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SUMMARY

Cell-mediated immunity may contribute to providing protection against SARS-
CoV-2 and its variants of concern (VOC). We developed COH04S1, a synthetic
multiantigen modified vaccinia Ankara (MVA)-based COVID-19 vaccine that stim-
ulated potent spike (S) and nucleocapsid (N) antigen-specific humoral and cellular
immunity in a phase 1 clinical trial in healthy adults. Here, we show that individuals
vaccinated with COH04S1 or mRNA vaccine BNT162b2 maintain robust cross-
reactive cellular immunity for six or more months post-vaccination. Although
neutralizing antibodies induced in COH04S1- and BNT162b2-vaccinees showed
reduced activity against Delta and Omicron variants compared to ancestral
SARS-CoV-2, S-specific T cells elicited in both COH04S1- and BNT162b2-vacci-
nees and N-specific T cells elicited in COH04S1-vaccinees demonstrated potent
and equivalent cross-reactivity against ancestral SARS-CoV-2 and the major
VOC. These results suggest that vaccine-induced T cells to S and N antigens
may constitute a critical second line of defense to provide long-term protection
against SARS-CoV-2 VOC.

INTRODUCTION

The rapid genetic evolution of SARS-CoV-2 since its emergence in 2019 resulted in the prompt appearance

of several variants of concern (VOC) with defining antigenic sequences and altered infectivity, transmissi-

bility, and pathogenicity. VOC such as Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2)

have modified the observed COVID-19 vaccine efficacy in clinical trials taking place during the spread of

these variant viruses (Hayawi et al., 2021; Lopez Bernal et al., 2021). More recently, the appearance of

the highly contagious Omicron variant (B.1.1.529) and its two sub-lineages BA.1 and BA.2 resulted in obser-

vational studies suggesting a significant decrease in vaccine efficacy against COVID-19-associated hospi-

talizations, especially before the introduction of booster doses (Accorsi et al., 2022; Andrews et al., 2022;

Thompson et al., 2022). Omicron contains a remarkable number of mutations of which the majority map to

the Spike (S) protein, and almost half of these mutations localize to the receptor-binding domain (RBD), the

main target of neutralizing antibody (NAb) responses. Considering the vast number of mutations in

the Omicron S protein, it is not surprising that the majority of anti-S monoclonal antibodies for clinical

use completely lost their neutralizing activity against the Omicron VOC (VanBlargan et al., 2022; Zhou

et al., 2022).

While NAb induced through natural infection or vaccination have been shown to possess significantly

reduced neutralizing activity against SARS-CoV-2 VOC, S-specific cellular responses induced after vaccina-

tion or natural infection have been proven to be durable and to display a high degree of cross-recognition

of different S variants, including Omicron S (Liu et al., 2022; Tarke et al., 2022). These findings suggest that

T cell responses could provide long-term protective immunity against emerging SARS-CoV-2 VOC.

Approved COVID-19 vaccines are intrinsically limited in their capacity to elicit protective T cell responses

owing to their single antigen design based solely on the S protein of the ancestral Wuhan-Hu-1 SARS-CoV-

2 reference strain. The inclusion of additional immunodominant T cell targets, such as the nucleocapsid
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(N) protein, into a COVID-19 vaccine formulationmay, therefore, contribute to stimulate durable protective

immunity against SARS-CoV-2 and its emerging VOC by broadening the coverage of vaccine-induced

T cell responses.

We previously developed clinical vaccine candidate COH04S1, a synthetic multi-antigenic modified

vaccinia Ankara (sMVA) vector co-expressing full-length S and N antigen sequences based on the Wu-

han-Hu-1 reference strain (Chiuppesi et al., 2020). COH04S1 was highly immunogenic in different animal

models and protected against ancestral SARS-CoV-2 and VOC in Syrian hamsters and non-human primates

(Chiuppesi et al., 2020, 2022a; Wussow, 2022). COH04S1 has been tested in a combined open label and

randomized phase 1 clinical trial in healthy adults, demonstrating high tolerability and robust induction

of humoral and cellular responses to both S and N antigens (Chiuppesi et al., 2022b).

Here we show that individuals vaccinated with COH04S1 or the FDA-approved mRNA vaccine BNT162b2

(Comirnaty, Pfizer) maintain potent cellular immune responses for at least six months post-vaccination.

Both COH04S1- and BNT162b2-vaccinated subjects showed NAb responses with reduced activity against

Delta (B.1.617.2) and Omicron (BA.1) variants compared to ancestral SARS-CoV-2. In contrast, S-specific

T cells elicited by COH04S1 and BNT162b2 as well as N-specific T cells elicited by COH04S1 were present

at high levels and were similarly activated in the presence of ancestral, Delta-, and Omicron-specific pep-

tide libraries. These results support that vaccine-induced T cell responses maintain potent cross-reactivity

against SARS-CoV-2 and its emerging VOC and could be a source of protective immunity in the face of

declining NAb responses.
RESULTS

COH04S1- and BNT162b2-vaccinees show reducedNAb responses against SARS-CoV-2Delta

and Omicron variants at six-month post-vaccination

We evaluated SARS-CoV-2-specific humoral and cellular immune responses six-to-eight months after

vaccination with COH04S1 in 30 volunteers enrolled in phase 1 clinical trial aimed at testing the safety

and immunogenicity of COH04S1 at different dose levels (DL) (NCT04639466) (Chiuppesi et al., 2022b).

As a comparator, we evaluated SARS-CoV-2-specific humoral and cellular responses measured in 30

healthcare workers (HCW) six-to-fourteen months after vaccination with Pfizer BNT162b2 (Tables S1–S3).

COH04S1 subjects were prime-boost vaccinated with low-dose (DL1, 1 3 107 plaque-forming units

[pfu]), medium-dose (DL2, 1 3 108 pfu), or high-dose (DL3, 2.5 3 108 pfu) of vaccine. Of the 30 subjects

vaccinated with COH04S1, 18 received two DL1 vaccinations 30-90 days apart, six received two DL2 vacci-

nations 30 days apart, and six received two DL3 vaccinations 30 days apart. All HCW vaccinated with

BNT162b2 received two 30 mg doses approximately three weeks apart. Subjects were SARS-CoV-2 naive

by history, and subjects vaccinated with COH04S1 had additional negative SARS-CoV-2 IgG and negative

SARS-CoV-2 PCR tests at enrollment.

Binding antibodies to S, RBD, and N were measured using Wuhan-Hu-1-specific antigens by endpoint and

quantitative ELISA. Using these assays, COH04S1-vaccinees showed robust binding antibody responses to

S, RBD, and N antigens, with median S, RBD, and N endpoint IgG titers of 4,050, 1,350, and 1,350 and me-

dian WHO IgG international units (BAU/ml) of 57, 15, and nine for S, RBD, and N antigens, respectively.

Consistent with the single S antigen design of BNT162b2, robust binding antibody responses in

BNT162b2-vaccinated HCW were only measured against S and RBD antigens, with median IgG endpoint

of 4,050 and 12,150, respectively, while N-specific IgG endpoint titers were only very low or at the limit of

detection. Similarly, BNT162b2-vaccinated HCW showed median WHO IgG international units of 166, 107,

and one BAU/ml for S, RBD, and N antigens, respectively (Figures 1A, 1B and S1). Readouts of the two as-

says were highly correlated independent of the antigen specificity (Figure S2).

NAb responses were measured using ancestral (Wuhan-Hu-1) and VOC-specific pseudovirus (PsV). Both

COH04S1- and BNT162b2-vaccinated individuals showed reduced neutralizing activity against Delta and

Omicron VOC compared to ancestral SARS-CoV-2. Although a median 50% neutralizing titer (NT50) of

28 was measured against ancestral virus in sera of COH04S1 vaccinated subjects, median NT50 titers

measured with Delta and Omicron in COH04S1-vaccinees were below the detection limit (Figures 1C

and S1). BNT162b2-vaccinated HCW showed median NT50 titers of 55 and 28 against ancestral and Delta

SARS-CoV-2, respectively, while median NT50 titers measured against Omicron in BNT162b2-vaccinated

HCW were below the detection limit (Figures 1C and S1). A significant moderately positive correlation
2 iScience 25, 104745, August 19, 2022



Figure 1. SARS-CoV-2 ancestral and VOC-specific humoral responses in COH04S1- and BNT162b2-vaccinees six

months or more after primary vaccination

(A and B). Binding antibodies. Binding antibody titers to Wuhan-Hu-1-specific spike (S), receptor-binding domain (RBD),

and nucleocapsid (N) antigens were measured by endpoint and quantitative ELISA in serum samples of COH04S1- (A) and

BNT162b2- (B) vaccinated subjects six months or more after primary vaccination. For endpoint, ELISA samples with titers

below the limit of quantification were indicated with an endpoint titer of 75. BAU = binding antibody units.

(C). NAb responses. 50% neutralizing antibody titers (NT50) against ancestral SARS-CoV-2 (Wuhan-Hu-1), Delta, and Omicron

variants weremeasured using a pseudovirus (PsV) assay in serum samples of COH04S1- and BNT162b2-vaccinated subjects six

months ormore after primary vaccination. Sampleswith titers below the limit of quantificationwere indicatedwith anNT50 titer

of 10. Dotted line represents the lower limit of quantification. Boxplots in a-c extend from the 25th to the 75th percentiles,

medians are shown as a line and median values indicated above each boxplot, whiskers extend from minimum to maximum

values. two-way ANOVA followed by Tukey’s multiple comparison test was used. Only p < 0.05 are shown.

(D) Correlation analysis. Correlation between levels of Wuhan-specific neutralizing antibody titers (NT50) and VOC-

specific NT50 in subjects vaccinated with COH04S1 and BNT162B2 was assessed. Shown are Pearson’s correlation co-

efficients (r) and their two-sided significance (p).
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between ancestral-specific and VOC-specific NT50 was found (Figure 1D). These results show that ances-

tral-specific binding antibody and NAb responses in both COH04S1- and BNT162b2-vaccinees were pre-

sent over six months post-vaccination, whereas VOC-specific NAb responses were low-to-undetectable in

most individuals independently of which vaccine was used.

COH04S1- and BNT162b2-vaccinees maintain potent antigen-specific and cross-reactive

T cells to SARS-CoV-2 Delta and Omicron variants at six-months post-vaccination

Cellular immune responses to ancestral, Delta, and Omicron S and N antigens were measured by IFNg/IL-4

ELISPOT using ancestral- and VOC-specific peptide libraries. Robust IFNg cellular responses to ancestral S

were measured in both COH04S1- and BNT162b2-vaccinated subjects, with median levels of 304 or 296

spot forming units (SFU) per 106 cells, respectively (Figures 2A and 2B and S3). Similarly elevated levels

of S-specific IFNg T cell responses were measured against Delta and Omicron S peptides in both vaccine

cohorts. COH04S1-vaccinees had median SFU per 106 cells of 251 and 263 against Delta and Omicron S,
iScience 25, 104745, August 19, 2022 3



Figure 2. Ancestral- and VOC-specific IFNg and IL-4 T cell responses in COH04S1-and BNT162b2-vaccinees six

months or more after primary vaccination

(A–D). T cell responses. Ancestral- (Wuhan-Hu-1), Delta-, and Omicron-specific spike (S) and nucleocapsid (N) IFNg (A-B)

and IL-4 (C-D) T cell responses were quantified by IFNg/IL-4 ELISPOT on PBMCs stimulation with S andN peptide libraries

in subjects vaccinated with COH04S1 (A, C) or BNT162b2 (B, D) six months or more after primary vaccination. Shown are

the IFNg and IL-4 spot forming units (SFU) measured in 106 PBMCs. two-way ANOVA followed by Tukey’s multiple

comparison test was used to compare T cell levels (* = p < 0.05, ** = p < 0.01). Bars represent medians, with median values

indicated above each group. Dotted lines represent the arbitrary threshold for a positive response (50 SFU/106 PBMCs).

(C–F). Correlation analysis. Correlation between levels of Wuhan- and VOC-specific T cells recognizing spike (E and F) or

nucleocapsid (G and H) in subjects vaccinated with COH04S1 (E, G) or BNT162B2 (F, H) was assessed. Shown in each figure

are Pearson’s correlation coefficients (r) and their two-tailed significance (p).
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respectively, while BNT162b2-vaccinated subjects had 325 and 317 median SFU per 106 cells against Delta

and Omicron S, respectively. In each cohort, 29 out of 30 (96.7%) volunteers had either an increase or less

than a three-fold decrease in the IFNg cellular response to Delta and Omicron S when compared to the

response to ancestral S antigen, indicating preserved S-specific T cell responses across variants (Figure S4).

In addition to the elevated S-specific T cell responses, COH04S1-vaccinated subjects showed elevated

IFNg T cell response to ancestral, Delta, and Omicron N antigens. Median SFU per 106 cells in

COH04S1-vaccinated subjects were 152, 207, and 186 against ancestral, Delta, and Omicron N,
4 iScience 25, 104745, August 19, 2022
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respectively (Figures 2A and S3). All subjects vaccinated with COH04S1 except for one (96.7%) showed a

reduction of less than three-fold or an increase of Delta- and Omicron-specific N responses when

compared to the ancestral-specific N responses (Figure S4). Consistent with the absence of N in the

BNT162b2 vaccine, BNT162b2-vaccinated HCW had low-to-undetectable levels of N-specific T cell re-

sponses independently of which peptide library was used (Figures 2B and S3). Median SFU per 106 cells

in BNT162b2-vaccinated HCW were 17, 33, and 36 against ancestral, Delta, and Omicron N, respectively.

IL-4 cellular responses to ancestral, Delta, and Omicron S in both COH04S1- and BNT162b2-vaccinees

were reduced when compared to IFNg T cell responses and in most cases below the threshold of 50

SFU per 106 cells (Figures 2C, 2D and S5).

Correlation analysis revealed that COH04S1- and BNT162b2-induced IFNg T cell responses to ancestral

and VOC S antigens were highly correlated (Figures 2E and 2F. 0.643 < r < 0.802, p % 0.0001), while an

even stronger correlation was assessed for IFNg T cell responses to ancestral and VOC N antigens

measured following vaccination with COH04S1 (Figure 2G. r > 0.988, p < 0.0001). Although antibody re-

sponses to ancestral SARS-CoV-2 showed a marked decline over time independent of the vaccine used,

IFNg T cell responses to ancestral S and N antigens measured six months or more post-vaccination in

COH04S1- and BNT162b2-vaccinated subjects were comparable to thosemeasured onemonth after vacci-

nation (Figure S6), indicating durable S- and N-specific T cell responses. Finally, membrane antigen-spe-

cific T cell responses were low-to-undetectable in all subjects, consistent with the absence of intercurrent

SARS-CoV-2 infections (Figure S7). These results show that S-specific T cells elicited in COH04S1- and

BNT162b2-vaccinees and N-specific T cells elicited in COH04S1-vaccinees maintain potent and equivalent

cross-reactivity against ancestral SARS-CoV-2 and Delta and Omicron variants for up to six months post-

vaccination.

COH04S1- and BNT162b2-vaccinees maintain potent and equivalent T cells responses to the

S1 and S2 domains of SARS-CoV-2 Delta and Omicron variants

To dissect how differences in ancestral and VOC S sequences affected T cell targeting at the subunit level,

we analyzed IFNg T cell responses to four peptide pools covering N- and C-terminal regions of the S1 (1S1

and 2S1) and S2 domains (2S1 and 2S2) of ancestral, Delta, and Omicron S (Figure 3A). As shown in

Figures 3B and 3C, ancestral, Delta, and Omicron S-specific sub-pools were equally recognized in both

COH04S1- and BNT162b2-vaccinees. IFNg responses were evenly distributed between S1 (1S1+2S1 pools)

and S2 (1S2+2S2 pools) domains, although COH04S1-vaccinees had more prevalent recognition of the

N-terminus of S2 (1S2 pool) than BNT162b2-vaccinees, and in turn, BNT162b2-vaccinees showed better

recognition of the C-terminus of S2 (2S2 pool) than COH04S1-vaccinees (Figures 3D and 3E). Interestingly,

the 2S1 pools from ancestral, Delta, and Omicron S were evenly recognized in both COH04S1- and

BNT162b2-vaccinees, suggesting that the high mutation rate in the RBD does not significantly impact

the recognition of T cell epitopes. These results demonstrate that COH04S1 and the FDA-approved

BNT162b2 vaccine stimulate robust and equivalent levels of IFNg T cell responses to the S1 and S2 domains

of SARS-CoV-2 ancestral virus and Delta and Omicron variants.

DISCUSSION

In this report, we demonstrate that vaccine-induced T cell responses to both S and N antigens preserve

potent and long-lasting cross-reactive activity to major SARS-CoV-2 VOC, including the highly mutated

Omicron variant. Previous studies of COVID-19 vaccines, includingmRNA, adenovirus, and inactivated vac-

cines, have shown that S-specific T cell responses, unlike NAb responses, remain at elevated levels and

confer potent cross-variant reactivity over a prolonged period after vaccination, highlighting the potential

of T cells to maintain long-term protective immunity against SARS-CoV-2 and its emerging VOC (Liu et al.,

2022; Naranbhai et al., 2022; Tarke et al., 2021, 2022; Zuo et al., 2022). Our findings for COH04S1 and

BNT162b2 vaccines extend these prior findings from COVID-19 vaccines and demonstrate that in addition

to vaccine-elicited T cell responses to S, vaccine-elicited T cell responses to N are sustained for up to six-to-

eight months post-vaccination and confer potent cross-reactivity to major VOC, including Delta and

Omicron. These observations are consistent with a recently published study for an inactivated COVID-19

vaccine demonstrating that both S- and N-specific T cells elicited through vaccination maintain potent

cross-variant reactivity (Vikkurthi et al., 2022), although Omicron-specific T cell responses induced by the

inactivated vaccine were not investigated. These findings support the incorporation of both S and N anti-

gens into a COVID-19 vaccine formulation to elicit durable and cross-reactive T cell responses against

continuously emerging SARS-CoV-2 variants.
iScience 25, 104745, August 19, 2022 5



Figure 3. Subunit-specific IFNg T cell responses to ancestral and VOC S in COH04S1- and BNT162b2-vaccinees six

months or more after primary vaccination

(A). Peptide pools. Shown is the spike (S) peptide library subdivision into four pools of 15mers peptides with 11aa overlaps

and their amino acid (aa) composition. 1S1 comprises peptides 1 to 87 (M1-R355); 2S1 comprises peptides 88 to 169

(T345-R683); 1S2 comprises peptides 170 to 243 (S673-D979); 2S2 comprises peptides 244 to 316 (N969-T1273). NTD = N

terminal domain, RBD = receptor-binding domain, S1/S2 = S1/S2 cleavage site, HR1 and HR2 = heptad repeat one and 2.

(B and C). Subunit-specific T cells. Ancestral- (Wuhan-Hu-1), Delta-, and Omicron-specific S IFNg T cell responses were

quantified by IFNg ELISPOT on PBMCs stimulation with S peptide libraries in subjects vaccinated with COH04S1 (B) or

BNT162b2 (C) six months or more after the primary vaccination series. Shown are the IFNg spot forming units (SFU)

measured in 106 PBMCs using S-specific sub-libraries 1S1, 2S1, 1S2, and 2S2 as indicated in A. Differences in levels of

T cells recognizing Wuhan, Delta, and Omicron S sub-libraries were not significant as evaluated using two-way ANOVA

followed by Tukey’s multiple comparison test. Bars represent medians with median values indicated above each group.

(D and E). Percentage distribution of subunit-specific T cells. Mean percentages ofWuhan-, Delta-, Omicron-specific IFNg

T cells reactive to the individual peptide pools in COH04S1- (D) and BNT162b2-vaccinees (E) are shown as pie charts.

Sums of mean T cell numbers reactive to each peptide pool are shown inside each pie chart.
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There is mounting evidence for the important role of T cell immunity to protect against SARS-CoV-2 (Ber-

toletti et al., 2021; Kingstad-Bakke et al., 2022; McMahan et al., 2021; Moss, 2022; Steiner et al., 2021; Tan

et al., 2021). Although the precise contribution of N-specific immune responses to the protection against

SARS-CoV-2 is unclear, naturally induced cellular immune responses to N, besides those targeting S, were

found to be dominant and durable in patients with COVID-19 (Ferretti et al., 2020; Taus et al., 2022). In addi-

tion, vaccine-induced N-specific immune responses have been associated with S-independent protective

immunity in animal models (Afkhami et al., 2022; Dangi et al., 2021; Matchett et al., 2021). Recent studies

have also shown that N-specific non-NAb promotes antibody-dependent cellular cytotoxicity and other Fc-

receptor-mediated functions and can result in the control of SARS-CoV-2 infection (Dangi et al., 2021, 2022;

Fielding et al., 2021; Yewdell et al., 2021). These discoveries suggest that the inclusion of N into a COVID-19

vaccine formulation may be important for the induction of T cell responses, and in addition for the stimu-

lation of non-NAb responses. A vaccine combining S and N antigens may utilize an ideal antigen combi-

nation to elicit broadly reactive T cell responses as well as broadly functional NAb and non-NAb responses.

In addition, our phase 1 clinical study indicates that peak S- and N-specific cellular responses were induced

by COH04S1 after the first vaccination (Chiuppesi et al., 2022b), suggesting that a single dose of COH04S1

is sufficient to elicit robust S- and N-specific cellular immunity. A single injection of COH04S1 may elicit or

boost S- and N-specific T cell responses in naive or previously infected/vaccinated individuals. Although

COH04S1 may have the capacity to broaden vaccine-induced cross-protective immunity through the
6 iScience 25, 104745, August 19, 2022
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inclusion of N, inactivated vaccine formulations, such as CoronaVac, Covaxin, or BBIBP-CorV, may have the

capacity to stimulate broadly functional immunity that goes beyond the induction of S- and N-specific re-

sponses (Deng et al., 2021). Because inactivated vaccines contain a complete set of SARS-CoV-2 antigens

they may potentially elicit broadly reactive T cell responses equivalent to those induced during natural

infection. Studies directly comparing T cell responses induced by inactivated vaccines or other vaccine ap-

proaches are sparse, although a recent study has shown superior induction of S-specific T cells by

BNT162b2 compared to BBIBP-CorV or natural infection whereas the response was broader following

BBIBP-CorV vaccination or natural infection than in BNT162b2 vaccines (Valyi-Nagy et al., 2021).

In contrast to the robust cross-reactive T cell responses observed in both COH04S1- and BNT162b2-vacci-

nated subjects, NAb responses observed in these cohorts showed reduced activity against Delta and Om-

icron VOC when compared to ancestral SARS-CoV-2. NAb responses against the Omicron variant in both

COH04S1- and BNT162b2-vaccinated subjects were either very low or undetectable, indicating the excep-

tional capacity of Omicron to evade NAb. These results are consistent with previous findings for BNT162b2

and other authorized COVID-19 vaccines and confirm that vaccine-induced antibody responses, differently

from T cell responses, wane over time and confer reduced neutralizing activity against emerging VOC, sug-

gesting that NAb alone are insufficient to establish long-term protection against COVID-19 (Cheng et al.,

2022; Liu et al., 2022; Muik et al., 2022; Rockett et al., 2022). NAb titers induced by COH04S1 were lower

than titers induced by BNT162b2. However, it is important to note that COH04S1-vaccinees were in major-

ity (18 out of 30) vaccinated with the lowest COH04S1 dose (DL1), which induced lower NAb titers than the

two higher doses (DL2 and DL3) when used as a primary vaccination series in our previously reported phase

1 trial (Chiuppesi et al., 2022b).

NAb are likely the main contributor to the high-level vaccine efficacy against SARS-CoV-2 and its VOC

observed shortly after vaccination/booster administration. Although the third dose of BNT162b2 has

been shown to significantly improve protection against hospital admission owing to the Delta andOmicron

VOC, booster-induced protection rapidly decreased within three months to pre-booster levels of 30-50%

(Tartof et al., 2022; Thompson et al., 2022). Cellular responses are thought to contribute to vaccine-induced

protection and given their robust maintenance and potent cross-reactivity theymay represent an important

immune component for the residual 30-50% protection from hospitalization observed in vaccinated indi-

viduals several months post-vaccination. Therefore, broadening the coverage of T cell epitopes by using

multiantigen vaccines may raise the long-term threshold of protection conferred by T cell immunity beyond

the observed 30-50% afforded by vaccines expressing S alone, potentially maintaining protective immunity

in the face of waning or reduced cross-reactive neutralizing responses as a result of the continuous emer-

gence of new VOC. Broadly functional vaccine-elicited T cell responses could be particularly important to

protect against severe disease in the immunocompromised population, such as transplant recipients, in

which mounting of an effective antibody response is impaired owing to B cell aplasia (Jullien et al.,

2022). Phase 2 clinical trials are underway testing the use of COH04S1 as a booster vaccine in volunteers

previously vaccinated with authorized COVID-19 vaccines (NCT04639466) and COH04S1 as a primary vacci-

nation in patients with hematopoietic cancer following bone marrow transplant or cellular therapy

(NCT04977024).
Limitations of the study

This study has several limitations. First, the study did not measure whether the main contributors

to the cellular immune responses were CD4+ or CD8+ T cells. However, the analysis of S- and N-specific

T cells up to four months post-vaccination with COH04S1 showed that although both CD4+ and

CD8+ T cells are present, antigen-specific CD4+ T cells represent the majority of vaccine-induced activated

T cells (Chiuppesi et al., 2022b). Similarly, in a study on BNT162b2-vaccinated HCW, the majority IFNg was

produced by CD4+ T cells (Angyal et al., 2022). The preponderance of a CD4+ T cell response is consistent

with the T cell phenotype induced after natural SARS-CoV-2 infection (Gao et al., 2022; Tarke et al., 2021).

Second, the two cohorts were not precisely balanced in terms of age, sex, and time post-vaccination: the

COH04S1 cohort had amore restricted age interval given the limit of 55 years of age imposed by the FDA in

the first-in-human phase 1 trial and the BNT162b2 cohort included mostly female healthcare workers. This

resulted in a statistically significant difference in age distribution at enrollment between the two cohorts.

Finally, while most COH04S1 samples were collected six months post-vaccination, half of BNT162b2 sam-

ples were collected at later time points and up to 13 months post-vaccination (Tables S2 and S3).
iScience 25, 104745, August 19, 2022 7



ll
OPEN ACCESS

iScience
Article
In conclusion, our study demonstrates that vaccine-induced T cell responses to S and N antigens maintain

potent cross-reactive immunity to SARS-CoV-2 and its emerging VOC and warrants the inclusion of N in a

vaccine formulation to potentially broaden the reactivity and protective efficacy of vaccine-induced T cell

responses.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GOAT ANTI HUMAN IgG:HRP antibody BioRad Cat# 204,005, RRID:AB_619881

Biological samples

WHO International reference panel for anti-

SARS-CoV-2 immunoglobulin

NIBSC 20/268

COH04S1 immune serum and PBMCs This paper N/A

BNT162b2 immune serum and PBMCs This paper N/A

Chemicals, peptides, and recombinant proteins

Spike (S1+S2) Sino Biological 40589-V08B1

RBD Sino Biological 40592-V08H

Nucleocapsid Sino Biological 40588-V08B

1 Step TMB-Ultra Thermo Fisher 34029

Luciferase Assay Reagent Promega E1483

TransIT-Lenti Mirus MIR6600

Wuhan Spike andNucleocapsid peptide library Genscript Custom order (Table S4)

Delta Spike and Nucleocapsid peptide library Genscript Custom order (Table S4)

Omicron Spike and Nucleocapsid peptide

library

Genscript Custom order (Table S4)

Wuhan Membrane peptide library Produced in house N/A

Critical commercial assays

Lenti-XTM p24 Rapid Titer Kit Takara 632200

IFNg/IL-4 FluoroSpot FLEX kit Mabtech X-01A16B

Experimental models: Cell lines

HEK293T/17 cells ATCC CRL11268

HEK293T-ACE2 cells Crawford et al., 2020 N/A

Recombinant DNA

pALD-gag-pol Aldevron pALD-gag-pol

pALD-rev Aldevron pALD-rev

pALD-GFP Aldevron pALD-GFP

pALD-FLuc This paper N/A

pCMV3-S Sino Biological VG40589-UT

pTwist-CMV-BetaGlobin-S Delta Twist Biosciences Custom order

pTwist-CMV-BetaGlobin-S Omicron Twist Biosciences Custom order

Software and algorithms

Prism GraphPad v8.3.0

SoftMax Pro 7 Molecular Devices SMP7 PROF

Fluoro-X FluoroSpot Immunospot N/A

Other

FilterMax F3 Molecular Devices F3

SpectraMax L Molecular Devices SpectraMax L

(Continued on next page)
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Luna-FL cell counter Logos Biosystems L20001

CTL-test serum free media Immunospot CTLT-010

CTL S6 Fluorocore Immunospot
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Don J.

Diamond (ddiamond@coh.org).
Materials availability

All requests for resources and reagents should be directed to the lead contact author. All reagents will be

made available on request after completion of a Materials Transfer Agreement.

Data and code availability

All data supporting the findings of this study are available within the paper and are available from the lead

contact upon request. This paper does not include original code. Any additional information required to

reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

COH04S1 immunogenicity was investigated at City of Hope (COH) as part of a clinical protocol (IRB#20447)

approved by an external Institutional Review Board (Advarra IRB). This open-label and randomized, pla-

cebo controlled, phase 1 clinical study is registered (NCT04639466). Among others, exclusion criteria

included age<18 or >55, previous SARS-CoV-2 infection, BMI<18 or >35, and underlying health conditions.

Out of the 51 subjects who received one or two doses of COH04S1, 30 subjects were selected based on 2

doses regimen, absence of SARS-CoV-2 intercurrent infection and lack of additional vaccination with EUA

SARS-CoV-2 vaccines. Immunogenicity of BNT162b2 was investigated as part of an observational study

conducted at COH and approved by City of Hope IRB (IRB#20720). Participants were R18 years old and

no exclusion criteria based on BMI or underlying health conditions were applied. This study first enrolled

19 subjects who were followed up to 1-year post-vaccination and additional 34 subjects with a single sam-

ple six months or more post primary series vaccination. Out of 53 subjects who were enrolled, 30 subjects

were selected based on the availability of frozen PBMC samples and absence of N-specific binding anti-

bodies or M-specific IFNg T cell responses. All subjects gave informed consent at enrollment. Study pop-

ulations are described on Tables S1–S3.
METHOD DETAILS

IgG ELISA

SARS-CoV-2-specific binding antibodies were detected by endpoint and quantitative ELISAs utilizing pu-

rified S, RBD, and N proteins (Sino Biological 40589-V08B1, 40592-V08H, 40588-V08B). Briefly, 96-well

plates (Costar 3361) were coated with 100 mL/well of S, RBD, or N proteins at a concentration of 1 mg/mL

in PBS pH 7.4 and incubated overnight at 4�C. Plates were washed 5X with wash buffer (0.1% Tween-20/

PBS), then blocked with 250 ml/well of assay buffer (0.5% casein/154mM NaCl/10mM Tris-HCl/0.1%

Tween-20 [pH 7.6]/8% Normal goat serum) for 2 h 37�C. After washing, 3-fold diluted heat-inactivated

serum in blocking buffer was added to the plates starting from a dilution of 1:150. Plates were wrapped

in foil and incubated 2 h at 37�C. Plates were washed and 1:3,000 dilution of anti-human IgGHRP secondary

antibody (BioRad, 204005) in assay buffer was added for 1 h at room temperature. Plates were washed and

developed with 1 Step TMB-Ultra (Thermo Fisher 34029). After 2-4 min the reaction was stopped with 1M

H2SO4 and 450nm absorbance was immediately quantified on FilterMax F3 (Molecular Devices). Endpoint

titers were calculated as the highest dilution to have an absorbance >0.100 nm. Positive and negative con-

trols were included in each plate and consisted of serum pools of SARS-CoV-2 seropositive (S, RBD, and N

endpoint titer 36,450) and seronegative individuals (S, RBD, and N endpoint titer <150). For quantitative
12 iScience 25, 104745, August 19, 2022
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ELISA the same protocol was used with the difference that in each plate each member of the WHO Inter-

national reference panel for anti-SARS-CoV-2 immunoglobulin (UK National Institute for Biological Stan-

dards and Control code, 20/268) was added diluted 1:1,350 and the WHO assigned values used to create

a standard curve. Samples were six-fold diluted in duplicates starting from a 1:150 dilution. For each sam-

ple, the first absorbance value to fall within the standard curve range was used to calculate the IgG titer and

expressed as BAU/ml. Samples with IgG<1 BAU/ml were indicated as 1 BAU/ml.
SARS-CoV-2 PsV production and neutralization assay

SARS-CoV-2 PsV was produced using a plasmid lentiviral system based on pALD-gag-pol, pALD-rev, and

pALD-GFP (Aldevron). Plasmid pALD-GFP was modified to express Firefly luciferase (pALD-Fluc). Plasmid

pCMV3-S (Sino Biological VG40589-UT) was utilized and modified to express SARS-CoV-2 Wuhan-Hu-1 S

with D614G modification. Customized gene sequences cloned into pTwist-CMV-BetaGlobin (Twist Biosci-

ences) were used to express SARS-CoV-2 VOC-specific S variants. All S antigens were expressed with C-ter-

minal 19 aa deletion. The S sequence of the Delta (B.1.617.2)-specific PsV contained the following muta-

tions: T19R, G142D, D156-157, R158G, A222V, L452R, T478K, D614G, P681R, D950N. The S sequence of

the BA.1 Omicron-specific PsV contained the following mutations: A67V, D69-70, T95I, G142D, D143-

145, D211, L212I, Ins214(EPE), G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K,

E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y,

N856K, Q954H, N969K, L981F. A transfection mixture was prepared 1 ml OptiMEM that contained 30 ml

of TransIT-Lenti transfection reagent (Mirus MIR6600) and 6 mg pALD-Fluc, 6 mg pALD-gag-pol, 2.4 mg

pALD-rev, and 6.6 mg S expression plasmid. The transfection mix was added to 5 3 106 HEK293T/17 cells

(ATCC CRL11268) seeded the day before in 10 cm dishes and the cells were incubated for 72 h at 37�C.
Supernatant containing the PsV was harvested and frozen in aliquots at 80�C. Lentivirus was titrated using

the Lenti-XTM p24 Rapid Titer Kit (Takara) according to the manufacturer’s instructions.

SARS-CoV-2 PsV were titrated in vitro to calculate the virus stock amount that equals 200,000- 500,000 rela-

tive luciferase units. Flat-bottom 96-well plates were coated with 100 ml poly-L-lysine (0.01%). Serial 2-fold

serum dilutions starting from 1:20 were prepared in 50 ml media and added to the plates in triplicates, fol-

lowed by 50 ml of PsV. Plates were incubated overnight at 4�C. The following day, 10,000 HEK293T-ACE2

cells (Crawford et al., 2020) were added to each well in the presence of 3 mg/ml polybrene and plates were

incubated at 37�C. After 48h of incubation, luciferase lysis buffer (Promega E1531) was added and lumines-

cence was quantified using SpectraMax L (Molecular Devices) after adding Luciferase Assay Reagent

(Promega E1483, 100 ml/well). For each plate, positive (PsV only) and negative (cells only) controls were

added. The neutralization titer for each dilution was calculated as follows: NT = [1�(mean luminescence

with immune sera/mean luminescence without immune sera)] 3 100. The titers that gave 50% neutraliza-

tion (NT50) were calculated by determining the linear slope of the graph plotting NT versus serum dilution

by using the next higher and lower NT using Office Excel (v2019).
IFNg/IL-4 ELISPOT

Peripheral blood mononuclear cells (PBMC) were isolated from fresh blood using Ficoll and counted using

Luna-FL cell counter (Logos Biosystems). Frozen PBMCs were thawed and IFNg/IL-4 secretion evaluated

using human IFNg/IL-4 FluoroSpot FLEX kit (Mabtech, X-01A16B) following manufacturer instructions.

Briefly, 150,000 cells/well in CTL-test serum free media (Immunospot CTLT-010) were added to duplicate

wells and stimulated with peptide pools (15-mers, 11 aa overlap, >70% purity). Ancestral, Delta (B.1.617.2)

and Omicron (BA.1) S peptide libraries (GenScript) were divided into 4 sub-pools spanning the S1 and S2

domains (Table S4. 1S1=1-86; 1S287-168; 2S1 = 169-242; 2S2 = 243-316; peptides 173 and 304-309 were not

successfully synthesized therefore excluded from the pools). Ancestral, Delta and Omicron N peptide li-

braries consisted of 102 peptides (Table S4. GenScript). Membrane (in house synthesized) library based

on the Wuhan sequence included 53 peptides. Each peptide pool (2 mg/mL) and aCD28 (0.1 mg/ml, Mab-

tech) were added to the cells and plates were incubated for 48 h at 37�C. Control cells (50,000/well) were
stimulated with PHA (10 mg/mL). After incubation, plates were washed with PBS and primary and secondary

antibodies were added according to manufacturer’s protocol. Fluorescent spots forming units (SFU) were

acquired using CTL S6 Fluorocore (Immunospot). For each sample, spots in unstimulated DMSO-only con-

trol wells were subtracted from spots in stimulated wells. For plotting zero spots were indicated as one.

Total spike response was calculated as the sum of the response to each spike sub-pool. Fifty spots/106 cells

were chosen as an arbitrary threshold for positivity.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8.3.0. Groups were compared using 2-way

ANOVA followed by Tukey’s multiple comparison test. Prism was used to calculate Pearson correlation co-

efficients and their p values.
ADDITIONAL RESOURCES

COH04S1 phase I clinical trial has been registered on ClinicalTrials.gov (Identifier: NCT04639466, URL:

https://clinicaltrials.gov/ct2/show/NCT04639466): A Synthetic MVA-based SARS-CoV-2 Vaccine,

COH04S1, for the Prevention of COVID-19 Infection.
14 iScience 25, 104745, August 19, 2022
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