CD45RA and CCR7 suggested SARS-CoV-2-specific CD4+

T cells to be more of the T central memory (Tcm) phenotype,

whereas SARS-CoV-2-specific CD8+ T cells were biased toward

terminally differentiated effector (Temra) cells.14 These results

are consistent with longitudinal analysis of two individuals with

COVID-19 by bulk TCR sequencing, where clonal TCR se-

quences (assumed to be SARS-CoV-2 specific) were prevalent

among Tcm cells for CD4+ T cells and Temra cells for CD8+

T cells.18 However, the phenotypic features of SARS-CoV-2-

specific CD4+ and CD8+ T cells have not been investigated

systematically, and little is actually known about the functional

properties of these cells and their ability to persist long term in

convalescent individuals.

In this study, we conducted an in-depth phenotypic analysis of

SARS-CoV-2-specific CD4+ and CD8+ T cells circulating in the

bloodstream of individuals who had recently recovered from

COVID-19. This was achieved by combining detection of

SARS-CoV-2-specific T cells together with CyTOF, amass spec-

trometry-based single-cell phenotyping method that uses anti-

bodies conjugated to metal lanthanides to quantify expression

levels of surface and intracellular proteins.19 Because spectral

overlap is not a limitation with CyTOF, large phenotyping panels

of nearly 40 parameters can be implemented, allowing a high-

resolution view of immune cells and use of high-dimensional

analytical methods tomonitor cellular remodeling.20,21We report

here that SARS-CoV-2-specific CD4+ and CD8+ T cells from

convalescent individuals are diverse, exhibit features different

from antigen-specific T cells against Cytomegalovirus (CMV),

include cells with lymphoid and tissue homing potential, harbor

phenotypic features of functional effector cells, and are long

lived and capable of homeostatic proliferation.

RESULTS

SARS-CoV-2-Specific T Cells from Convalescent

Individuals Produce IFNg

Nine convalescent and three uninfected participants (Table S1)

were recruited from the University of California, San Francisco

(UCSF) acute COVID-19 Host Immune Response Pathogenesis

(CHIRP) study for blood donation. Blood specimens were ob-

tained 20–47 days after the participants tested positive for

SARS-CoV-2 by RT-PCR. PBMCs were purified from the freshly

isolated blood specimens and then phenotyped immediately by

CyTOF or stimulated for 6 h with overlapping peptides in the

presence of co-stimulation to enable detection of antigen-

specific T cells. Overlapping 15-mer peptides from spike, an im-

munodominant SARS-CoV-2 antigen,13,16were used for charac-

terization of the SARS-CoV-2-specific response, whereas over-

lapping peptides against pp65, an immunodominant CMV

antigen,22 were used for comparison. To enable high-parameter

phenotyping of antigen-specific cells, we modified a recently

developed human T cell CyTOF panel21 so it would detect cells

producing the cytokines IFNg, IL-4, or IL-17 (Table S2). CD4+

and CD8+ T cells were identified by sequential gating on live,

singlet CD3+ cells expressing the corresponding co-receptor

(Figure S1). Spike-specific CD4+ and CD8+ T cells producing

IFNg were detected in convalescent but not uninfected individ-

uals (Figure 1; Table S3), suggesting a robust spike-specific

Th1 response. In contrast, spike-specific CD4+ T cells did not

include cells of the Th2 and Th17 lineages because no IL-4- or

IL-17-producing cells were detected following spike peptide

stimulation, although such cells were detected following PMA/

ionomycin stimulation (Figure S2).

SARS-CoV-2-Specific T Cells Are Phenotypically

Diverse and Different from CMV-Specific T Cells

Toobtainaglobal viewof thephenotypic featuresofSARS-CoV-2-

specific T cells, we visualized the data by t-Distributed Stochastic

Neighbor Embedding (t-SNE).23We gated on the IFNg-producing

spike-specific cells (Figure 1) and overlaid these on total T cells

treated with co-stimulation alone. Because most of the convales-

cent donors were CMV+ (Tables S1 and S3), we compared the lo-

cations of the spike-specific cells and CMV-specific cells in three

representative donors. Spike-specific CD4+ (Figures 2A and

S3A) and CD8+ (Figures 2B and S3B) T cells were diverse in that

they occupiedmultiple regions of the t-SNE. However, these cells

were concentrated in one or two major regions of the t-SNE, sug-

gesting that their phenotypes are biased toward particular sub-

sets. The phenotypes of spike-specific T cells were not identical

to thoseofCMV-specificTcells; in everydonor, therewere regions

of the t-SNE occupied byCMV-specific T cells thatwere devoid of

spike-specific cells (Figure 2, purple ovals), although overall the

CD8+ T cells against the two viruses were more similar to each

other than theCD4+T cells. Thiswas further confirmedbydemon-

strating that the distributions of subset clusters, as defined using

the clustering algorithm DensVM24, were different among T cells

specific for SARS-CoV-2 compared with those specific for CMV,

particularly for CD4+ T cells (Figure S4). These results suggest

that spike-specific T cells are not randomly distributed among

T cell subsets and differ from CMV-specific T cells, a finding that

is perhaps expected because CMV differs from SARS-CoV-2. To

assesswhether thespike-specificTcell response is representative

of the overall SARS-CoV-2-specific T cell response,westimulated

parallel T cells from two convalescent individuals with the spike

peptides or with amix of overlapping 15-mer peptides against en-

velope (env) and nucleocapsid (NC), two other structural proteins

of SARS-CoV-2. These results revealed the phenotypes of env/

NC-specific cells to be similar to those of cells recognizing spike

(Figure S5). Hereafter, we focus on the spike-specific cells and

refer to them as ‘‘SARS-CoV-2-specific.’’

SARS-CoV-2-Specific Th1 Cells Exhibit Phenotypic

Features Characteristic of Lymph Node Homing, Robust

Helper Function, and Longevity

We then characterized the specific phenotypic features of

SARS-CoV-2-specific CD4+ T cells. These cells expressed
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high levels of the transcription factor Tbet, which, together with

their ability to induce IFNg (Figure 3A), confirms their Th1 differ-

entiation state. These cells, like their CMV-specific counterparts,

almost exclusively expressed high levels of CD45RO and low

levels of CD45RA, suggesting that they are memory cells. Inter-

estingly, although most of the SARS-CoV-2-specific cells ex-

pressedCD27 andCCR7, the vast majority of CMV-specific cells

did not (Figure 3B). This suggests that SARS-CoV-2-specific

CD4+ T cells are mostly Tcm cells, memory cells that home to

lymph nodes, where they can help B cells undergo affinity matu-

ration. To evaluate the potential helper function of these cells, we

assessed their expression of CXCR5 and ICOS, markers of

circulating T follicular helper (cTfh) cells, cells that efficiently

induce virus-specific memory B cells to differentiate into plasma

cells and whose levels are associated with protective antibody

responses.25 SARS-CoV-2-specific CD4+ T cells expressed

higher levels of CXCR5 and ICOS than total and CMV-specific

CD4+ T cells (Figure 3C). ICOS serves a critical role in Tfh func-

tion26 but is also an activation marker; therefore, one concern

was that its levels were high on SARS-CoV-2-specific cells sim-

ply because these cells were responding to antigen stimulation.

We believe that not to be the case because (1) ICOS�CXCR5�

cells do not upregulate ICOS or CXCR5 during 6 h of in vitro stim-

ulation,25,27 and (2) SARS-CoV-2-specific CD4+ T cells had

higher ICOS expression than CMV-specific CD4+ T cells, which

were stimulated similarly. To verify that SARS-CoV-2-specific

cells at baseline express high levels of ICOS, we implemented

predicted precursor as determined by SLIDE (PP-SLIDE),20,21 a

bioinformatics pseudotime analysis approach that can predict

the original phenotypes of cells before cellular perturbation.

SARS-CoV-2- and CMV-specific CD4+ T cells were traced

back to their predicted original states by matching their high-

dimensional CyTOF profiles against the ‘‘atlas’’ of all CD4+

T cells phenotyped by CyTOF at baseline (prior to the 6 h of stim-

ulation). The predicted original states of SARS-CoV-2 had high

levels of ICOS, supporting the notion that these cells exhibit

phenotypic features of cells with robust helper function

(Figure 3D).

We next assessed whether SARS-CoV-2-specific CD4+

T cells exhibit features denoting longevity and an ability to

Figure 1. Antigen-Specific CD4+ and CD8+ T Cells against SARS-CoV-2 Spike Secrete IFNg

(A and B) Shown on the left are pseudocolor plots of CyTOF datasets reflecting the percentage of CD4+ (A) or CD8+ (B) T cells producing IFNg in response to the

indicated treatment condition for one representative uninfected (COVID�) and recovered convalescent (COVID+) donor. Numbers correspond to the percentage

of cells within the gates. The baseline condition corresponds to cells phenotyped by CyTOF immediately following isolation of PBMCs from freshly drawn blood,

whereas for all other treatment conditions, cells were cultured for 6 h prior to phenotyping by CyTOF. PMA/ionomycin treatment was used as a positive control.

Anti-CD49d/CD28 was used to provide co-stimulation during peptide treatment. Shown on the right are cumulative data from three uninfected individuals and

nine recovered convalescent individuals (Table S1). Results are gated on live singlet CD4+ or CD8+ T cells. **p < 0.01, ****p < 0.0001, as assessed using Student’s

unpaired t test.

See also Figures S1 and S2.
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proliferate. CD127, the a chain of the IL-7 receptor, is involved in

cell survival and required for IL-7-driven homeostatic prolifera-

tion.28 We found that, among the nine convalescent donors, on

average 58.5% ± 20.5% of SARS-CoV-2-specific CD4+ T cells

expressed CD127. Although the vast majority of CMV-specific

CD4+ T cells also expressed CD127, these cells differed from

their SARS-CoV-2-specific counterparts in that a higher propor-

tion additionally expressed high levels of the terminal differenti-

ation marker CD57 (Figure 4A). To assess whether CD127+

SARS-CoV-2-specific CD4+ T cells are maintained over time,

we conducted a phenotypic analysis of these cells in longitudinal

specimens from two participants. SARS-CoV-2-specific CD4+

T cells exhibited stable phenotypes over time and were detected

more than 2 months post-infection (Figure 4B). The proportions

of CD127+ SARS-CoV-2-specific CD4+ T cells did not decrease

over time and, in fact, tended to increase (Figure 4C).

To directly assess whether SARS-CoV-2-specific T cells were

capable of homeostatic proliferation, we conducted an in vitro

proliferation assay. PBMCs from convalescent donors were

labeled with the proliferation dye CFSE and then cultured

for 5 days in the absence or presence of IL-7. Treatment with

IL-7 induced proliferation of the cells, as reflected by dilution

of the CFSE dye in a subset of the cells (Figure 4D, top).

After the 5 days of culture, the cells were subjected to intracel-

lular cytokine staining analysis following treatment with co-

stimulation alone or in the presence of SARS-CoV-2 spike

peptides. SARS-CoV-2-specific CD4+ T cells were readily de-

tected among CFSElow CD4+ T cells (Figure 4D, bottom),

Figure 2. SARS-CoV-2 Spike-Specific CD4+ and CD8+ T Cells Are Diverse and Not Phenotypically Identical to Their CMV-Specific Coun-

terparts

(A and B) Shown are t-SNE plots of CyTOF datasets reflecting CD4+ (A) or CD8+ (B) T cells from three representative COVID-19 convalescent donors who had

also sustained a previous CMV infection. Cells shown in gray correspond to CD4+ or CD8+ T cells from specimens stimulated with anti-CD49d/CD28 in the

absence of any peptides. The top pairs of plots show SARS-CoV-2 spike-specific (red) or CMV pp65-specific (blue) cells as individual dots, with some regions

concentrated in antigen-specific cells indicated. The bottom pairs of plots show the same data but with antigen-specific cells shown as contours instead of dots

to better visualize regions with the highest densities of antigen-specific cells. Purple ovals outline examples of regions harboring CMV-specific but not SARS-

CoV-2-specific cells.

See also Figures S3–S6.
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demonstrating that the cells that had proliferated homeostati-

cally in response to IL-7 treatment included SARS-CoV-2-spe-

cific CD4+ T cells.

To assess the phenotypic features of CD127+ SARS-CoV-2-

specific CD4+ T cells, we compared them with their CD127�

counterparts. These two populations of cells occupied similar re-

gions of t-SNE space (Figure 4E), suggesting that CD127+ and

CD127� cells are phenotypically similar. Of note, CD127+ cells

include cells expressing high levels of CXCR5 and ICOS (Fig-

ure 4F). Aside from CD127, CXCR4 was the only antigen that

was expressed at significantly higher levels (p = 0.02 by pairwise

test) on CD127+ versus CD127� SARS-CoV-2-specific CD4+

T cells; however, this difference was no longer significant when

adjusted for multiple comparison using the Benjamini-Hochberg

procedure (data not shown), consistent with the notion that

CD127+ and CD127� SARS-CoV-2-specific CD4+ T cells

exhibit similar phenotypes.

In summary, SARS-CoV-2-specific CD4+ T cells from conva-

lescent individuals exhibit phenotypic features consistent with

an ability to migrate into lymph node follicles, provide robust

helper function for B cells, and to be long lived. A global view

of all antigens differentially expressed in SARS-CoV-2-specific

CD4+ T cells is presented in Figure S6.

SARS-CoV-2-Specific CD8+ T Cells Exhibit Phenotypic

Features of Less Differentiated CD8+ Temra Cells and

Express CD127

We next characterized the phenotypic features of SARS-CoV-2-

specific CD8+ T cells. These cells, in stark contrast to their CD4+

counterparts, included a prominent population of CD45RA-ex-

pressing cells (Figure 5A). CD45RA+ T cells include naive T

(Tn) cells but also Temra and stem cell memory T (Tscm) cells.

To determine the nature of the CD45RA-expressing CD8+

T cells, we assessed the proportions of CD8+ T cells that

Figure 3. SARS-CoV-2-Specific CD4+ Th1 Cells Are Tcm and cTfh Cells

(A) SARS-CoV2-specific CD4+ T cells are Th1 cells. Shown are the expression levels of Tbet, a transcription factor that directs Th1 differentiation, in total (gray) or

SARS-CoV2-specific (red) CD4+ T cells from the blood of 3 representative convalescent individuals. Shown on the right are cumulative data from all 9 conva-

lescent individuals analyzed in this study. ****p < 0.0001 as assessed using Student’s paired t test.

(B) SARS-CoV-2-specific but not CMV-specific CD4+ T cells are predominantly Tcm cells. The phenotypes of total (gray), SARS-CoV-2-specific (red), and CMV-

specific (blue) CD4+ T cells are shown as dot plots for 3 representative donors. Top: SARS-CoV-2-specific and CMV-specific CD4+ T cells are predominantly

CD45RA�CD45RO+, characteristic of canonical memory cells. Bottom: most memory (CD45RA�CD45RO+) SARS-CoV-2-specific CD4+ T cells are

CD27+CCR7+, characteristic of Tcm cells, whereas most CMV-specific memory CD4+ T cells are CD27�CCR7�, characteristic of Tem cells. The percentage of

total, SARS-CoV-2-specific, and CMV-specific cells within the indicates gates are shown in gray, red, and blue, respectively. Shown on the right are cumulative

data from all 9 convalescent individuals analyzed in this study. *p < 0.05, ***p < 0.001, as assessed using Student’s unpaired t test.

(C) SARS-CoV-2-specific CD4+ T cells express high levels of CXCR5 and ICOS relative to total and CMV-specific CD4+ T cells. Numbers correspond to the

percentages of SARS-CoV-2-specific (red), CMV-specific (blue), and total (gray) CD4+ T cells in the gates for 3 representative donors. Shown on the right are

cumulative data from all 9 convalescent individuals analyzed in this study. **p < 0.01, ***p < 0.001, as assessed using Student’s unpaired t test.

(D) ICOS is expressed at high levels on predicted precursors of IFNg-producing SARS-CoV-2-specific CD4+ T cells. PP-SLIDE20,21was conducted to predict the

original phenotypic features of SARS-CoV-2-specific (red) and CMV-specific (blue) cells prior to IFNg induction. The expression levels of ICOS on these cells were

compared with those on total CD4+ T cells phenotyped by CyTOF immediately following PBMC isolation. Numbers correspond to mean signal intensity (MSI) of

ICOS expression for the populations indicated at the bottom.
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Figure 4. SARS-CoV-2-Specific CD4+ T Cells Express CD127 and Can Persist for Over 2 Months

(A) A subset of SARS-CoV-2-specific CD4+ T cells express CD127. The indicated cell populations were examined for expression levels of the terminal differ-

entiation marker CD57 and the IL-7 receptor CD127. Numbers correspond to the percentages of the corresponding populations within the gates.

(B) SARS-CoV-2-specific CD4+ T cells can persist for over 2months. Shown are t-SNE plots of CyTOF datasets of CD4+ T cells from twoCOVID-19 convalescent

donors who were sampled longitudinally at the indicated time points post-infection (infection was defined as the time of testing positive for SARS-CoV-2). Cells

(legend continued on next page)
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belonged to the Tn/Tscm (CD45RA+CD45RO�CCR7+) and

Temra (CD45RA+CD45RO�CCR7�) subsets as well as the ca-

nonical memory subsets Tcm (CD45RA�CD45RO+CCR7+

CD27+), T effector memory (Tem; CD45RA�CD45RO+CCR7�

CD27�), and T transitional memory (Ttm; CD45RA�CD45RO+

CCR7�CD27+). We then compared the subset distribution of

SARS-CoV-2-specific cells with those specific for CMV. Consis-

tent with prior studies, CMV-specific CD8+ T cells were predom-

inantly Temra cells (Figure 5B).29 Temra cells were also the

largest subset of SARS-CoV-2-specific CD8+ T cells (Figure 5B).

Because CD8+ T cells recognizing influenza (flu) were also de-

tected in a couple of convalescent individuals, we compared

their features with those recognizing SARS-CoV-2. Flu-specific

and SARS-CoV-2 CD8+ T cells occupied different regions of

the t-SNE, suggesting that they are phenotypically distinct (Fig-

ure S7A). Although in one donor the flu-specific CD8+ T cells

were not predominantly Temra cells, in the second they were

(Figures S7B and S7C). The variability in the phenotypes of the

flu-specific T cells may be due to different times of flu exposure

in these convalescent individuals.

To better define the features of SARS-CoV-2-specific CD8+

Temra cells and compare them with their CMV-specific counter-

parts, we gated on these cells and assessed for expression levels

of CD27 and CD28. These two co-stimulatory receptors

have been used to distinguish the most terminally differentiated

Temra cells (CD27�CD28�) from less differentiated ones

(CD27+CD28+).30 The vast majority of total CD8+ Temra cells in

all donors expressed low levels of CD27, consistent with prior re-

ports,29 whereas the majority of SARS-CoV-2-specific CD8+

Temra cells were CD27+ (Figure 5C), suggesting that SARS-

CoV-2-specific CD8+ Temra cells were less terminally differenti-

ated than typical Temra cells. These less differentiated CD8+

Temra cells were also present among CMV-specific cells but in

markedly lower proportions (Figure 5C). Although CD28 staining

was weak, it nonetheless suggested that CD28 levels were higher

among SARS-CoV-2-specific CD8+ T cells than among total or

CMV-specific CD8+ T cells. These results suggest that, although

a large proportion of SARS-CoV-2-specific CD8+ T cells are

Temra cells, they exhibit features characteristic of a less terminally

differentiated state possibly capable of expansion.

Finally, to determine whether SARS-CoV-2-specific CD8+

T cells, like their CD4+ counterparts, may be capable of homeo-

static proliferation, we assessed for expression levels of CD127.

Although a lower proportion of SARS-CoV-2-specific CD8+

T cells expressed CD127 relative to their CD4+ counterparts,

when averaged over the nine convalescent donors, these cells

still accounted for an average of 58.0% ± 25.5% of the popula-

tion. These CD127+ cells were similar to their CMV counterparts

in that they included CD57� and CD57+ cells (Figure 5D). These

results suggest that a subset of SARS-CoV-2-specific CD8+

T cells express CD127 and may therefore be long lived. A global

view of all antigens differentially expressed in SARS-CoV-2-spe-

cific CD8+ T cells is presented in Figure S6.

DISCUSSION

In this study, we define phenotypic features of the T cell

response against SARS-CoV-2 in nine convalescent individuals

who recovered from COVID-19 after only experiencing mild

symptoms. SARS-CoV-2-specific responses were readily de-

tected in CD4+ and CD8+ T cells from all nine individuals. The

phenotypes of SARS-CoV-2-specific CD4+ T cells were mark-

edly different from those of their CD8+ counterparts and

included long-lived cells capable of homeostatic proliferation.

Recent studies measuring the levels of cytokines in superna-

tants of convalescent COVID-19 PBMCs treated with SARS-

CoV-2 peptides revealed upregulation of IFNg, suggesting a

Th1 CD4+ T cell response.14,16 However, in those studies, the

cellular source of IFNg was not determined. We confirmed the

existence of SARS-CoV-2-specific CD4+ Th1 cells by demon-

strating that Tbet-expressing CD4+ T cells from convalescent in-

dividuals secrete IFNg in response to SARS-CoV-2 peptide

treatment. These results suggest that, similar to what has been

observed for SARS-CoV,9 a Th1 response directed against

SARS-CoV-2 is associated with effective resolution of infection

and symptoms. In comparison, the lack of any detectable

SARS-CoV-2-specific CD4+ T cells producing IL4 or IL-17 sug-

gests that antigen-specific Th2 or Th17 responses are not key

for recovery from COVID-19. In fact, Th2 and Th17 responses

have been suggested to be detrimental for recovery from highly

pathogenic coronavirus infections—Th2 responses because of

their association with lung immunopathology in the context of

SARS-CoV10,11 and Th17 responses because of the close asso-

ciation of ARDS (exacerbated by Th17 responses) and IL-6 (a

shown in gray correspond to total CD4+ T cells from specimens stimulated with anti-CD49d/CD28 in the absence of any peptides. The locations of SARS-CoV-2-

specific cells are shown as red contours. The percentage of CD4+ T cells that are SARS-CoV-2 specific is indicated at the bottom right of each plot.

(C) Persistent SARS-CoV-2-specific CD4+ T cells retain CD127 expression. Longitudinal specimens characterized in (B) were analyzed for expression levels of

CD57 andCD127. SARS-CoV-2-specific CD4+ T cells are shown as red contours, whereas total CD4+ T cells are shown as gray dots. The percent of SARS-CoV-

2-specific CD4+ T cells in the gates is shown at the top right of each plot. Note that the proportions of CD127+ SARS-CoV-2-specific CD4+ T cells do not

decrease over time.

(D) SARS-CoV-2-specific CD4+ T cells can proliferate homeostatically in response to IL-7. PBMCs from convalescent donor PID4102 were labeled with CFSE

and cultured for 5 days in the absence or presence of IL-7. Thereafter the cells were treated for 6 h with co-stimulation alone or in the presence of overlapping

peptides from SARS-CoV-2 spike and then analyzed by flow cytometry. Homeostatic proliferation, as assessed by CFSE dye dilution, only occurred in the

presence of IL-7 (top). A subpopulation of CFSElow cells produced IFNg in response to peptide stimulation (bottom), demonstrating that cells driven to proliferate

by IL-7 treatment included SARS-CoV-2-specific CD4+ T cells. Results are gated on live singlet CD3+CD4+CD8� cells and are representative of one of two

donors.

(E) CD127+ SARS-CoV-2-specific CD4+ T cells are distributed similarly as their CD127- counterparts. Shown are t-SNE plots of CD127� (purple) and CD127+

(pink) SARS-CoV-2-specific CD4+ T cells overlaid on total CD4+ T cells treated with co-stimulation alone (gray). Note that, for each donor, CD127+ cells occupy

similar regions of t-SNE space as CD127� cells.

(F) CD127+ SARS-CoV-2-specific CD4+ T cells express CXCR5 and ICOS.

Cell Reports Medicine 1, 100081, September 22, 2020 7

Article
ll

OPEN ACCESS



Figure 5. SARS-CoV-2-Specific CD8+ T Cells Are Predominantly a Less Differentiated Subset of Temra Cells and Include Long-Lived CD127-

Expressing Cells

(A) SARS-CoV2-specific CD8+ T cells include CD45RA+CD45RO� and CD45RA�CD45RO+ cells. The phenotypes of total (gray), SARS-CoV-2-specific (red),

and CMV-specific (blue) CD8+ T cells are shown as dot plots for three representative donors.

(B) SARS-CoV-2-specific CD8+ T cells are predominantly Temra cells. The proportions of SARS-CoV-2-specific and CMV-specific CD8+ T cells belonging to

each subset are depicted as pie graphs. Numbers correspond to the percentages of cells belonging to the Temra cell subset. Shown on the right are cumulative

data for SARS-CoV-2-specific CD8+ T cells from all 9 convalescent individuals analyzed in this study. *p < 0.05, **p < 0.01, as assessed using Student’s paired t

test.

(legend continued on next page)
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Th17-associated cytokine) with severe COVID-19.12,31 Interest-

ingly, although we did not detect any IL-6 production by

SARS-CoV-2-specific CD4+ T cells (whereas IL-6 induction

was readily detectable upon LPS stimulation of monocytes;

data not shown), IL-6+ CD4+ T cells have been reported to be

elevated during severe COVID-19.32 Future studies are war-

ranted to determine whether SARS-CoV-2 CD4+ T cells from

severely ill patients, particularly those in the ICU or those who

succumb to disease, produce IL-4, IL-17, or IL-6.

One important function of CD4+ T cells is to help B cells un-

dergo affinity maturation, a process that typically occurs in

lymph nodes draining the site of infection. We found that most

SARS-CoV-2-specific CD4+ T cells were Tcm cells, cells poised

to enter lymph nodes because they express the lymph-node-

homing chemokine receptor CCR7. Furthermore, we found

that most SARS-CoV-2-specific CD4+ T cells expressed

CXCR5, a chemokine receptor that directs Tfh into the germinal

centers of lymph nodes, where B cells mature.33,34 CXCR5 has

been used as a marker of cTfh cells, the blood counterpart of

lymphoid Tfh cells.35 Some cTfh cells also express high levels

of ICOS, a co-stimulatory molecule that plays a critical role in

Tfh function, including helping with development of high-affinity

B cells.26 We found that SARS-CoV-2-specific CD4+ T cells ex-

pressed especially high levels of ICOS, suggesting an active

helper function of B cells. These findings suggest that SARS-

CoV-2-specific cTfh cells play a key role in effective immunity

and are in line with the observation that the frequency of total

cTfh cells increases at the time of SARS-CoV-2 clearance4 and

detection of robust Tfh cell responses following exposure of rhe-

sus macaques to SARS-CoV-2.36 Interestingly, the SARS-CoV-

2-specific cTfh cells we identified exhibit features similar to a

population of cTfh cells shown to be important in generation of

vaccine-induced antibodies against the flu.25 Both express

high levels of CXCR5 and ICOS. Both also appear to be Th1 cells:

ours as defined by expression of Tbet and IFNg and the flu-

responsive ones as defined by expression of CXCR3, a chemo-

kine receptor preferentially expressed on Th1 cells.37,38 Interest-

ingly, the flu-responsive cTfh cells were shown to effectively help

memory but not naive B cells25. This, together with the observa-

tion that the frequencies of Th1 cTfh cells were associated with

flu-specific antibody titers only in individuals with pre-existing

antibodies against other flu strains,25 suggests that these cells

may be most effective at helping pre-existing cross-reactive

memory B cells. Whether this is also true in the context of

COVID-19 is not clear, but given that 40%–60%of unexposed in-

dividuals have T cells that react against SARS-CoV-2 peptides,

likely because of cross-reactivity with endemic coronaviruses,16

it is possible that the SARS-CoV-2-specific CD4+ T cells we

identified are acting on previously generated cross-reactive

memory B cells. We speculate that the convalescent individuals

we analyzed had previously been exposed to endemic coronavi-

ruses and that this prior exposure, along with conditions favoring

a Th1 response in these individuals, provided the necessary con-

ditions for eliciting a robust and effective response against

SARS-CoV-2. Testing this intriguing hypothesis will require sero-

logical and immune cell analyses of a large collection of speci-

mens collected before and after exposure to SARS-CoV-2.

In contrast to their CD4+ counterparts, SARS-CoV-2-specific

CD8+ T cells were predominantly Temra cells, antigen-experi-

enced cells that re-express the naive cell marker CD45RA.

Because of lack of CCR7 expression, CD8+ Temra cells do not

home efficiently to lymph nodes and, instead, predominantly

reside in the blood, spleen, and lungs.39 These cells have been

shown to be protective against a variety of viral pathogens,

including CMV, the flu, Epstein-Barr virus (EBV), and Human

Immunodeficiency Virus (HIV).40–43 Exceptionally high numbers

of CMV-specific Temra cells have been observed in CMV-in-

fected individuals,44 and this subset also constitutes a major

proportion of dengue-specific CD8+ T cells in individuals that

have recovered from dengue infection.45,46 Although generally

thought to be terminally differentiated, some CD8+ Temra cells

can be long-lived. The most terminally differentiated CD8+

Temra cells express low levels of CD27 and CD28, and these

cells are thought to have differentiated from a more pluripotent

state of Temra cells expressing CD27 and CD28.30 Interestingly,

SARS-CoV-2-specific CD8+ Temra cells were heavily biased to-

ward the CD27+CD28+ subset compared with total as well as

CMV-specific CD8+ Temra cells. These phenotypic features

are similar to the previously described EBV-specific CD8+ Temra

cells, a subset that has been demonstrated to be apoptosis

resistant because of expression of bcl2, to have long telomeres

relative to othermemory subsets (suggesting high replicative po-

tential), and to be capable cytotoxic function.42 Natural killer

(NK)-like cytotoxic functions have also been observed in

dengue-specific CD8+ Temra cells.45 We postulate that, based

on their phenotypic similarities to EBV-specific CD8+ Temra

cells, SARS-CoV-2-specific CD8+ Temra cells are cytotoxic

and long-lived, although this will need to be confirmed in

follow-up studies.

Consistent with the notion of long-lived cells, we found that a

substantial fraction of CD4+ and CD8+ T cells specific for SARS-

CoV-2 expressed CD127. This surface protein corresponds to

the a chain of the IL-7 receptor, and together with the common

g chain (CD132) shared by the IL-2 and IL-15 receptors, enables

T cell proliferation in response to IL-7. Signaling by IL-7 is

involved in many key aspects of T cell survival and proliferation

and acts by inducing JAK/STAT signaling, which results in

increased expression of the Bcl2 anti-apoptotic gene family.28,47

Consistent with the notion of persisting CD127-expressing

SARS-CoV-2-specific T cells is our observation that these cells

could still be detected 69 days post-infection and that they can

proliferate in response to IL-7. Collectively, these results suggest

(C) Compared with CMV-specific and total CD8+ Temra cells, SARS-CoV-2-specific CD8+ Temra cells express high levels of CD27 and CD28. Top: Temra cells

were defined as CD45RA+CD45RO� cells expressing low levels of CCR7. Bottom: CD8+ Temra cells were further assessed for expression levels of CD27 and

CD28. Numbers correspond to the percentage of total (gray), SARS-CoV-2-specific (red), and CMV-specific (blue) cells within the gate.

(D) A subset of SARS-CoV-2-specific CD8+ T cells express CD127. The indicated cell populations were examined for expression levels of CD57 and CD127.

See also Figure S7.
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that SARS-CoV-2-specific T cell responses have the potential to

be long lived, something that has been found to be true for

SARS-CoV, where memory T cells persist for up to 11 years

post-infection.48,49 Having long-lived protective T cells against

SARS-CoV-2 may be particularly important because no neutral-

izing antibodies were detected in 18% of convalescent individ-

uals �30 days after symptom onset, suggesting that the anti-

body response may be short lived, at least in some

individuals.50 Of note, a clinical trial (NCT04379076) has been

initiated to treat hospitalized lymphopenic COVID-19 patients

with IL-7 to restore T cell counts.51 Whether such treatment

will boost the numbers of SARS-CoV-2-specific T cells remains

to be determined but is conceivable, given that CD127 is ex-

pressed on these cells.

In summary, our phenotypic analysis reveals long-lived lymph-

node-homing cTfh CD4+ T cells and CD27+CD28+ CD8+ Temra

cells as the major subsets of SARS-CoV-2-specific T cells that

persist following recovery from mild COVID-19. The system we

developed here to conduct high-parameter phenotypic analysis

of SARS-CoV-2-specific T cells can be used in future studies to

better understand what constitutes an effective versus an immu-

nopathological T cell response against the virus and to assess

the features of vaccine-induced SARS-CoV-2-specific T cell re-

sponses. Because our studywas limited to analyzing T cells from

nine individuals who recovered efficiently from COVID-19, it did

not allow us to determine exactly why some individuals fight off

the infection whereas others succumb to it. Nonetheless, it re-

vealed common features of effective immunity against SARS-

CoV-2 and suggests that mobilization of a Th1 response plays

a key role in viral clearance and establishment of long-lived

CD4+ and CD8+ T cells. Vaccination strategies aimed at confer-

ring long-term COVID-19 immunity should strongly consider ap-

proaches that include elicitation of long-lived CD4+ and CD8+

T cells against this pandemic virus.

Limitations of Study

This study has several limitations. This study only examined

SARS-CoV-2-specific T cell responses from 9 convalescent indi-

viduals that had recovered from mild COVID-19. Follow-up

studies should be conducted in larger cohorts to validate the

findings reported here. This study did not characterize T cell re-

sponses in asymptomatic individuals and those that had severe

COVID-19 (e.g., individuals hospitalized in the ICU) and focused

on the spike-specific T cell response. Future studies comparing

longitudinal T cell responses against different SARS-CoV-2 anti-

gens in asymptomatic, mildly symptomatic, and severely symp-

tomatic individuals are warranted.
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Antibodies
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Tbet Fisher Scientific Cat#5013190

IL4 Biolegend Cat#500829
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IL17 Biolegend Cat#512331

CD62L Fluidigm Cat#3153004B

TIGIT Fludigm Cat#3154016B

CCR6 BD Biosciences Cat#559560

IL6 Biolegend Cat#501115

CD8 Biolegend Cat#301053

CD19 Biolegend Cat#302247

CD14 Biolegend Cat#301843

OX40 Fluidigm Cat#3158012B

CCR7 Fluidigm Cat#3159003A

CD28 Fluidigm Cat#3160003B

CD45RO Biolegend Cat#304239

CD69 Fluidigm Cat#3162001B

CRTH2 Fluidigm Cat#3163003B

PD-1 Biolegend Cat#329941

CD127 Fluidigm Cat#3165008B

CXCR5 BD Biosciences Cat#552032

CD27 Fluidigm Cat#3167006B

IFNg Fluidigm Cat#3168005B

CD45RA Fluidigm Cat#3169008B

CD3 Fluidigm Cat#3170001B

CD57 Biolegend Cat#359602

CD38 Fluidigm Cat#3172007B

CD4 Fluidigm Cat#3174004B

CXCR4 Fluidigm Cat#3175001B

CD25 Biolegend Cat#356102

CD161 Biolegend Cat#339919

CD3 (APC/Cyanine) Biolegend Cat#344817

CD4 (PE/DazzleTM 594) Biolegend Cat#300547

CD8 (Alexa Fluor� 700) Biolegend Cat#344723
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nadia

Roan (nadia.roan@ucsf.edu).

Materials Availability

This study did not generate new unique reagents.
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REAGENT or RESOURCE SOURCE IDENTIFIER

IFNg (PE) BD Biosciences Cat#554701

Purified Mouse anti-Human CD49d BD Biosciences Cat#340976

Purified Mouse anti-Human CD28 BD Biosciences Cat#340975

Chemicals, Peptides, and Recombinant Proteins

LymphoprepTM STEMCELL Technologies Cat#07801

Cisplatin Sigma-Aldrich Cat#P4394

Paraformaldehyde Electron Microscopy Sciences Cat#15710

Metal Contaminant-Free PBS Rockland Cat#MB-008

Brefeldin A Solution Thermofisher Cat#00-4506-51 s

PepMix SARS-CoV-2 Peptide (Spike

Glycoprotein)

JPT Peptide Technologies Cat#PM-WCPV-S

PepMix SARS-CoV-2 Peptide (VEMP) JPT Peptide Technologies Cat#PM-WCPV-VEMP

PepMix SARS-CoV-2 Peptide (NCAP) JPT Peptide Technologies Cat#PM-WCPV-NCAP

CMV pp65 Peptide Pool NIH AIDS Reagent Program Cat#11549

Influenza Virus Control Peptide Pool Anaspec Cat#AS-62340

PMA Sigma-Aldrich Cat#1585

Ionomycin calcium salt Sigma-Aldrich Cat#I0634

Normal Mouse Serum ThermoFisher Cat#10410

Normal Rat Serum ThermoFisher Cat#10710C

Human Serum From Male AB Plasma Sigma-Aldrich Cat#H4511

Intracellular Fixation & Permeabilization

Buffer

ThermoFisher Cat#88-8823-88

Permeabilization Buffer ThermoFisher Cat#00-8333-56

Iridium Interchelator Solution Fluidigm Cat#201192B

MaxPar� cell staining buffer Fluidigm Cat#201068

Cell acquisition solution Fluidigm Cat#201240

EQ Four Element Calibration Beads Fluidigm Cat#201078

Recombinant Human IL-7 Protein R&D Systems Cat#207-IL-005

Zombie VioletTM Fixable Viability Kit Biolegend Cat#423113

CFSE ThermoFisher Cat#65-0850-84

Critical Commercial Assays

MaxPar� X8 Antibody Labeling Kit Fluidigm Cat#201169B

Cell-IDTM 20-Plex Pd Barcoding Kit Fluidigm Cat#201060

Deposited Data

Raw CyTOF datasets This paper https://doi.org/10.7272/Q6RJ4GPP

Software and Algorithms

FlowJo BD Biosciences https://www.flowjo.com/

Cytobank Cytobank https://www.cytobank.org/

DensVM Becher et al.24 https://github.com/JinmiaoChenLab/

cytofkit
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Data and Code Availability

The raw CyTOF datasets generated from this study are available for download through the public repository Dryad via the following

link: https://doi.org/10.7272/Q6RJ4GPP.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects

Blood was obtained from eight individuals who had confirmed SARS-CoV-2 as assessed by RT-PCR, one household member of a

confirmed SARS-CoV-2-positive individual who was not tested but exhibited COVID-19 symptoms (PID4107) and was therefore

assumed to be infected, and three healthy controls. All participants were recruited as part of the UCSF acute COVID-19 Host Immune

Pathogenesis (CHIRP) study. The timing of specimen collection relative to symptom onset, when SARS-CoV-2 infection was

confirmed, and the sex and ages of the participants are presented in Table S1. Two individuals were additionally sampled at three

longitudinal study visits. This study was approved by the University of California, San Francisco and informed consent was obtained

from all subjects (IRB # 20-30588).

METHOD DETAILS

Preparation of specimens for CyTOF

PBMCs were isolated from blood using LymphoprepTM (StemCell Technologies) within 2 hours of blood collection. Six million cells

were then immediately treated with cisplatin (Sigma-Aldrich) as a Live/Dead marker and fixed with paraformaldehyde (PFA) as pre-

viously described.21 Briefly, 6x106 cells were resuspended at room temperature in 2 mL PBS (Rockland) with 2 mM EDTA (Corning).

Next, 2 mL of PBS containing 2 mM EDTA and 25 mM cisplatin (Sigma-Aldrich) were added to the cells. The cells were quickly mixed

and incubated at room temperature for 60 s, after which 10 mL of CyFACS (metal contaminant-free PBS (Rockland) supplemented

with 0.1% BSA and 0.1% sodium azide (Sigma-Aldrich)) was added to quench the reaction. The cells were then centrifuged and re-

suspended in 2%PFA in CyFACS, and incubated for 10 minutes at room temperature. The cells were then washed twice in CyFACS,

after which theywere resuspended in 100 mL of CyFACS containing 10%DMSO. These fixed cells were stored at�80�Cuntil analysis

by CyTOF.

For identification of antigen-specific T cells, unless otherwise indicated, 6 million freshly-isolated PBMCs were stimulated for 6

hours in RP10 media (RPMI 1640 medium (Corning) supplemented with 10% fetal bovine serum (FBS, VWR), 1% penicillin

(GIBCO), and 1% streptomycin (GIBCO)) in the presence of 3 mg/ml Brefeldin A Solution (eBioscience) to enable detection of intra-

cellular cytokines. For detection of antigen-specific T cells, 0.5 mg/ml anti-CD49d clone L25 and 0.5 mg/ml anti-CD28 clone L293

(both from BD Biosciences) were added as a source of co-stimulation, in the presence of 0.5 mm PepMix SARS-CoV-2 Peptide

(Spike Glycoprotein) (JPT Peptide Technologies), human CMV pp65 Peptide Pool (NIH AIDS Reagent Program), or Influenza Virus

Control Peptide Pool (Anaspec). As a positive control for cytokine detection, cells were treated with 16 nM PMA (Sigma-Aldrich)

and 1 mm ionomycin (Sigma-Aldrich). Treated cells were then cisplatin-treated and PFA-fixed as described above. For longitudinal

comparison of SARS-CoV-2-specific T cells, cryopreserved PBMCs from 3 time points each from participants PID4102 and

PID4103 were simultaneously thawed, and then cultured overnight in RP10 media. Peptide stimulation was conducted for 6 hours

as described above, using 0.5 mm PepMix SARS-CoV-2 Peptides for the following: spike glycoprotein, or a mix of envelope (env)

and nucleocapsid (NC) (JPT Peptide Technologies), prior to cisplatin treatment and PFA fixation. Due to logistical reasons, PBMCs

from participants PID4107, PID4108, PID4109, and PID4110 were also cryopreserved prior to peptide stimulation and CyTOF

analysis.

CyTOF staining and data acquisition

Staining of cells for analysis by CyTOF was conducted similar to recently described methods.20,52,53 Briefly, cisplatin-treated cells

were thawed and washed in Nunc 96 DeepWellTM polystyrene plates (Thermo Fisher) with CyFACS buffer at a concentration of

6x106 cells / 800 mL in each well. Cells were then pelleted and blocked with mouse (Thermo Fisher), rat (Thermo Fisher), and hu-

man AB (Sigma-Aldrich) sera for 15 minutes at 4�C. The samples were then washed twice in CyFACS, pelleted, and stained in a

100 mL cocktail of surface antibodies (Table S2) for 45 minutes at 4�C. The samples were then washed three times with CyFACS

and fixed overnight at 4�C in 100 mL of freshly prepared 2% PFA in PBS (Rockland). Samples were then washed twice with Intra-

cellular Fixation & Permeabilization Buffer (eBioscience) and incubated in this buffer for 45 minutes at 4�C. Next, samples were

washed twice in Permeabilization Buffer (eBioscience). The samples were then blocked for 15 minutes at 4�C in 100 mL of mouse

and rat sera diluted in Permeabilization Buffer, washed once with Permeabilization buffer, and incubated for 45 minutes at 4�C in a

100 mL cocktail of intracellular antibodies (Table S2) diluted in Permeabilization Buffer. The cells were then washed with CyFACS

and stained for 20 minutes at room temperature with 250 nM of Cell-IDTM Intercalator-IR (Fluidigm). Finally, the cells were washed

twice with CyFACS buffer, once with MaxPar� cell staining buffer (Fluidigm), and once with Cell acquisition solution (CAS, Fluid-

igm), and then resuspended in EQ Four Element Calibration Beads (Fluidigm) diluted in CAS. Sample concentration was adjusted

to acquire at a rate of 200 - 350 events/sec using a wide-bore (WB) injector on a CyTOF2 instrument (Fluidigm) at the UCSF Par-

nassus flow core facility.
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CFSE Proliferation Assay

Cryopreserved PBMCs from two convalescent donors (4102 and 4106) were resuspended at 2x107 cells/ml in PBS containing 0.1%

FBS. The cells were then loaded for 10 minutes in the dark with 1 mM of CFSE (eBioscience). Labeling was stopped by adding 5 vol-

umes of RP10. The cells were then incubated at 4�C for an additional 5 minutes. After 3 washes in RP10, the cells were cultured for

5 days in RP10 in the absence or presence of 10 ng/ml human IL-7 (R&D System). Cells were then stimulated for 6 hours with 0.5 mg/

ml anti-CD49d clone L25 and 0.5 mg/ml anti-CD28 clone L293 (BDBiosciences), in the absence or presence of 0.5 mmPepMix SARS-

CoV-2 Peptide (Spike Glycoprotein). Stimulation was conducted in the presence of Brefeldin A (3 mg/ml, eBioscience) to enable intra-

cellular detection of induced IFNg. Following the stimulation, cells were stained with APC/Cyanine7 anti-human CD3 (Clone SK7,

Biolegend), PE/DazzleTM 594 anti-human CD4 (Clone RPA-T4, Biolegend), Alexa Fluor 700 anti-human CD8 (Clone SK1, Biolegend),

PE anti-IFNg (Clone B27, BD Biosciences), and Zombie Violet Pacific Blue (Biolegend) as a Live/Dead discriminator. Stained cells

were fixed and analyzed by FACS on an LSRII (BD Biosciences). Flowjo (BD Biosciences) was used for analysis. Live, singlet

CD3+CD4+CD8- cells were assessed for proliferation by monitoring the loss of CFSE signal, and for the presence of SARS-CoV-

2-specific cells by induction of IFNg.

QUANTIFICATION AND STATICAL ANALYSIS

CyTOF data export and PP-SLIDE analysis

The CyTOF data were exported as FCS files, and samples were de-barcoded according to manufacturer’s instructions (Fluidigm).

Events corresponding to antigen-specific cells were identified by gating on live, singlet intact CD3+CD19- CD4+ or CD8+ T cells ex-

pressing IFNg, and exported as the population of antigen-specific cells. Data export was conducted using FlowJo (BD Biosciences)

and Cytobank software. t-SNE analyses were performed using the Cytobank software with default settings. All cellular markers not

used in the upstream gating strategy were included in generating the t-SNE plots. Non-cellular markers (e.g., live/dead stain) and the

cytokines IFNg, IL4, and IL17 were excluded for the generation of t-SNE plots. Dot plots were generated using both Cytobank and

FlowJo.

The clustering method density-based clustering aided by support vector machine (DensVM)24was implemented in R to cluster, for

each of the CD4+ or CD8+ T cell populations, total atlas cells, SARS-CoV-2-specific cells, or CMV-specific cells. DensVM builds on

the method used by ACCENSE54 for categorizing subpopulations, and calculates density by transforming the t-SNE data using the

Gaussian kernel transformation.

PP-SLIDE analysis to define the predicted original states of antigen-specific IFNg-producing cells followed our previously

described method.20,53 Each responding IFNg+ cell from the stimulated sample was matched against every cell in the baseline un-

stimulated atlas phenotyped immediately after sample procurement, and then k-nearest neighbor (kNN) calculations were used to

identify the phenotypically most similar cell in the atlas. The identified atlas cells harbor the predicted phenotypes of the original an-

tigen-specific cells prior to IFNg induction.

The statistical analyses used in the experiments are indicated within the Figure Legends. In all instances, the ‘‘n’’ refers to the num-

ber of different donors.
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