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Background. NVX-CoV2373 is an efficacious coronavirus disease 2019 (COVID-19) vaccine comprising full-length
recombinant severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (rS) glycoprotein and Matrix-M adjuvant.
Phase 2 of a randomized, placebo-controlled, phase 1/2 trial in healthy adults (18-84 years of age) previously reported good
safety/tolerability and robust humoral immunogenicity.

Methods. Participants were randomized to placebo or 1 or 2 doses of 5-ug or 25-ug rS with 50 ug Matrix-M adjuvant 21 days
apart. CD4" T-cell responses to SARS-CoV-2 intact S or pooled peptide stimulation (with ancestral or variant S sequences) were
measured via enzyme-linked immunosorbent spot assay and intracellular cytokine staining.

Results. A clearly discernable spike antigen-specific CD4" T-cell response was induced after 1 dose, but markedly enhanced
after 2 doses. Counts and fold increases in cells producing Thl cytokines exceeded those secreting Th2 cytokines, although both
phenotypes were clearly present. Interferon-y responses to rS were detected in 93.5% of 2-dose 5-ug recipients. A polyfunctional

CD4" T-cell response was cross-reactive and of equivalent magnitude to all tested variants, including Omicron BA.1/BA.5.

Conclusions.
variant S proteins after 2 doses.
Clinical Trials Registration.
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NVX-CoV2373 elicits a moderately Thl-biased CD4" T-cell response that is cross-reactive with ancestral and

CD4" T-cell response; COVID-19 vaccine; Matrix-M adjuvant; polyfunctional; variant cross-reactivity.

The coronavirus disease 2019 (COVID-19) pandemic due to se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
continues to produce disease waves driven by evolving variants.
Vaccines based on multiple technologies, all targeting the
SARS-CoV-2 spike (S) protein that mediates virus attachment
to host cells, have shown moderate to high levels of efficacy
[1-3] and good effectiveness against severe SARS-CoV-2 hospi-
talization and death in real-world data [4, 5]. Notably, booster
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doses with vaccines based on the ancestral S sequence continue
to provide protection against severe disease [6], and this contin-
ues to be associated with improved variant-specific neutraliza-
tion titers after these doses [7, 8].

The NVX-CoV2373 vaccine comprises 5 pg of full-length re-
combinant SARS-CoV-2 spike glycoprotein (rS) stabilized in
prefusion conformation, with 50 ug of Matrix-M adjuvant [9,
10]. Matrix-M or similar saponin adjuvants provide antigen
sparing in induction of antibody responses [11, 12], increase
antibody affinity, expand the range of epitopes recognized
[13], and broaden strain specificity [14, 15]. In addition, sapo-
nin adjuvants enhance polyfunctional CD4" T-cell responses
and may allow cross-presentation to induce CD8" T-cell re-
sponses to exogenous protein antigens [9, 14-17].

In phase 1 of this phase 1/2 trial, 5 pg and 25 pg SARS-CoV-2
1S doses with 50 pg Matrix-M adjuvant were well tolerated in
healthy adults 18-59 years old and induced immunoglobulin
G (IgG) anti-S protein-binding antibodies and neutralizing an-
tibodies [10], with CD4" T-cell responses biased toward a type
1 T-helper (Th1) phenotype detected by the intracellular cyto-
kine staining (ICCS) assay [10]. CD8" T-cell responses in the
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phase 1 participants were not investigated, but other investiga-
tors detected antigen-specific CD8" T cells using the
activation-induced marker and ICCS assays [16, 18]. Other
studies have found similar patterns of T-cell responses to
SARS-CoV-2 infection and other vaccines [8].

Phase 2 of this trial investigated SARS-CoV-2 1S with
Matrix-M adjuvant in healthy adults 18-84 years old. Both
5 pgand 25 pg SARS-CoV-2 rS doses with 50 ug Matrix-M ad-
juvant were again well tolerated and induced strong anti-S pro-
tein IgG and neutralizing antibody responses 2 weeks after the
second dose [19]. The 5pug SARS-CoV-2 rS with 50 pg
Matrix-M formulation was subsequently studied in 2 large
phase 3 clinical trials. In 15 187 adult participants (18-84 years
of age) in the United Kingdom, 89.7% efficacy (95% confidence
interval [CI], 80.2%-94.6%) against mild, moderate, or severe
virologically confirmed COVID-19 was shown from 7 days af-
ter the second injection [20]. Extended follow-up (median of
4.5 months postvaccination) showed 82.7% efficacy (95% CI,
73.3%-88.8%) against all SARS-CoV-2 disease and 100% effica-
cy against severe disease [21]. In the second efficacy trial of 29
949 participants >18 years old in the United States and Mexico,
NVX-CoV2373 demonstrated 90.4% efficacy (95% CI, 82.9%-
94.6%) against the mild, moderate, or severe confirmed
COVID-19 endpoint, including 92.6% against then-circulating
variants of concern or interest [22].

Here we report on the CD4" T-cell responses of participants
in phase 2 of the phase 1/2 trial as well as cytokine responses to
variant spike proteins after 2 doses of NVX-CoV2373.

MATERIALS AND METHODS

Trial Design and Oversight
The phase 2 component of the trial was conducted at 9 sites in
Australia and 8 in the United States (Supplementary Table 1) in
men and nonpregnant women 18-84 years old. The protocol
was approved by the Alfred Hospital Human Research Ethics
Australia) and Advarra Central
Institutional Review Board (Columbia, Maryland), performed in
with  the

Harmonization Good Clinical Practice guidelines and overseen

Committee (Melbourne,

accordance International ~ Conference  on
by an independent safety monitoring committee. All participants
provided written informed consent prior to enrollment. Details of
the design, conduct, and analyses (including a diagram of partic-
ipant enrollment and disposition through the principal period of
sampling reflected here), safety, and antibody responses to ances-
tral antigens are provided in prior publications [19, 23] and in the
Supplementary Methods and Supplementary Table 2. The trial is
registered at ClinicalTrials.gov (NCT04368988).

Participants were randomized (1:1:1:1:1) to placebo or 1 of 4
vaccine groups, with stratification by study site and age (18-59
and 60-84 years). Each participant received, in a blinded man-
ner, 2 intramuscular injections comprising placebo (group A)

or NVX-CoV2373 in a 1-dose regimen (5 pg [group C] or
25 pg [group E] rS with Matrix-M adjuvant on day 0 followed
by placebo on day 21 [—1 to +3 days]) or 2-dose regimen (5 pg
[group B] or 25 pg [group D] rS with Matrix-M adjuvant on
day 0 and day 21 [—1 to +3 days]). Blood samples for T-cell re-
sponses were drawn before treatment (day 0) and at 7 days after
each injection of the primary 2-dose series.

The trial was designed by Novavax, Inc (Gaithersburg,
Maryland), with funding support from the Coalition for
Epidemic Preparedness Innovations. The authors assume re-
sponsibility for the accuracy and completeness of the data
and analyses, as well as for the fidelity of the trial.

Immunogenicity Assessments

Heparinized blood was collected from participants at a subset
of sites preselected for capacity to collect and ship samples un-
der specified conditions. The samples were couriered overnight
at room temperature to central laboratories in Australia
(360Biolabs, Melbourne) or the United States (Cellular
Technology Ltd [CTL], Shaker Heights, Ohio) for separation
of peripheral blood mononuclear cells (PBMCs) by Ficoll den-
sity gradient centrifugation. PBMC fractions were frozen at
—80°C and stored under vapor nitrogen until assay.

Enzyme-linked immunosorbent spot (ELISpot) assays were
performed by CTL. ELISpot plates were coated with antibodies
to human interferon gamma (IFN-y), tumor necrosis factor alpha
(TNF-a), or interleukin (IL)-5. Stimulating antigens and PBMCs
were added to wells in serum-free CTL-Test Medium and incubat-
ed for 48 hours at 37°C in a 7% carbon dioxide atmosphere. After
incubation, cells were discarded, and the plates were washed.
Spots representing cytokine-secreting cells were detected by incu-
bation with enzyme-conjugated antibodies to IFN-y, TNF-a, or
IL-5 followed by chromogenic substrate, and spots were counted
using an automated ImmunoSpot reader (from CTL).

ICCS assays were performed at Novavax on a subset of sam-
ples that were randomly selected from the overall ELISpot sam-
ple pool. Thawed PBMCs were cultured overnight, and viable
counts were determined. PBMCs were then cultured for
6 hours at 37°C with stimulating antigens and positive and neg-
ative controls, with addition of BD GolgiPlug and BD
GolgiStop (BD Biosciences, San Jose, California) for the last
4 hours. Cells were labeled with surface markers (CD3, CD4,
and CD8; BD Biosciences) and LIVE/DEAD indicator dye
(Invitrogen, Eugene, OR). Cells were fixed and permeabilized,
and cytokines were detected with antibodies specific for
IFN-y, TNF-a, IL-2, IL-5, and IL-13 (BD Biosciences).
Samples were processed using flow cytometers (Fortessa and
Symphony A3) and analyzed using FlowJo software version
10 (Tree Star, Ashland, Oregon). Data shown were gated on
the CD3"CD4"CD8" live CD4" T-cell population. The gate
of cytokine-positive cells was set up based on negative control
cells that were treated with medium only.
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More detailed descriptions of the immunogenicity methods
are provided in the Supplementary Methods and

Supplementary Figures 1 and 2.

Statistical Analysis

Analyses were conducted on the per-protocol immunogenicity
PBMC analysis subset, which included participants in the per-
protocol immunogenicity analysis population restricted to con-
senting participants at the subset of preselected sites where
PBMCs were harvested. Results for both the ELISpot and
ICCS assays were summarized for cells stimulated with
N-terminal and C-terminal S peptide pools, for the combined
counts for both peptide pools, and separately, for cells stimulat-
ed with intact rS protein. Counts below the lower limit of quan-
titation (LLOQ) were assigned values of LLOQ / 2. Responses
were described by the geometric mean of counts per 1 million
cells (GMCs) and geometric mean fold rise (GMFR), that is, the
geometric mean of the within-participant fold rises from
baseline to post-treatment assessments. For ELISpot data,
where participant numbers were greater, the proportion of par-
ticipants “responding” to a given stimulus was based on those
attaining cytokine-producing cell counts >95th percentile of
all baseline preimmunization values, which were collected early
in the pandemic in a population 98.1% SARS-CoV-2 seroneg-
ative (Supplementary Table 3) at first sampling.

RESULTS

Cellular Inmunogenicity Population

Between 24 August 2020 and 25 September 2020, 1288 partic-
ipants were randomized at 17 sites in Australia and the United
States in the phase 2 component of the trial. A total of 1283 par-
ticipants received the initial injection. A subset comprising
consenting enrollees fulfilling the per-protocol criteria for im-
munogenicity at preselected sites whose PBMC specimens were
received in good condition and without contamination (see
Supplementary Material) totaled 155 participants and consti-
tuted the cellular immunogenicity subset. Treatment group siz-
es were 31, 32, 28, 33, and 31 for groups A, B, C, D, and E,
respectively (Supplementary Table 3).

The median age was 56.0 years (range, 49.0-58.0 years), with
44.5% in the older (60-84 years) stratum (range, 39.4%-48.4%).
Women comprised 47.7% (range, 36.4%-53.6%) of partici-
pants, and 83.2% of participants were White.

Immunogenicity Analysis

ELISpot

Figure 1 depicts counts of cytokine-secreting cells per 1 million
PBMCs when stimulated with intact ancestral SARS-CoV-2 rS.
Baseline (day 0) counts were low and near LLOQ, with minimal
variation, for all cytokines assessed. In vaccine groups, counts of
IFN-y- or TNF-o-secreting cells (both indicative of a Thl

response) rose 1.9- to 5.6-fold (IFN-y) or 2.7- to 6.1-fold
(TNF-a) from baseline to day 7, whereas placebo recipients
showed little change. Responses to 25 pg rS (group E) were slightly
higher than those to 5 pg rS (group C) after 1 dose, albeit with
overlapping 95% Cls (Figure 1). One week after the second
dose, marked increases in IFN-y-secreting cells were present in
the 2-dose vaccine groups (group B: 24.3-fold, group D:
15.3-fold over baseline), while the 1-dose vaccine groups (groups
C and E) declined modestly from day 7 (Figure 1). On day 28,
86.7% and 93.5% of 2-dose active vaccine recipients (groups D
and B, respectively) had evidence of response versus 44.0% and
57.1% of 1-dose active vaccine recipients (groups C and E, respec-
tively) (Figure 2). Placebo recipients showed 1.2-fold increases in
IFN-y-secreting cells, with 10.3% manifesting an apparent re-
sponse (Figures 1 and 2). This small increase in placebo recipients
might reflect assay variation near the LLOQ or exposure to circu-
lating virus, at least in the United States.

Patterns of TNF-o-secreting cell responses elicited by rS
IFN-y
(Figure 1), although the magnitudes of increase at day 28 in

protein stimulation were generally similar to
the 2-dose active vaccine groups were greater (GMC = 850.9/
million [62.9-fold rise in group B] and 671.1/million
[35.8-fold rise in group D]). In contrast to IFN-y-secreting
cell counts, TNF-a-secreting cells continued to increase mod-
estly at day 28 in the 1-dose vaccine groups. Counts of PBMCs
secreting both IFN-y and TNF-o, and thus manifesting a poly-
functional response to rS, showed patterns similar to IFN-y
alone, with 36% to 80% of participants who were given active
vaccine showing a response producing both cytokines upon
stimulation (vs none in the placebo group) (Figure 2).

Counts of PBMCs secreting the type 2 T-helper (Th2) phe-
notype cytokine IL-5 showed no response above LLOQ at the
baseline visit and remained unchanged in placebo recipients
(Figure 1). Participants receiving the first dose of vaccine had
modest increases in IL-5 at day 7 (1.5- and 1.8-fold in the
5-pg dose groups, B and C, respectively; 2.9- and 1.7-fold in
the 25-ug groups, D and E, respectively). Participants receiving
a second dose of vaccine had further increases in IL-5 at day 28
(15.5-fold in the 5-ug dose group B; 14.3-fold in the 25-pg dose
group D); IL-5 response rates in groups B and D were 93.5%
and 90.0%, respectively (Figure 2).

Supplementary Tables 4-6 provide ELISpot data for stimula-
tions using overlapping peptide pools representing the
N-terminal or C-terminal sequences of the S protein and
summed data reflecting peptides spanning the full S protein.
These results demonstrate the same trends noted with the in-
tact protein, with GMCs/million PBMCs of IFN-y-secreting
cells, cells secreting both IFN-y and TNF-a, and cells secreting
IL-5 being
(Supplementary Table 6) and the intact rS analysis (Figure 1).

similar in the pooled peptide analysis
The principal difference was increased numbers of TNF-a-

secreting cells at baseline when stimulated with both the
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Cytokine-secreting cells after recombinant severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike glycoprotein (rS) stimulation, assessed by e-

nzyme-linked immunosorbent spot assay (ELISpot). Cells secreting interferon gamma (IFN-y; A), tumor necrosis factor alpha (TNF-o; B), IFN-y and TNF-a (), or interleukin
5(IL-5; D) after SARS-CoV-2 rS stimulation were detected by ELISpot. Geometric mean count (GMC) of cells per million peripheral blood mononuclear cells (PBMCs) secreting
the requisite cytokine is plotted with 95% confidence intervals (Cls). Geometric mean fold rise (GMFR) in cytokine-secreting cells relative to day 0 (preimmunization) is in-
dicated above the bars along with 95% Cls. Group A: placebo (day 0/7, n = 31; day 28, n = 29). Group B: 2-dose 5 ug rS + 50 pg Matrix-M adjuvant (n = 32, n = 31). Group C:
1-dose 5 pg rS + 50 pg Matrix-M adjuvant (n = 28, n = 25). Group D: 2-dose 25 g rS + 50 pg Matrix-M adjuvant (n = 33, n = 30). Group E: 1-dose 25 pg rS + 50 pg Matrix-M

adjuvant (n=31, n=28).

N-terminal and C-terminal peptide pools. Despite strong in-
creases in absolute GMCs of TNF-o-secreting cells, especially
at day 28 in the 2-dose vaccine groups, GMFRs were limited
by the high baseline counts. Notably, absolute GMCs and
GMFRs of IL-5-producing cells remained less than those of
IFN-y-secreting cells for all assays with peptide stimulation.

Intracellular Cytokine Staining
Induction of T-cell responses of Thl and Th2 phenotypes was
also assessed at days 0 and 28 by ICCS using cells from a random-
ly selected subset of participants (n =75), which included only
3 placebo recipients. These data reflect counts of cytokine-positive
cells per million CD4" T cells, gated on CD3"CD4"CD8" live cell
populations (Supplementary Figure 3, Supplementary Table 7).

At day 0, the GMCs of CD4" T cells responding to intact rS
ranged from 12.5 to 19.1 per million cells for IFN-y, 66.1 to
128.7 for TNF-a, and 27.0 to 54.2 for IL-2, with overlapping
95% ClIs for the various treatment groups (Supplementary
Figure 3A-C).

One week following the second vaccination (day 28), geo-
metric mean IFN-y-secreting cells were markedly increased

in the 2-dose groups (282.3 and 422.9 per million cells for
groups B and D, with 17.3 and 25.5 GMEFRs, respectively).
The 1-dose vaccine groups had lesser responses, with 1.9 and
3.3 GMFRs in groups C and E, respectively, while the placebo
recipients showed no change in GMC (Supplementary
Figure 3A).

Similarly, GMCs of TNF-a-secreting cells were increased at
day 28 in the 2-dose vaccine groups (4452.3 and 3956.5 per mil-
lion cells for groups B and D, with 37.0 and 50.6 GMFRs, re-
spectively). The 1-dose groups again demonstrated lesser
responses, with 10.0 and 8.2 GMFRs in groups C and E, respec-
tively (Supplementary Figure 3B). Likewise, day 28 GMCs of
IL-2-secreting cells were increased sharply in the 2-dose vac-
cine groups, attaining 3366.6 and 1826.4 per million cells for
groups B and D, with 65.4 and 51.6 GMFRs, respectively.
Again, 1-dose groups demonstrated lesser responses, with
GMFRs similar to those for TNF-a (Supplementary Figure 3C).

Again, in ICCS, CD4" T cells producing Th1 cytokines in re-
sponse to intact rS (Supplementary Figure 3D and 3E) tended
to demonstrate a polyfunctional phenotype. For example, cells
producing all 3 Thl cytokines in response to rS at the day 28
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Response rate of participants producing cytokines after recombinant severe acute respiratory syndrome coronavirus 2 spike glycoprotein (rS) stimulation, as-

sessed by enzyme-linked immunosorbent spot assay (ELISpot). The response rate, defined as the proportion of participants in each treatment group at that time point
with a count that exceeds the 95th percentile of pooled day 0 counts, was determined for each group, assessed by ELISpot. Response rate is plotted, shown as a percentage,
for interferon gamma (IFN-y; A), tumor necrosis factor alpha (TNF-a; B), IFN-y and TNF-a (C), or interleukin 5 (IL-5; D). Group A: placebo (day 0/7, n=31; day 28, n=29).
Group B: 2-dose 5 pg rS + 50 pg Matrix-M adjuvant (n =32, n = 31). Group C: 1-dose 5 pg rS + 50 yg Matrix-M adjuvant (n = 28, n = 25). Group D: 2-dose 25 ug rS + 50 ug
Matrix-M adjuvant (n =33, n=230). Group E: 1-dose 25 pg rS + 50 pg Matrix-M adjuvant (n =31, n=28).

visit accounted for 63.5% to 90.1% of IFN-y-producing cells in
the 2-dose vaccine groups (B and D) and 53.1% to 78.3% in the
1-dose vaccine groups (C and E).

Supplementary Table 7 demonstrates similar trends in Th1
cytokine induction detected by ICCS when stimulation was
performed with pooled peptides, although background day 0
GMC:s for IL-2-producing cells were markedly higher, thus re-
ducing the GMFRs for that cytokine.

One week following second vaccination, geometric mean
counts of CD4" T cells producing IL-5 in response to intact
rS were increased by 2.5-fold (group B) and 2.0-fold (group
D) in the 2-dose active vaccine groups (128.6 and 96.3 per mil-
lion cells for groups B and D, respectively), with lesser-fold rises
in the 1-dose 5 pg (group C; GMFR 1.4) and 25 pg (group E;
GMEFR 1.1) groups (Supplementary Figure 3F). Increases in
IL-13-producing cells were more dynamic, with 7.9-fold and
2.2-fold increases in group B and group D, respectively
(Supplementary Figure 3G). Patterns observed with pooled
peptide stimulation (Supplementary Table 7) were again simi-
lar. The amplitude of Th2 responses was notably less in ICCS
data as compared with ELISpot (compare Figures 1 and 2
and Supplementary Figure 3H, Supplementary Tables 6 and 7).

T-Cell Responses to Variant Spike Sequences
NVX-CoV2373, which contains rS of the ancestral sequence, is
able to elicit neutralizing antibody responses to variant viruses

after completion of a 2-dose primary series and a third (boos-
ter) vaccine dose [23]. To assess whether Th1 phenotype CD4"
T-cell responses induced by NVX-CoV2373 also showed cross-
reactivity, we stimulated day 28 PBMCs from a randomly se-
lected subset of 6 placebo (group A) and 18 NVX-CoV2373
(group B) recipients with rS proteins of variants including
Beta, Delta, and Omicron BA.1, BA.2, and BA.5. As shown in
Figure 3, polyfunctional CD4" T cells expressing all 3 Thl cy-
tokines tested (IFN-y, IL-2, and TNF-a) increased by almost
2 orders of magnitude (78- to 99-fold) in the immunized par-
ticipants relative to placebo recipients regardless of the variant
S sequence used for stimulation; 94.4%-100% of actively im-
munized participants responded to the variant proteins, with
polyfunctional Th1 responses greater than in any placebo re-
cipient (Figure 3, Supplementary Table 8).

DISCUSSION

Initial data based on small numbers of samples from
NVX-CoV2373 recipients in phase 1 [10] indicated a robust
CD4" T-cell response of predominantly Thl phenotype to
the ancestral sequence rS contained in NVX-CoV2373, com-
plementing anti-S IgG and neutralizing antibodies; induction
of strong IFN-y T-cell responses to spike protein peptides
was also noted in the efficacy trial conducted in the United
Kingdom [21]. Current data from a sampling of participants
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Experiment 2

Figure 3. Stimulation of polyfunctional type 1 T-helper (Th1) CD4* T-cell responses by variant spike proteins in peripheral blood mononuclear cells (PBMCs) of individuals
treated with 2 doses of placebo or NVX-CoV2373. PBMCs from a convenience sample of 6 placebo 2-dose and 18 NVX-CoV2373 2-dose recipients at day 28 were stimulated
for 6 hours with intact recombinant spike proteins of ancestral, Delta, Beta, and Omicron BA.1, BA.2, and BA.5 sequences. CD4" T cells producing all 3 Th1 cytokines (in-
terferon gamma [IFN-y], tumor necrosis factor alpha [TNF-a], and interleukin 2 [IL-2]) were quantified via intracellular cytokine staining assay. Geometric mean counts of triple
Th1 cytokine-positive CD4" T cells per million CD4* T cells (with 95% confidence intervals [Cls]) are shown. Two different experiments were run, with the first testing against
ancestral, Delta, Omicron BA.1, and Omicron BA.2 strains, and the second testing against ancestral, Beta, and Omicron BA.5 strains.

in the phase 2 component of the trial confirm several points. In
ELISpot data with intact protein stimulation (Figure 1), a ba-
lanced to moderately Thl-dominant CD4" T-cell response
was underway at 7 days after the first dose but was markedly
enhanced after 2 doses. The higher antigen dose level (25 ug)
demonstrated a marginal advantage after 1 dose but became
comparable to the 5-ug dose after the second immunization.
Cells responding with production of IL-5 (a Th2 cytokine)
were clearly present, but of somewhat lower numbers than con-
current Thl cytokine expression (Figure 1). Induction of ba-
lanced or Thl-biased responses, even when administration of
the antigen alone tends to evoke Th2 responses, has been a fea-
ture of Matrix-M adjuvant in animal models [9, 17] and is ap-
parent here. During early SARS-CoV-2 vaccine development,
concerns were raised that Th2-predominant responses might
lead to vaccine-enhanced disease [24]. While vaccine-enhanced
disease with SARS-CoV-2 has not materialized, to our knowl-
edge, the induction of pathogen-specific, balanced or
Thl-biased polyfunctional T-cell responses, as seen here, is
characteristic of convalescence from SARS-CoV-2. Moreover,
the polyfunctional Th1 response is both theoretically desirable
for the control of intracellular pathogens and correlated with
protection against other respiratory viruses such as influenza
[25, 26]. ELISpot data were also developed using peptide pools
representing the N-terminal (Supplementary Table 4) and
C-terminal (Supplementary Table 5) portions of the ancestral
spike protein and peptides representing the entire sequence

(Supplementary Table 6). Aside from slightly lower amplitudes
of response with the C-terminal peptides, the patterns with re-
gard to dose, dose number, and moderate Th1l predominance
were similar to those measured in assays using intact S protein.

To measure a more complex cytokine expression profile at a
single cell-based level, we also examined cytokine production
upon antigen stimulation within the CD4" T-cell population
by ICCS. Again, a strong CD4" T-cell response was observed
after immunization, detected using either intact rS or peptide
pool stimulation and featuring a predominance of cells produc-
ing Thl cytokines. Moreover, these antigen-specific CD4" T
cells were predominantly polyfunctional as measured by dou-
ble Thl cytokine 2,
Supplementary Table 7). Interestingly, while the counts of

and triple expression (Figure
IFN-y-producing cells in day 28 samples were of similar mag-
nitude using the ELISpot and ICCS detection methods, postim-
munization antigen-specific IL-5-producing cell counts were
considerably lower in the ICCS data and associated with a lower
GMEFR of Th2 responses. This may reflect the durations of
stimulation in the 2 methods, with production of Th2 cytokines
previously reported to be activated more slowly, thus favoring
detection via the longer antigen exposure of the ELISpot meth-
odology [27].

Neutralizing antibodies against pseudoviruses bearing more
recent SARS-CoV-2 variant spike proteins were previously
shown to be substantially lower than levels against the ancestral

strain in participants who received a 2-dose primary series of
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NVX-CoV2373 [23]. However, neutralizing titers against Beta,
Delta, and Omicron variants rose markedly after a third (boos-
ter) dose of NVX-CoV2373, the latter into the range previously
associated with good clinical efficacy against the ancestral strain
[23]. Here, we demonstrate that polyfunctional CD4" T-cell re-
sponses stimulated by Beta, Delta, and Omicron BA.1, BA.2,
and BA.5 sequence 1S proteins were essentially indistinguish-
able from the ancestral rS responses after only 2 doses of
NVX-CoV2373 (Figure 3). This pattern of primary series—in-
duced cross-reactivity in the CD4" T-cell compartment, re-
gardless of neutralizing antibody responses, has been
reported for messenger RNA and adenovirus-vectored vaccines
[8], has been shown in animal models with ancestral and Beta
variant spike nanoparticle vaccines with Matrix-M adjuvant in
animals [28], and is now demonstrated here for NVX-CoV2373
in humans. Cross-reactivity to evolving variants at the CD4"
T-cell level may help limit the severity of COVID-19 due to
these viruses directly (as has been suggested in the case of pre-
existing cross-reactive IFN-y-producing cytotoxic CD4" T cells
limiting illness due to influenza challenge in persons seronega-
tive for the challenge virus [26], and potentially also provide
help for the progressive acquisition of neutralizing responses
to variants evoked by boosting with the prototypical ancestral
vaccine, as demonstrated for third and fourth doses of
NVX-CoV2373 bearing the ancestral spike sequence [23, 29].
These data thus support the persisting clinical utility of
NVX-CoV2373 in the face of evolving variants.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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