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Lack of memory recall in human
CD4 T cells elicited by the first
encounter with SARS-CoV-2

Katherine A. Richards,1 Siriruk Changrob,2 Paul G. Thomas,3 Patrick C. Wilson,2 and Andrea J. Sant1,4,*

SUMMARY

Thestudies reportedhere focuson the impactofpre-existingCD4Tcell immunityon thefirstencounterwith
SARS-CoV-2. They leveragePBMCsamples fromplasmadonors collected after afirst SARS-CoV-2 infection,
prior to vaccine availability and compared to samples collected prior to the emergence of SARS-CoV-2.
Analysis of CD4 T cell specificity across the entire SARS-CoV-2 proteome revealed that the recognition of
SARS-CoV-2-derived epitopes by CD4 memory cells prior to the pandemic are enriched for reactivity to-
ward non-structural proteins conserved across endemic CoV strains. However, CD4 T cells after primary
infectionwith SARS-CoV-2 focus on epitopes from structural proteins.Weobserved little evidence forpref-
erential recall to epitopes conserved between SARS-CoV-2 and seasonal CoV, a finding confirmed through
use of selectively curated conserved and SARS-unique peptides. Our data suggest that SARS-CoV-2 CD4
T cells elicited by the first infection are primarily established from the naive CD4 T cell pool.

INTRODUCTION

Soon after the onset of SARS-CoV-2 pandemic, studies sought to understand the nature of CD4 T cell immunity to SARS-CoV-2 infection.

Distinct experimental approaches were used by different groups to detect and quantify these SARS-CoV-2 specific CD4 T cells. These ap-

proaches differed by the epitopes surveyed (see1–3 for reviews) and include peptides selected by predictive algorithms,4–7 peptide class II

tetramers,8,9 overlapping peptide libraries representing the sequence of major structural proteins such as Spike or nucleocapsid,10,11 or a

subset of proteins12 or at the far extreme, the total proteome.5 Different assays were used to quantify the frequency of the SARS-CoV-2-reac-

tive CD4 T cells (reviewed in13). Themost common assay used to detect SARS-CoV-2-reactive T cells directly ex vivo has been the ‘‘AIM’’ assay

that detects the upregulation of cell surfacemolecules that occurs upon T cell receptor (TcR) engagement, allowing for the sampling of limited

PBMC and detection of CD4 T cells independently of cytokine production.5,14 A more limited subset of studies has used cytokine secretion,

most commonly IFN-g EliSpot assays, to quantify SARS-CoV-2-reactive CD4 T cells.10,12 Also, studies differ with regard to whether they were

performed directly ex vivo4,5 or after in vitro expansion.14,15 Each of these approaches have both strengths and limitations and are important

to consider in deriving models for immunity elicited by SARS-CoV-2 infection.

The study design in this article was enabled by the availability of large samples of human PBMC collected from COVID convalescent

plasma donors elicited by this first confrontation with SARS-CoV-2 prior to availability of vaccines, and a similarly large and diverse sample

of PBMC banked prior to the emergence of SARS-CoV-2. These large sample sizes enabled the assessment of issues that are currently un-

resolved in the field. First, by tracking the reactivity to the peptide epitopes contained in the entire proteome and through analyses of selec-

tively curated peptide pools, we sought to address whether circulating memory CD4 T cells established by seasonal CoV (‘‘sCoV’’) are pref-

erentially recruited by SARS-CoV-2 infection. This question remains of high interest because the degree of conservation in sequence is highly

disparate across the different proteins encoded by the SARS-CoV-2 genome. The experimental findings that SARS-CoV-2 derived peptides

can activate CD4 T cells from seronegative subjects or those sampled prior to the emergence of SARS-CoV-216–19 has raised the following

questions. First, how extensively are CD4 T cells specific for peptides conserved between SARS-CoV-2 and previously established memory

cells drawn into the response to SARS-CoV-2 infection? Second, how substantially do CD4 T cells from sCoV contribute to protection from the

first encounter by infection with SARS-CoV-2?

Here, we quantify responses toward all the viral classes by cytokine secretion assays, stressing the functionality of the SARS-CoV-2 reactive

CD4 T cells. By obtaining PBMC samples from plasma donors collected early after the emergence of SARS-CoV-2, prior to the availability of

SARS-CoV-2 vaccines, we were able to probe the primary response to infection. The sample sizes provided sufficient cell numbers to enrich
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CD4 T cells and excludeCD8T cells as well as other cells that can produce cytokines. These post-infection assays were compared toCD4 T cell

responses from pre-pandemic PBMC samples collected prior to autumn of 2019 that represents memory from periodic infections with

different seasonal CoV (‘‘sCoV’’). Combining the large number of CD4 T cells with the availability of overlapping peptides libraries of the pro-

teome from both cohorts enabled the evaluation of CD4 T cell reactivity toward the entire SARS-CoV-2 proteome in discreet and unbiased

protein-specific patterns. A peptide-dependent direct ex vivo cytokine secretion EliSpot assay was used, allowing the detection of CD4 T cells

with anti-viral functionwithout any expansion in vitro. This approach has been used in our laboratory as a strategy to quantify human influenza-

specific CD4 T cells to a wide range of antigen specificities.20 These samples were also large enough to enable the purification of CD4 T cells

and detection of SARS-CoV-2 peptide-reactive cells in a protein-specificmanner to the entire proteome. This strategy provided an estimation

of the potential recall of sCoV reactive CD4 T cells by SARS-CoV-2-derived CD4 T cell epitopes and patterns of overall and generalizable

protein specificity and immunogenicity. Together, these studies enable an assessment of whether and how extensively cross-reactive CD4

T cells were recalled and expanded by the first infection with SARS-CoV-2.

These analyses revealed striking features in CD4 T cell immunity to SARS-CoV-2 in the post-infection, convalescent subjects. First, despite

the broad range in responses that were noted in response to infection, SARS-CoV-2 specific CD4 T cell abundance across different viral pro-

teins was tightly correlated, suggesting that selective HLA-linked epitopedominancewas not a factor in themagnitude of theCD4 T response

among subjects. Second, when separately querying curated pools of peptides from the spike protein that were highly conserved or highly

disparate with endemic sCoV, responses were not enriched for recall toward the conserved epitopes. Finally, when the patterns and prefer-

ences in responses between pre-2019 and post-infection samples were compared, they were remarkably distinct. The CD4 T cells from pre-

pandemic samples exhibited high reactivity to conserved epitopes within non-structural proteins, accessory proteins, or those regions of

structural proteins with stretches of amino acids shared with SARS-CoV-2, while CD4 T cells elicited by infection exhibited strong preferences

toward structural proteins and perhaps most importantly, were not detectably biased toward conserved epitopes. Thus, the comprehensive

studies reported here provide little evidence for the recall of memory CD4 T cells established by periodic and lifetime encounter with sCoV

during the host’s first encounter with SARS-CoV-2.

RESULTS

Human CD4 T cell responses to the SARS-CoV-2 proteome-derived epitopes after the first infection with SARS-CoV-2

We sought to address the specificity and immunodominance patterns in human CD4 T cells after the recovery of subjects from primary SARS-

CoV-2 infection. Shown in Figure 1 are the demographic features and disease parameters of the convalescent plasma donors sampled for

Figure 1. Demographics and infection data, including the duration of symptoms, infection severity score, and defined severity based on symptomology

in SARS-CoV-2 convalescent subjects collected in April and May of 2020

Infection severity score was calculated based on 12 symptoms including fatigue, cough, shortness of breath, loss of taste and smell, and fever with a potential score of

up to 18. Also included in the scoring was hospitalization (not hospitalized - 0), hospitalized without oxygen (6) or with oxygen (8) and ICU admission (10). Finally, the

duration of symptoms with a value of 0 (0 days) to 8 (21+ days) was included. These values lead to cumulative scores indicated in the infection severity score column

(<10 to 35) and the cumulative scores we used to rank severity (<10 mild, 11–18 moderate, 19–27 severe and 28–35 critical). The exact criteria are referenced in

Guthmiller et al.21
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reactivity to individual peptide pools representing each viral protein in the SARS-CoV-2 proteome. This set of PBMC was comprised of adult

subjects who were plasma donors soon after SARS-CoV-2 first emerged, where plasma was used as a treatment strategy (reviewed in22–24).

The sample dates were in April and May of 202025,26 and thus prior to the availability of SARS-CoV-2 vaccines.

In order to quantify the reactivity to SARS-CoV-2 post infection, we used cytokine EliSpot assays, used in conjunction with overlapping

peptide libraries comprising the entire translated sequence of each of the SARS-CoV-2 proteins. These libraries represented each of the struc-

tural proteins contained in the virion, the non-structural proteins encoded by the Orf1a and Orf1b, and many of the ORF accessory proteins

that were sequenced at the time that the peptide libraries were acquired (see Table S1). Cryopreserved PBMCwere thawed, rested overnight,

then washed and depleted of CD8 andNK cells, yielding aCD4 T cell-enrichedpopulation that contain primarily host antigen-presenting cells

(APC) and CD4 T cells. Cytokine EliSpots (IFN-g) were chosen because they serve as a straightforward and objective method to quantify the

T cell recognition of antigen to viral pathogens (reviewed in13,27,28) and detect cells that respond to TcR engagement with a functional

response with a cytokine that has potent anti-viral functionality. This approach also overcomes the limitations in the detection of T cells

due to complexity of HLA molecules that makes predictive algorithms or HLA-derived peptide tetramers inadequate for the quantification

of all potential epitopes recognized by the CD4 T cells. Our assays thus enabled an unbiased comprehensive assessment of the CD4

T cells elicited by human SARS-CoV-2 infection. This type of assay has been used by our laboratory to study human memory CD4

T cells,20 human vaccine responses,29,30 and responses to human endemic sCoV.31

Peptide pools were incubated with CD4 T cell-enriched cell populations and cultured for 36 h with the protein-specific peptide pools. The

frequency of reactive cells was scored for cytokine secreting cells by an automated plate reader (see Figure S1 for representative images). The

number of spots detected reflect a direct ex vivomeasurement of antigen-specific CD4 T cells and thus enabled the assessment of the relative

immunodominance of CD4 T cells specific for themultiple proteins expressed by SARS-CoV-2 after the first infection of humans with this virus.

Figure 2 shows the results of these analyses, where each SARS-CoV-2 protein is indicated below the Figure panel with the number of cyto-

kine-producing cells per million CD4 T cell enriched population shown on the Y axis. In this Figure, each subject is noted by a unique symbol

and color that matched the data presented in Figure 1. The SARS-CoV-2 virus protein specificities are divided into 3 classes of proteins, rep-

resented by Figures 2A–2C, where the response to the structural proteins is shown in Panel A, the accessory proteins in Panel B, and the non-

structural proteins (NSP) from ORF-1 shown in Panel C. The distribution of the total responses is shown as pie graphs in Panel D.

Several observations were made in this first level of analyses. It is clear, first, that there is a tremendous range in overall response magni-

tude, with occasional subjects exhibiting extremelymodest responses, and others displaying an exceptionally high frequency of SARS-CoV-2-

specific CD4 T cells across many protein specificities. These differences in response magnitude did not detectably correlate with disease

severity (see Figure S2). Second, CD4 T cell responses to the SARS-CoV-2-derived epitopes from different proteins and classes of viral pro-

teins exhibit generalizable differences in immunodominance, despite differences in responses magnitude. The structural proteins are the

dominant specificity in cytokine-producing cells in post infection samples, with spike-reactiveCD4 T cells being themost dominant, averaging

over 150 spots per million of enriched CD4 T cells (Figure 2A). ORF3 elicits the greatest response among the accessory proteins tested, and

averages approximately 30 cytokine producing cells per million (Figure 2B), while most of the non-structural proteins (NSP) elicit very few CD4

T cells after infection. The NSP that recruits the greatest number of T cells is NSP3, followed by NSP12, with the others eliciting less than 10

cytokine producing cells per million (Figure 2C). The overall dominance of the structural proteins in the CD4 T cell responses relative to the

non-structural proteins and accessory proteins is even more apparent when one represents these response preferences in the CD4 T cell

response by pie diagrams (Figure 2D). The average fractional CD4 T cell response to different classes of SARS-CoV-2 proteins (structural,

accessory, and NSP) is shown for all subjects. Almost 70% of the CD4 T cell response is specific for epitopes in the structural proteins, while

approximately 20% of the response is specific for the sum of all 15 of the NSP. The remaining 14% of the response is specific for the sum of the

ORF. The relative response to each of the 4 structural proteins is shown in the right panel of Figure 2D, where Spike-derived epitopes are

dominant, recruiting almost 70% of the response, followed by approximately equal responses to M and N. Only a very small fraction

(<1%) of the total responses to structural proteins are specific for the small E protein. Interestingly, when the abundance of cytokine -produc-

ingCD4 cells reactive with the peptides encodedby the different structural proteinswere analyzed for correlation coefficients (Figures 3A–3F),

there were clear and statistically positive correlations between the relative response magnitude to one protein (e.g., spike) relative to the

others (e.g., NCP (Figure 3E) or Membrane (Figure 3F)). Similarly, when reactivity to subdomains of spike (Figure 3D) was compared for cor-

relations, the same highly statistical significance was obtained. This result is important in several respects. First, it indicates that robust reac-

tivity to a given SARS-CoV-2 protein is not driven by dominance toward a single epitope or limited subset of epitopes, perhaps dictated by

HLA-allele distribution among the subjects. Second, this concurrence of relative reactivity toward all major sources of epitopes makes efforts

to assess the relationship between protein-specific antibody and CD4 T cell specificity4,5,32 difficult because subjects that display robust CD4

T cell responses to one protein will almost certainly exhibit robust responses to the others. Finally, it suggests that humans confronted with

SARS-CoV-2 for the first time have substantial and inherent differences in the magnitude of their CD4 T cell response.

Estimation of the immunogenicity of SARS-CoV-2 viral proteins in the elicitation of CD4 T cells after SARS-CoV-2 infection

Beyond the absolute immunodominance exhibited in response preferences, it is useful to evaluate the factors that contribute to immunoge-

nicity of different viral proteins. As a first step in this evaluation, we estimated relative ‘‘immunogenicity’’ of each protein and each class of

proteins by taking into account the size of the proteins, and thus the potential number of CD4 T cell peptide epitopes available for recog-

nition. The total number of peptides in each pool is shown in Table S1 and is proportional to the size and total number of amino acids in each

protein. When the response magnitude (as spots per million) for each peptide pool was divided by the number of peptides in the peptide
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Figure 2. CD4 T cell responses to the SARS-CoV-2 proteome in PCR infection confirmed convalescent subjects are dominated by reactivity to structural

proteins and spike-specific responses

CD4 T cell responses to the entire SARS-CoV-2 proteomewere evaluated in 20 subjects that had PCR confirmed SARS-CoV-2 infections in April orMay of 2020 at a

convalescent time point (D35-53 post symptomonset). Responses weremeasured using IFN-g production in Enzyme-linked (EliSpot) analyses. The proteome has

been divided into three classes of proteins (A) structural proteins, (B) accessory proteins and (C) non-structural proteins. Shown are the spot count per million

CD8� and CD56� depleted PBMC with background subtracted. The median CD4 T cell response to each antigen is shown as a gray bar and individual

subjects are indicated by unique symbols (shown in Figure 1). The right most panels of A, B and C show the total response to these classes of SARS-CoV-2

proteins. Panel D shows the average relative immunodominance as pie charts illustrating the dominant response to the structural proteins. The peptide

specific CD4 T cell frequencies were summed based on the protein class for each individual subject and the median frequency for the protein classes,

structural proteins (orange), accessory proteins (gray) and non-structural proteins (turquoise) was plotted as a pie chart. In the right pie chart the structural

proteins that accounted for the largest proportion of the response and were further broken down into specific structural proteins spike (red), nucleocapsid

(yellow), membrane (blue), and envelope (purple).
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pool for that protein, the size-normalized response is obtained (Figures 4A–4C), it is clear that the structural proteins are the most immuno-

genic in the primary response to infection, with the membrane protein (‘‘M’’) specific cells most immunogenic and the small envelope protein

(‘‘E’’) themost poorly immunogenic. Spike and nucleocapsid were similarly immunogenic. NSP 1 through 15were discovered to be very poorly

immunogenic in the CD4 T response to SARS-CoV-2 infection, even relative to most of the accessory proteins (ORF 3, 6, 7a, 8 and 10), when

normalized to their variable size.

The differences in immunogenicity are even more evident when one constructs a pie diagram for each of the viral protein classes (Fig-

ure 4D). The left panel shows that almost 60% of the response is specific for epitopes from the structural proteins (S, M E, andN), when normal-

ized for size, and approximately 35% of the response is dedicated to the sum of ORF3, ORF6, ORF7a, ORF8, and ORF10-specific CD4 T cells,

and less than 5% of the response is dedicated to NSP, when the sum of these responses, many of these which are quite large, are normalized

to their size. The right panel of Figure 4D the fractional response to the different structural proteins was calculated, where Spike recruits over

half of the response relative to the other structural proteins, with the remainder approximately equally shared between M and N, while very

few T cells reactive to E. Strikingly, when normalized to size, the M protein is the most immunogenic, with spike and nucleocapsid equivalent

to each other. M is known to be the most abundant SARS-CoV-2 protein in the virion, while N is abundant in infected cells. Thus, viral protein

abundance may be one key parameter that contributes to the overall ability to recruit CD4 T cells and the resulting immunogenicity.

The relative reactivity of CD4 T cells elicited toward sCoV-conserved vs. SARS-CoV-2-specific epitopes after the first

encounter with SARS-CoV-2

To examine the potential for recall responses frommemory generated by the endemic sCoV, we then examined the CD4 T cell response dis-

tribution to different domains of Spike as well as their relative immunogenicity whennormalized to size. This issue, which has been a bit conten-

tious in the literature, is important to address to anticipate the preservation of T cell recognition of spike in the face of the extensive mutation

and selection that has continued takes place the course of the pandemic.33–35 In order to assess the relative distribution of CD4 T cell reactivity

to different segments of the Spike protein, we constructed and tested separate pools of peptides from S2, and two discreet subdomains of S1

(RBD and S1 ‘‘minus’’ RBD), the latter pool including all of the peptides in S1, excluding those in the RBD segment. Figure 5A illustrates the

sequence and the boundaries of each segment. Figure 5B shows that in most subjects, each segment elicits readily detectable cytokine-pro-

ducing cells. There aremany subjects who display robust responses to each segment of spike and a few subjects who have very few detectable

spike-specific cells. Interestingly, when normalized to size and thus the potential number of peptide epitopes (Figure 5C), each of the 3 sub-

domains S1-RBD, RBD, and S2), displayed indistinguishable immunogenicity. This result indicates that CD4 T cell reactivity to spike, estab-

lished after the first SARS-CoV-2 infection, will likely persist upon subsequent vaccination or infection with drifted variants. Even when muta-

tions to sCoV-2-derived epitopes have been noted that altered T cell recognition,36–40 the broad reactivity of the CD4 repertoire allowed

A B C

D E F

Figure 3. CD4 T cell responses to SARS-CoV-2 proteins correlate

The abundance of cytokine producing CD4 cells reactive with the peptides encoded by the indicated classes of proteins as well as individual structural proteins or

segments were analyzed for correlation coefficients. Using XY plots, the sumof theCD4 T cell IFN-g response to the structural proteins (X axis) was plotted against

the sum of the IFN-g CD4 T cell response to the accessory proteins (A) and the non-structural proteins (B). In panel C the response to the nonstructural and

accessory proteins are correlated. In panel D the CD4 T cell IFN-g response to S1 was plotted against the response to S2 and in panels E and F the

responses to NCP and Membrane, respectively, were evaluated against the response to spike. The r and p values shown in the left corner of each panel were

calculated using the Spearman correlation.
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persistent reactivity to bemaintained.Our limited analyses of CD4 T cell reactivity toWuhan vs.Omicron derived peptide pools agree with this

conclusion (data not shown). Most of the experimental studies assessing this issue support this conclusion (reviewed in41,42).

The reactivity of CD4 T cells to the S1 and S2 segments of spike is also shown as separate bar graphs, Figure 5B. The pattern of relative

reactivity to these segments of spike was unexpected. The S2 domain has considerably more sequence identity with the endemic sCoV than

does the S1 domain or RBDdomain, as is shown in Figures 6A–6C and thus the S2 segment has the potential to share CD4 T cell epitopes. Our

previous analyses31 of subjects whose PBMC were collected prior to the fall of 2019, showed that almost all of the spike-reactive CD4 T cells

were specific for epitopes in the conserved S2 domain. Because of this disparity in the memory specificity to SARS-spike S1 and S2, we ex-

pected that upon the first confrontation of subjects with SARS-CoV-2, CD4 T cells recruited frommemory established by lifelong exposure to

endemic sCoV, CD4 T cells reactive to epitopes in the S2 domainwould be selectively expanded and thus bemore highly represented in post-

infection samples. However, the CD4 T cell response to infection was equally balanced between S1 and S2 (Figure 6D).

A

B

C

D

Figure 4. Evaluation of the immunogenicity of SARS-CoV-2 proteins demonstrates dominance of membrane and poor immunogenicity of the NSP

Based on the CD4 T cell responses to the SARS-CoV-2 proteome, shown in Figure 2, the relative of immunogenicity of each protein was calculated. Responses

measured using cytokine producing cells per million, shown in Figure 2, were normalized to the number of peptides contained in each pool by dividing the

frequency of cytokine spots per million CD8� and CD56� depleted PBMC by the number of peptides contained in the pool (Table S1) and multiplying by

100. The immunogenicity of the SARS-CoV-2 proteome is shown in the three classes of proteins (A) structural proteins, (B) accessory proteins, and (C) non-

structural proteins. Donors are indicated by unique symbols (identified in Figure 1), with the median value illustrated by a gray shaded bar. In panel D, the

average immunogenicity is represented by pie diagrams. The median response of the population for the sum of the proteins from each class, relative to

peptide pool size, indicating the relative immunogenicity is shown in the left pie diagram; structural proteins (orange), accessory proteins (grey), and non-

structural proteins (turquoise). To the right, the relative immunogenicity of each of the structural proteins, spike (red), nucleocapsid (yellow), membrane

(blue), and envelope (purple) are shown.
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The SARS-CoV-2-reactive human CD4 T cell memory compartment prior to the pandemic

To explore this issuemore fully, we extended our studies to banked PBMC that were collected prior to the emergence of SARS-CoV-2 in 2020.

These samples, by virtue of the date collected, are from subjects never exposed to SARS-CoV-2 (see Figure 7). The PBMC were enriched for

CD4 T cells and tested for reactivity to SARS-CoV-2-derived peptides from Spike. This comparative study of the two cohorts was analyzed for

each subject in the two cohorts as a fraction of the total response to spike specific for the three pools of spike derived peptides: RBD, S1-RBD

and S2 peptides (see Figure 6D, previously infected; Figure 6E, pre-pandemic, with the statistical treatment of data comparing the cohorts).

These data demonstrate T cells sampled prior to 2020 have negligible reactivity to RBD and S1-RBD and thatmany subjects have 100%of their

response specific for S2.

We then examined this issue more stringently by selectively curating peptides from spike that were either primarily conserved or unique,

independently of their localization in the spike protein. The criteria used for ‘‘unique’’ were those 17mer peptides that had fewer than 4 contig-

uous amino acids of identity between SARS-CoV-2 spike and the endemic beta sCoV OC43. Conserved peptides were selected based on at

least 6 amino acids in the 17mer that were shared between the two sources. Approximately 65 peptides were used in each pool to both

normalize the overall potential for CD4 T cell recognition and to gain as robust a response as possible. These two pools of peptides (se-

quences shown in Table S2) were tested for their ability to stimulate the pre-2020 banked samples and the post-COVID convalescent samples

(Figures 8 and S3). Panel A shows that in the samples collected from healthy donors prior to 2020, the response is restricted mainly to the

conserved pool, with only very modest responses to the unique pool. These results are consistent with the view that SAR-CoV-2 Spike S2-spe-

cific responses, detected in CD4 T cells collected prior to the pandemic, are likely due to accumulated memory due to previous seasonal

coronavirus infections and have true cross-reactivity rather than spurious reactivity to unrelated peptides, as has been argued in some

studies43,44 (see16 for discussion). In contrast, in the CD4 T cells isolated from post-infection samples Panel 8B shows that the response is

A

B C

Figure 5. The CD4 T cell response to SARS-CoV-2 spike protein post infection is distributed across the spike protein

(A) The amino acid sequence of the spike protein from SARS-CoV-2 is indicated as defined by 3 different segments of the protein including, S1-RBD (blue), which

is the S1 segment with the RBDportion of S1 removed, RBD (turquoise) and S2 (red). These delineations formed the basis of the construction of the separate pools

of peptides used for stimulation in the CD4 T cell EliSpot assay. The number of peptides contained in each segment that were pooled and used are indicated

above the Figure. The CD4 T cell response measured by IFN-g EliSpot assay to these segments of spike is shown with the frequency in Panel B and the response

relative to each segment’s size and peptide number in the pool is in Panel C. The average median response is illustrated by a gray box and individual subjects are

indicated by their unique symbols.
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balanced between conserved and unique in all subjects but one (marked as gold triangle), which may reflect the recognition of a dominant

epitope in the conserved peptide pool. Despite the overall range in responses in both cohorts, a careful examination of the responses be-

tween the two peptide pools for each of the subjects, which can be tracked by comparing the symbols in both bar graphs representing the

same individual, demonstrate the disparity in the response patterns in the two cohorts. The equivalent recognition of conserved or unique

spike-specific epitopes supports the view that SARS-CoV-2 infection does not preferentially recruit CD4 T cells from the circulating memory

pool and instead is likely a primary response. Because there are both ‘‘high’’ and ‘‘low’’ responders in each cohort, a particularly useful way of

examining these results is to calculate a ratio of CD4 T cell responses to conserved versus unique peptides for each subject. Figure 8C shows

that the ratio of responses of conserved to unique peptide pools is about 13 in pre-COVID samples, whereas in infected and convalescent

subjects, it is approximately 1.

To extend the comparison of response patterns between pre-pandemic and post-infection samples, we examined CD4 T cell reactivity to

proteins in the entire proteome of SARS-CoV-2 in samples collected prior to the pandemic. Figure 9 shows the reactivity of CD4 T cells from

pre-COVID subjects across the three classes of SARS-CoV-2 proteins examined earlier in the convalescent samples. While some subjects dis-

played little reactivity toward many of the SARS-CoV-2 proteins, a substantial number displayed readily detectable cytokine-producing CD4

A C

B

D

E

Figure 6. Distinct patterns of CD4 T cell immunodominance within the spike protein in post-convalescent subjects versus pre-pandemic samples

Amino acid sequence alignments of spike proteins for sCoV OC43 and SARS-CoV-2, broken down in the three segments, S1-RBD (A), RBD (B) and S2 (C). Blue

bars represent segments of sequence variation and yellow segments indicate stretches of sequence identity. The boxed S1-RBD segment indicates the gap in

sequence where the RBD would be with XXXX. Sequence files were downloaded from PubMed (accession numbers YP_009555241.1and YP_009724390.1 for

OC43 and SARS-CoV-2 spike proteins, respectively). To assess the percent of the CD4 T cell response dedicated to each segment of spike protein, the

number of cytokine-producing cells elicited by each pool were summed and the percent response for each segment was divided by the total number of

spike specific CD4 cells qualified multiplied by 100. Panel D shows the response from the infected convalescent samples and Panel E, results shown are from

a cohort of healthy adults collected between spring 2014 and spring 2019. The average median response is illustrated by a gray box and individual subjects

for each cohort are indicated by unique symbols. Between panels D (convalescent) and E (healthy) are p values calculated using the Mann-Whitney test

comparing each stimulation condition for the two cohorts. p values that reach statistical significance are indicated in red font.
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T cells, with frequencies of over 200 per million enriched CD4 T cells. Among the structural proteins (Figure 9A), Spike-derived and nucleo-

capsid-derived epitopes elicited the greatest response although many displayed no detectable responses. The responses to the accessory

proteins (Figure 9B) were readily detectable among many subjects, with the exception of ORF8, which is among the most highly genetically

variable accessory protein of beta coronaviruses (reviewed in45,46). Among the NSP (Figure 9C), helicase (NSP 13) andNSP3-derived epitopes

recruit the most CD4 T cells from circulating memory from endemic sCoV. These proteins are relatively highly conserved across human co-

ronaviruses, across alpha and beta sCoV, SARS-CoV and SARS-CoV-2. Although the NSP are low in abundance relative to the structural pro-

teins,47,48 it is possible that repeated exposure over the adults’ lifetimes ultimately allows the accumulation of CD4 T cells specific for some of

the more conserved NSP.

A comparison of the relative distribution of SARS-CoV-2 reactive CD4 T cells between pre-2020 and convalescent subjects is shown in Fig-

ure 10, where the sum of the CD4 T cell responses for the structural proteins, the accessory proteins and the NSP are indicated for each of the

two cohorts. The differences in distribution are striking. In the samples collected prior to the emergence of SARS-CoV-2 (Figure 10A), circu-

lating CD4 T cells displayed an average of 56% of their overall reactivity toward NSP, with the remainder were dedicated at the sum of struc-

tural proteins (25%) and the accessory proteins ORF (18%). In contrast, as is shown in Figure 10B, in the post-infection convalescent samples,

an average of almost 70% of the response is dedicated to epitopes derived from the structural proteins, with 18% being specific for NSP and

12% specific for accessory ORF proteins. Because there is a large range in overall reactivity of the CD4 T cell responses in both the pre-

pandemic and convalescent samples (Figure 10C), we analyzed the data in an additional way to normalize these responses. The average

response distribution across the 3 classes of proteins for each individual was calculated and is displayed as bar graphs (Figure 10D). When

contrasted in this way, it is clear that the two cohorts have dramatically and statistically significant differences in reactivity to the SARS-

CoV-2 structural proteins, accessory proteins and NSP.

DISCUSSION

In this study, we have analyzed the CD4 T cell response to SARS-CoV-2 infection from PBMC collected from recovered plasma donors early

during the pandemic.We have then compared them to the accumulatedCD4T cell memory to seasonal endemicCoV from samples collected

prior to the emergence of SARS-CoV-2. These studies utilized cytokine EliSpot assays and overlapping peptide libraries that represented the

Figure 7. Healthy donor (HD) subject demographics and unique symbols

Collection times are indicated by the season (S-spring/summer, W-winter, F-fall) and the year.
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expressed proteome of SARS-CoV-2 in a completely unbiased way assumed into protein-specific pools. These assays thus allowed us to es-

timate CD4 T cell reactivity across the individual expressed proteins during SARS-CoV-2 infection in a comprehensive, functionally relevant,

and unbiased way directly ex vivo.

These studies revealed several striking features of CD4 T cells elicited in the primary response to SARS-CoV-2 infection. First, among

COVID recovered subjects, at a global level, there was a dramatic range in overall response magnitude, with occasional subjects exhibiting

very modest to undetectable responses, and others who displayed an exceptionally high frequency of SARS-CoV-2-specifc cells. When reac-

tivity to each protein was comparatively analyzed by examining individual patterns among the members of the cohorts or through correlation

coefficients, it was notable that these extreme ends of response magnitude were quite often displayed across many different proteins in the

SARS-CoV-2 proteome. In previous studies of influenza-specific memory,20,30 we observed similar variations in CD4 T cell abundance among

human subjects and speculated that some of these differences might reflect the history of infection or vaccination of each host over their life-

time. Because these samples were collected soon after the onset of the pandemic, the CD4 T cells studied here likely represent the primary

CD4 T cell response after a single confrontation with SARS-CoV-2. Interestingly, the overall response magnitude did not appear to correlate

with disease severity or duration of symptoms by the criteria used in these studies (see Figure 1 for details). Also, in the post-COVID subjects

either very high or low CD4 T cell response magnitudes did not correlate detectably with age (data not shown). The underlying factors that

lead to the variation in response magnitude among the subjects studied are not understood. Because each subject will express a diverse

"palette" of different HLA class II alleles, the antigen-presenting cells (APC) from each will present a distinctive and almost certainly distinct

array of peptides for the recruitment of CD4 T cells.49 It is possible that there are dominant HLA class II molecules driving the response in some

individuals as has been recently observed for a spike derived peptide (S167-180) presented by common HLA-DP allele HLA-DP0404 in HLA-

haplotypes50 and a dominant HLA-DR15-restricted spike derived epitope (S751-767).36,51 Even in these cases, it is not clear what fraction of the

pre-existing memory cells for these cross-reactive memory cells are recalled from memory relative to cells drawn from the naive repertoire.

Overall, we postulate that the broad diversity of MHC class II allele distribution and complexity of HLA-class II molecules expressed in each

different individual in US populationsmakes it unlikely that in general a single or even limited epitope specificity dominates based on theHLA-

DR, DP, and DQ molecules expressed in the subjects. Also arguing strongly against the possibility of limited, HLA-linked, peptide selection

dominating the response is our finding that response magnitudes correlate tightly across proteins. Thus, subjects who were robust re-

sponders to spike-derived epitopes from S1 also displayed robust responses to S2. And the overall CD4 T cell reactivity to spike correlated

with reactivity to nucleocapsid andmembrane-derived epitopes in the COVID elicited response. Because of these strong correlative relation-

ships, we speculate that host factors or viral features distinct from the HLA genotype dictate the overall magnitude of the CD4 T cell response

to infection. Accordingly, the high or low total CD4 T cell response magnitudemay reflect other parameters in the SARS-CoV-2-infected host

such as differences in viral protein abundance or viral persistence during priming. This could promote continued expansion or recruitment of a

broad repertoire of elicited CD4 T cells. Alternatively, or additionally, there are likely other elements in the host such as innate activation or

inherent host-dependent properties of protein-bearing dendritic cells that influence CD4 T cell priming or expansion post infection. It is also

conceivable that the response magnitude detected here in peripheral blood CD4 T cells could reflect host-dependent differences in CD4

T cell memory cell distribution in vivo after infection, with asymmetries in the localization of memory cells in circulation and the respiratory

tract where the viral infection dominates.

These studies also revealed strong protein-specific preferences in the proteins that elicit CD4 T cells during the response to SARS-CoV-2

infection. When the average responses among members of the cohort were analyzed, it was clear that the epitopes from the four structural

proteins and to a lesser extent, the accessory proteins, were themost dominant in the CD4 T cell response to infection. In contrast, the overall

A B C

Figure 8. Reactivity of CD4 T cells to conserved peptides shared between sCoV OC43 and SARS-CoV-2 vs. peptides unique to SARS-CoV-2 suggests

lack of recall of CD4 T cells from the memory pool

Curated pools of peptides representing unique and conserved regions of the spike protein were designed based on alignments between seasonal CoV OC43

and SARS-CoV-2 (see Table S2). Each pool contained an equal number of peptides. CD4 T cell responses from 6 healthy adult subjects collected prior to 2019

(Panel A) and from 6 subjects following PCR confirmed SARS-CoV-2 infection (April-May 2020) at a convalescent time point (Panel B) were quantified by IFN-g

EliSpot. Shown are the spot counts per million CD8� and CD56� depleted PBMC with background subtracted. The median CD4 T cell response to each peptide

pool is shown as a gray bar and individual subjects are indicated by unique symbols. Panel C illustrates the ratio of the responses to conserved vs. unique peptide

pools for each individual. The red dotted line indicating a value of 1, represents an equal response between conserved and unique. p values are indicated above

each plot and have been calculated using the Wilcoxon test for panels A and B and the Mann-Whitney test for panel C. Statistically significant p values are

indicated in red text.
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responses to NSP accounted for less than 20% of the total CD4 T cell response. In a study of selected epitopes for CD8 T cells, NSP-derived

specificities were also found to be lacking in dominance post infection.52 It is likely that one major factor that dictates immunogenicity of

different proteins after SARS-CoV-2 viral infection is the copy number of different SARS-CoV-2 proteins that are available uptake and presen-

tation by host dendritic cells. Proteomics studies suggest that among the total proteome, structural proteins are abundant in both the virion

and in infected cells and among these, themembrane protein and nucleocapsid are themost abundant, while the small envelope protein has

the lowest copy number.48,53,54 An additional element that may control protein-specific memory generation is the persistence of the antigen

in vivo, either at the local site or in the lymph node.55–57 A final factor thatmay favor initial reactivity and establishment of CD4 T cell memory to

structural proteins or even in selective viral proteins such as spike is the role that B cell presentation may play in CD4 T cell expansion and

establishment of memory.58–60 Thus, proteins with many B cell epitopes such as SARS-CoV-2 spike protein might tend to have an enriched

CD4 T cell memory population that is not predicted by their absolute abundance or persistence after infection.

In these studies, a very striking and perhaps the most unexpected finding was an apparent lack of selective recruitment of CD4 T cells

established in the CD4 T cell memory pool, presumably accumulated by intermittent and repeated infections with endemic sCoV. The degree

of amino acid conservation between SARS-CoV-2 proteins and endemic seasonal b-CoV (HKU1, OC43) varies across the genome and is

A

B

C

Figure 9. CD4 T cell responses to the entire SARS-CoV-2 proteome evaluated in 32 healthy subjects collected pre-pandemic reveals striking differences

from post SARS-CoV-2 infection samples

Shown are immunodominance patterns of CD4 T cells collected prior to the onset of the SARS-CoV-2 pandemic (December 2019), using the same pools of

peptides as tested in results shown in Figure 2. Responses were measured using IFN-g production in EliSpot assays. The proteome was divided into three

classes of proteins (A) structural proteins, (B) accessory proteins and (C) non-structural proteins. Shown are the spot count per million CD8� and CD56�

depleted PBMC with background subtracted. The median CD4 T cell response to each antigen is shown as a gray bar and individual subjects are indicated

by unique symbols (Figure 7). The right most panels of A, B and C show the total response to these classes of SARS-CoV-2 proteins.
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enriched for some NSP proteins (e.g., NSP 15 (2 methyltransferase), and NSP 13 (helicase)) and for some segments of the structural proteins

(e.g., Spike S2 domain andN). The circulating CD4 T cells isolated from PBMC samples collected prior to the emergence of SARS-CoV-2 were

almost exclusively activated by peptide pools consisting of SARS-CoV-2-derived peptides with this high degree of sequence relatedness to

sCoV. A recent study examining the response to the b-CoV OC43 has provided evidence that when tracked over time in young children, the

abundance of circulatingmemoryCD4T cells diminishes with time and continues this pattern through adulthood.61Our own studies of human

CD4 T cell reactivity to 3 of the seasonal coronaviruses (two alpha CoV, 229E and NL63) and a beta CoV OC43) showed a general pattern of

diminished apparent reactivity in older adults relative to younger adults.31 These studies suggest the possibility that repeated and mild in-

fections with endemic CoV may lead to abortive expansion, more rapid contraction or change in the elicited phenotype of the elicited CD4

T cells, as the recent study indicates.61

In any case, proteins that have relative high conservation with SARS-CoV-2 were not particularly immunogenic or preferentially expanded

after infection with SARS-CoV-2. For example, very few post-infection samples had detectable responses to the highly conserved NSP pro-

teins, such as helicase, but were highly enriched for reactivity to poorly genetically conserved membrane protein, which was the most immu-

nogenic. Even among the highly dominant spike-specific CD4 T cell responses, CD4 T cell reactivity in the post infection samples was equally

balanced across ‘‘conserved’’ and ‘‘SARS-CoV-2 unique’’ peptides. Overall, our data indicate that the first infection with SARS-CoV-2 in hu-

mans drives its own CD4 T cell epitope immunodominance hierarchy, driven perhaps by robust innate activation and by the inherent immu-

nogenicity of the various viral proteins.

Studies in animal models have demonstrated the many advantages of memory T cells relative to naive T cells, due at least in part to their

higher abundance and lower thresholds of activation (reviewed in62–64). However, our studies here provide little evidence for this recall. We

can envision at least four explanations for this lack of recall. First, it is possible that the abundant protein expression after SARS-CoV-2 infec-

tion leads to an exceptionally high peptide epitope density presented by HLA-class II molecules on APC after infection in the priming lymph

node. Under these conditions, differences in sensitivity in CD4 T cell receptor signaling and activation between naive andmemory cells might

be irrelevant to CD4 T cell activation and expansion, because the threshold of activation is met for all potential responding CD4 T cells,

including those from the naive CD4 T cell repertoire. Second, it is possible that the SARS-CoV-2 cross-reactive CD4 T cells are activated

and expand but do not produce IFN-g in the in vitro restimulation assay. We have tested for the production of IL-2 in response to the

‘‘spike-conserved’’ and ‘‘spike-unique’’ peptide pools (Figure S3) and do not find the preferential expansion of CD4 T cells specific for

the conserved epitopes by this measure and have not detected alternative cytokines in SARS-CoV2 reactive cells. It is also possible that

the breadth of the CD4 T cell response in the acute phase is very broad and includes the memory cells originally elicited by the endemic

A B

C D

Figure 10. Distribution of the CD4 T cell response in pre-pandemic healthy subjects and SARS-CoV-2 convalescent subjects express distinct patterns of

epitope dominance

The frequencies of CD4 T cells reactive to discreet pools of peptides measured by IFNg EliSpot assays to the entire SARS-CoV-2 proteome were evaluated in 32

healthy subjects that had been collected prior to the pandemic and 20 post-infection convalescence samples, collected in April and May of 2020, were summed

for each protein group: structural, accessory and non-structural proteins. Panel A represents the median distribution of the summed SARS-CoV-2 CD4 responses

in the pre-pandemic samples and panel B the distribution of sum of reactivity in the convalescent infected subjects, shown as pie charts, indicated by colors

representing the response distribution. The individual subject responses are shown in panel C where blue bars indicate the median response in healthy pre-

pandemic subjects and red bars depict the median response in post-infection samples. The percent of the total SARS-CoV-2 response was calculated for

each protein type and illustrated in panel D as a % response distribution. Indicated above the bar graphs are the calculated p values with statistically

significant values indicated in red. Statistical analysis was done using multiple unpaired t tests with Welch correction.
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CoV, but that although these are recruited, they do not expand or rapidly contract or decay in the weeks following infection. It is of course

possible that the cross-reactive cells do not readily produce cytokines that are easily measured after SARS-CoV-2 infection, perhaps deviating

from this functionality after repeated activation after infections with endemic sCoV over a lifetime prior to the confrontation with SARS-CoV-2

in vivo. It is known that humans experience repeated infections with seasonal CoV, sometimes with the same virus in the same year.65–67 These

findings suggest that protective T cell immunity to these viruses can be short-lived or not recruited efficiently or with a protective phenotype in

the response during re-infectionwhich is common for endemic CoV.68,69 This latter explanation could account for the lack of boosting of spec-

ificities of cross-reactive SARS-specific CD4 T cells into the infection with SARS-CoV-2. By the same logic, it is possible that the circulating

cross-reactive CD4 T cells are not recruited to the lung draining lymph node after infection due to the loss or attenuation of homing and che-

mokine receptors that ordinarily recruit T cells to these sites after respiratory infection (reviewed in70–73), perhaps also as a consequence of

repeated activation and expansion after seasonal infection. Finally, it should be noted that any limited recall of memory cells may be masked

by an exceptionally robust primary response to SARS-CoV-2 infection. Future experiments focusing on the consequences of repeated infec-

tions by seasonal endemic CoV on the longevity and recruitment potential by related sCoV will be useful in understanding these complex

issues. In any case, our results suggest that the primary CD4 T cell response to the first SARS-CoV-2 infection is not primarily drawn from

the memory pool established by seasonal CoV and may involve largely a naive CD4 T cell population.

Limitations of the study

There are several limitations of this work. First, we have not sampled all potential sources of CD4 T cells elicited by SARS-CoV-2 in vivo within

the human subjects, because these were living donors and sampling of lung-localized T cells after recovery is not feasible. Second, we have

not studied the same subjects sampled before and after the first infection with SARS-COV-2, and thus we are drawing our conclusions on

generalized patterns in CD4 T cell epitope specificity on the large cohorts sampled prior to and after infection. Finally, there may be pheno-

typic characteristics of recruited sCoV memory CD4 T cells that have diminished our ability to detect them.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified anti-human IFNg clone 1-D1K MabTech Cat# 3420-3-1000; RRID: AB_907282

Biotinylated anti-human IFNg clone 7-B6-1 MabTech Cat# 3420-6-250; RRID: AB_907272

Streptavidin conjugated alkaline phosphatase Jackson ImmunoResearch Cat# 016-050-084

Purified anti-human IL-2 clone MT2A91/2C95 MabTech Cat# 3445-3-1000

Biotinylated anti-human IL-2 clone MT8G10 MabTech Cat# 3445-6-250

Biological samples

PMBC from SARS-CoV-2 convalescent subjects P. Wilson, University of Chicago,

clinical trial identifier NCT04340050

N/A

PMBC from healthy adults collected prior to winter 2019 University of Rochester Medical Center,

Healthy Donor Protocol 14-0064.

N/A

Chemicals, peptides, and recombinant proteins

Synthetic peptide set Sin Nombre Virus,

NM-H10 Glycoprotein Precursor protein

BEI Resources NR-4764

Overlapping peptide set, 17-mers with 11aa overlap,

NSP1 sequence from accession number YP_009725297.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP2 sequence from accession number YP_009725298.1

Genscript N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP3 sequence from accession number YP_009725299.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP4 sequence from accession number YP_009725300.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP5 sequence from accession number YP_009725301.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP6 sequence from accession number YP_009725302.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP7 sequence from accession number YP_009725303.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP8 sequence from accession number YP_009725304.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP9 sequence from accession number YP_009725305.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP10 sequence from accession number YP_009725306.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP12 sequence from accession number YP_009725307.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP13 sequence from accession number YP_009725308.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP14 sequence from accession number YP_009725309.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP15 sequence from accession number YP_009725310.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

NSP16 sequence from accession number YP_009725311.1

Mimotopes N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrea J. Sant

(andrea_sant@urmc.rochester.edu).

Materials availability

This study did not generate new unique reagents. Requests for materials should be directed to the lead contact.

Data and code availability

The full complement of data accumulated for these studies is available from the lead contact upon request. This paper does not report orig-

inal code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cohort 1

SARS-CoV-2 infected cohort. Frozen PBMC from 20 SARS-CoV-2 infected adults were received fromDr. PatrickWilson, University of Chicago,

where samples were collected following approval of the University of Chicago institutional review board IRB20-0523 and University of Chi-

cago, University of Wisconsin-Madison, and Washington University in St. Louis institutional biosafety committees. Informed consent was ob-

tained after the research applications and possible consequences of the studies were disclosed to study subjects. This clinical trial was regis-

tered at ClinicalTrials.gov with identifier NCT04340050. Subjects were over the age of 18 and had a PCR-confirmed SARS-CoV-2 infection. All

samples were collected in April and May of 2020 at a convalescent timepoint (D35-53 post symptom onset) as described in21,25. Details

regarding age, sex, disease severity, duration of symptoms and time of blood draw are indicated in Figure 1. Subjects ranged in age from

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Overlapping peptide set, 17-mers with 11aa overlap,

ORF3 sequence from accession number QHD43417.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

ORF6 sequence from accession number QHD43420.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

ORF7a sequence from accession number QHD43421.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

ORF8 sequence from accession number QDH43422.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

ORF10 sequence from accession number QHI42199.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

Spike sequence from accession number QHD43416.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

Nucleocapsid sequence from accession number QHD43423.2

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

Membrane sequence from accession number QHD43419.1

Mimotopes N/A

Overlapping peptide set, 17-mers with 11aa overlap,

Envelope sequence from accession number QHD43418.1

Mimotopes N/A

Critical commercial assays

CD8 microbeads, human Miltenyi Biotec 130-045-201

CD56 microbeads, human Miltenyi Biotec 130-097-042

LD columns Miltenyi Biotec 130-042-901

Vector Blue Substrate Kit Vector Labs SK-5300

Software and algorithms

ImmunoSpot Reader series 5.2 and ImmunoSpot software v5.1 Cellular Technology Limited N/A

GraphPad Prism 10 v10.2.1 GraphPad N/A
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22 to 76 years and there is equal representation ofmales and females (10 each). No additional subject information was collected for this study.

This data does not evaluate associations with sex or gender.

Cohort 2

Healthy adult cohort, following approval from DMID and the University of Rochester Research Subjects Review Boards (protocol 14-0064),

blood was obtained from 32 healthy adult subjects aged 18-70 residing in the Rochester, NY area, that had provided informed consent be-

tween spring 2014 and spring 2019. Details regarding age, sex and time of blood draws are indicated in Figure 7. Subjects used in this study

ranged in age from 22 to 68 years and both sexes are represented with 13 males and 19 females. These are the only demographic information

collected for this study. This data does not evaluate associations with sex or gender.

METHOD DETAILS

Synthetic peptides

Overlapping peptide sets encompassing the translated sequence of the SARS-CoV-2 proteins indicated in the figures were obtained from

Mimotopes (Mulgrave Australia) and Genscript (Piscataway, NJ). The sequence of the SARS-CoV-2 proteins used for derivation of peptide

pools, their accession numbers and their nomenclature in the literature is indicated in Table S1. A peptide pool made with peptides from

Sin Nombre Virus, NM-H10, Glycoprotein Precursor protein (BEIR, NR-4764) was used as a negative control. Individual lyophilized 17-mer

peptides were reconstituted in DMSO and water based on solubility, with or without DTT based on cysteine containing sequences at a final

concentration of 10 mM. Peptides were pooled and diluted into specific pools (Tables S1 and S2). Peptides from the SARS-CoV-2 proteome

were divided into pools representing each protein, with larger proteins divided into multiple pools, such as NSP3 divided into two pools, to

keep the number of peptides in any given pool below 200 peptides. The spike protein was divided into three pools representing the subdo-

mains of the protein (S1-RBD, RBD and S2) to probe the different segments of the spike protein individually. Additionally, two curatedpools of

peptides from the spike protein were designed to evaluate responses to unique peptides, defined as peptide sequences that did not have

more than 4 contiguous amino acids shared with sCoVOC43 spike protein, or conserved peptides, defined as peptide sequences that had at

least 6 shared amino acids when aligned with the sCoVOC43 spike sequence. These pools only contained a subset of the peptides within the

spike protein (Table S2). Peptides were pooled with each peptide present at a final concentration of 0.5 mM in assays.

Isolation of PBMCs from human blood

For the healthy adult cohort, following approval from DMID and the University of Rochester Research Subjects Review Boards (protocol 14-

0064), blood was obtained from 32 healthy adult subjects aged 18-70 residing in the Rochester, NY area, that had provided informed consent

between spring 2014 and spring 2019 (Figure 7). PBMCs were isolated from drawn blood samples and frozen in fetal calf serum containing

10% DMSO at 15 million cells/ml. For the SARS-CoV-2 infected cohort (Figure 1) cells were received from Dr. Patrick Wilson, University of

Chicago where samples were collected following approval of the University of Chicago institutional review board IRB20-0523 and University

of Chicago, University of Wisconsin-Madison, and Washington University in St. Louis institutional biosafety committees. Informed consent

was obtained after the research applications and possible consequences of the studies were disclosed to study subjects. This clinical trial

was registered at ClinicalTrials.gov with identifier NCT04340050. Subjects were over the age of 18 and had a PCR-confirmed SARS-CoV-2

infection. Peripheral blood mononuclear cells were isolated from leukoreduction filters and frozen in fetal calf serum containing 10%

DMSO from subjects that had a PCR confirmed infection in April and May 2020 at a convalescent timepoint (D35-53 post symptom onset)

as described in.21,25

EliSpot assay

After thawing and overnight rest in RPMI media containing 10% FBS cultured at 37�C and 5% CO, PBMC were washed and depleted of CD8

and CD56 cells using MACS microbeads per manufacturer instructions (Miltenyi Biotec). EliSpot assays were performed as previously

described.31 Briefly, CD8- and CD56-depleted PBMCs (250,000-350,000 cells per well) were cultured with pools of peptides on plates coated

with 10 mg/ml anti-human IFNg or anti-human IL-2 (clone 1-D1K, or clone MT2A91/2C95, respectively, MabTech) for 36 hr at 37�C, 5% CO2.

After incubation, plates were washed and incubated with biotinylated detection antibodies human IFNg or IL-2 (2 mg/ml, clone 7-B6-1, and

1 mg/ml cloneMT8G10, respectively, MabTech) in wash buffer with 10% FBS for 2hr followed by washing and incubation for 30min with strep-

tavidin conjugated-alkaline phosphatase (1:1000 dilution in wash buffer with 10% FBS, JacksonImmuno Labs) and development using Vector

Blue substrate in 100mM Tris, pH 8.2 (Vector Labs) to detect mediators as previously described.20 Quantification of cytokine-secreting cells

was performed with an Immunospot reader series 5.2, using Immunospot software, v5.1. Data are presented as the frequency of mediator-

producing cells per million CD8- and CD56-depleted PBMCs with background response subtracted. All responses with background sub-

tracted are shown, including zero values, a median response that is three-fold over background (average background 5 spots) is considered

a positive response. Any statistical treatment of data is described in the legend of the respective figure. All statistical analysis was completed

using Graphpad Prism 10 v10.2.1.
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QUANTIFICATION AND STATISTICAL ANALYSIS

ELISPOT assays were imaged using an Immunospot reader series 5.2, and spots were counted using Immunospot software, v5.1. Data are

presented as the frequency of mediator-producing cells per million CD8- and CD56-depleted PBMCs with background response subtracted.

Shown are both the median values (bars) and individual responses (symbols), unless otherwise indicated in the figure legend. All responses

with background subtracted are shown, including zero values. A median response that is three-fold over background (average background 5

spots) is considered a positive response. Statistical analyses included calculations of r and p values using the Spearman correlation, TheMann-

Whitney test comparing the two cohorts, theWilcoxon test for paired analysis, andmultiple unpaired t tests withWelch correction to calculate

p values for different comparative analyses. Any calculated p value is indicated and those that reach significance are indicated in red font.

Specific statistical treatment of data is described in the legend of the respective figure. All statistical analysis was completed using Graphpad

Prism 10 v10.2.1.

ADDITIONAL RESOURCES

The SARS-CoV-2 convalescent samples were collected as part of the clinical trial registered at ClinicalTrials.gov with identifier NCT04340050.

https://classic.clinicaltrials.gov/ct2/show/study/NCT04340050.
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