S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Cell Reports

Systemic IL-15, IFN-vy, and IP-10/CXCL10 signature
associated with effective immune response to SARS-
CoV-2 in BNT162b2 mRNA vaccine recipients

Graphical abstract

BNT162b2 mRNA Vaccine IL-15 Germinal center
f IFN-y
CXCL10 \
\ «mizg ©
e Anti-SARS-CoV-2
i~ Spike antibod
“'aiﬁ? Beell " 4
Antigen ® Tcell
Presenting Spike ® Anti-SARS-CoV-2
Cell Lymph node Spike T cell
First Second
vaccination vaccination
A ' N
g
- Cytokine
Naive Signature
Expression
IL-15
A A
N IFN-y
2 CXCL10
a
<
Pre-existing g o
COVID-19 immunity 1 2 Days @ 2

Highlights
e BNT162b2 mRNA vaccine induces a cytokine signature
featuring IL-15, IFN-y, and CXCL10

e mRNA-vaccine-induced IFN-y and IL-15 correlate with spike
antibody response

e Strong cytokine signature upon a single vaccination of
convalescent persons

e Stronger cytokine induction upon booster vaccination in
naive persons

Bergamaschi et al., 2021, Cell Reports 36, 109504
August 10, 2021 © 2021 The Author(s).
https://doi.org/10.1016/j.celrep.2021.109504

Authors

Cristina Bergamaschi, Evangelos Terpos,
Margherita Rosati, ...,

Meletios A. Dimopoulos,

Barbara K. Felber, George N. Pavlakis

Correspondence

barbara.felber@nih.gov (B.K.F.),
george.pavlakis@nih.gov (G.N.P.)

In brief

Bergamaschi et al. find that the SARS-
CoV-2 BNT162b2 mRNA vaccine induces
a distinct transient cytokine response
featuring IL-15, IFN-v, and IP-10/CXCL10.
mRNA-vaccine-induced IFN-y and IL-15
correlate with spike antibody response. A
single vaccination of convalescent
persons leads to both robust cytokine
signature and antibody response.
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SUMMARY

Early responses to vaccination are important for shaping both humoral and cellular protective immunity. Dis-
secting innate vaccine signatures may predict immunogenicity to help optimize the efficacy of mRNA and
other vaccine strategies. Here, we characterize the cytokine and chemokine responses to the 15t and 2"
dose of the BNT162b2 mRNA (Pfizer/BioNtech) vaccine in antigen-naive and in previously coronavirus dis-
ease 2019 (COVID-19)-infected individuals (NCT04743388). Transient increases in interleukin-15 (IL-15) and
interferon gamma (IFN-vy) levels early after boost correlate with Spike antibody levels, supporting their use
as biomarkers of effective humoral immunity development in response to vaccination. We identify a systemic
signature including increases in IL-15, IFN-y, and IP-10/CXCL10 after the 15t vaccination, which were en-
riched by tumor necrosis factor alpha (TNF-a) and IL-6 after the 2"? vaccination. In previously COVID-19-in-
fected individuals, a single vaccination results in both strong cytokine induction and antibody titers similar to
the ones observed upon booster vaccination in antigen-naive individuals, a result with potential implication

for future public health recommendations.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has infected more than 131 million individuals worldwide and is
responsible for more than 2.8 million deaths to date (https://
www.coronavirustraining.org/live-map). Infection or vaccination
is associated with the development of variable levels of anti-
bodies with neutralizing activity that can protect against infection
and/or disease development in animal models (reviewed in Mu-
noz-Fontela et al., 2020). Administration of anti-Spike neutral-
izing antibodies (NAbs) was shown to provide strong protection
from disease in animal models and humans (Baum et al., 2020;
Chen et al., 2021; Gottlieb et al., 2021; Ledford, 2021; Weinreich
et al.,, 2021). Several SARS-CoV-2 vaccines currently tested
induced potent antibody responses in humans, which led to
the advancement of several candidates to the clinic under Emer-
gency Use Authorization or Conditional Marketing Authorization

Gheck for
Updates

and demonstrated protective efficacy (Baden et al., 2021; Bar-
rett et al., 2021; Folegatti et al., 2020; Polack et al., 2020; Sadoff
et al., 2021; Stephenson et al., 2021; van Doremalen et al., 2020;
Walsh et al., 2020; Widge et al., 2021). SARS-CoV-2 vaccines
showed real-world effectiveness as reported in Israel (Chodick
etal., 2021) as well as by CDC (2021) and Public Health England
(2021).

Cytokines and chemokines are important drivers of inflamma-
tion and innate immunity and have a pivotal role in the develop-
ment and maintenance of adaptive immunity, in response to both
infection and vaccination. Identification of a robust signature of
cytokine induction leading to successful vaccination would be
important for further vaccine development and optimization (Ar-
unachalam et al., 2020; Fourati et al., 2019; Hagan and Pulen-
dran, 2018; Kuri-Cervantes et al., 2016). Immune signatures in
vaccine recipients receiving yellow fever, HIV-Ade5, or HIV ca-
nary pox virus vaccine (ALVAC) vaccines have been described
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Table 1. Description of vaccine recipients

Parameter N
Naive vaccine recipients 58
Vaccine recipients with pre-existing 5
immunity

Sex

Male 27
Female 36
Age (years)

<50 30
>50 33

Medical history

None 37
Yes 26

Adverse vaccine effects

1%t Dose
No 22
Yes 41
2" Dose
No 13
Yes 50

(Andersen-Nissen et al., 2021; Gaucher et al., 2008; Querec
et al., 2009; Zak et al., 2012).

To identify markers associated with vaccination resulting in
beneficial antibody development, we studied cytokines and che-
mokines triggered by prime and boost vaccination by the Pfizer/
BioNtech BNT162b2 mRNA vaccine at various times after the 15
and 2" dose. Such analytes could support the identification of
pathways leading to efficient vaccination (reviewed in Cagigi
and Loré, 2021) and could be used as biomarkers predicting
successful application of mMRNA vaccines.

RESULTS

SARS-CoV-2 anti-Spike antibody titers detected in
BNT162b2 mRNA (Pfizer/BioNTech) vaccine recipients

A cohort of 63 health-care workers (Table 1) received the
BNT162b2 mRNA vaccine and was monitored for the develop-
ment of anti-Spike-receptor-binding domain (RBD) immuno-
globulin G (IgG) and antibodies recognizing full-length trimeric
Spike (Figures 1A and 1B). Sera were analyzed on the day of
vaccination (day 1), 1 and 3 weeks later (day 8, day 22), and 2
and 4 weeks after the 2" vaccination (day 36 and day 50). We
found strong correlations (Figures S1A-S1C) between anti-
Spike-RBD (Figure 1A) and Spike (Figure 1B) antibodies, which
is in agreement with our previous reports using sera from
SARS-CoV-2 convalescent patients and Spike-DNA-vaccinated
macaques (Rosati et al., 2021; Terpos et al., 2020, 2021a) and
supports the notion that RBD is the major antibody target.

We noted that the recipients could be separated into 2 groups;
58 recipients showed responses first detected 3 weeks after the
1t dose (day 22), which was followed by a significant increase
after the 2" dose by day 36 (Figures 1A and 1B, black symbols).
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In contrast, the 5 recipients (Figure 1, orange symbols) with pre-
existing SARS-CoV-2 immunity (Table S1) showed antibody re-
sponses to Spike-RBD (Figure 1A) and trimeric Spike (Figure 1B)
at the day of vaccination, followed by an immediate strong
anamnestic response after the 15! dose (day 8). The antibody re-
sponses did not further increase upon the 2™ vaccination and re-
mained significantly higher than those in the SARS-CoV-2-naive
vaccine recipients (Figure 1, orange asterisks).

An analysis of the kinetics of Spike-RBD and Spike antibody
development in the 58 naive vaccine recipients showed a
maximal level reached after the 2" vaccination. The Spike-
RBD (Figure 1A), but not the anti-Spike (Figure 1B), antibody
levels contracted significantly by day 50 in these recipients.
The difference could be explained by the different antibody
half-lives and is corroborated by our report that antibodies to
Spike-RBD have a shorter half-life than antibodies to complete
Spike (Terpos et al., 2021a). The observed differences reflect
the nature of these antibodies not only in convalescent patients
(Terpos, 2021) but also in mMRNA vaccinated persons; therefore,
this is a general feature of the antibody specificities.

The neutralizing ability of these antibodies was measured using
a surrogate virus neutralization test (GenScript; Figure 1C), an
assay that reached a median of 96% inhibition after the 2"
dose, making any further comparisons uncertain, and a Spike
pseudotyped Nanoluc reporter virus assay, performed in a subset
of samples selected to cover a range of low to highest responses
(Figure 1D). Overall NAb levels followed those of the binding anti-
bodies. The pseudotype NAb levels correlated significantly with
the anti-Spike-RBD (Figure S2A) and anti-Spike antibodies (Fig-
ure S2B), as expected from our studies of convalescent patients
and of vaccinated macaques (Rosati et al., 2021; Terpos et al.,
2020, 2021a), supporting that antibody measurements (Spike
and Spike-RBD) can serve as surrogates for NAb measurements.

For the 5 recipients with pre-existing coronavirus disease
2019 (COVID-19) immunity, 1 single vaccination induced potent
recall responses with maximal antibody levels reached by day 8
for both Spike-RBD antibodies and NAb (Figure 1), which is
similar to recent findings reported while this report was in prep-
aration (Ebinger et al., 2021; Gobbi et al., 2021; Manisty et al.,
2021). These levels did not decline within the 4-week follow-up
after the 2" vaccination (day 22 or day 50), which is in contrast
to the decline found in 86% of the naive vaccine recipients (49 of
57 paired samples). Thus, a single vaccination in the presence of
pre-existing immunity due to CoV-2 infection induced faster and
more durable immune responses. Based on these results, a sub-
sequent analysis of serum cytokines and chemokines was per-
formed in SARS-CoV-2 naive (n = 58) versus previously infected
(n = 5) vaccine recipients.

Serum cytokine and chemokine profile induced by the
BNT162b2 mRNA vaccine

Sera collected on the day of and after the 1°* vaccination (day 1,
day 2, and day 8) and the 2" vaccination (day 22 and day 23)
were subjected to cytokine/chemokine analysis by using the
MSD (Meso Scale Discovery) platform that analyzed 41 analytes
(Table S2). Of these analytes, 19 showed significant changes, 8
showed none or marginal changes, and 14 were below the
threshold of detection.
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Figure 1. Anti-SARS-CoV2 antibody devel-
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at day 22 and day 36. Sera from vaccinees with

pre-existing immunity showed pseudotype NAb titers (50% inhibitory dose, ID50) with a median 3.6 log (range, 3.2-3.9) upon a single vaccination with similar
levels after the booster vaccination (median, 3.8 log; range, 3.5-4.1). Naive vaccinees showed NAb ID50 titers ranging from 0.1 to 2.94 log at day 22 and from 1.79
to 3.78 log at day 36. The surrogate virus inhibition assay showed median 96% inhibition levels after the 2" dose (>90% inhibition by 95% of day 36 sera and by
83% of day 50 sera, respectively). (A and C) Median Spike-RBD antibody and % inhibition and response rate (%) are listed. Orange asterisks indicate significant
difference between vaccine recipient with or without prior immunity to SARS-CoV-2 (Mann-Whitney test). See also Figures S1 and S2 and Table S1.

The chemokine/cytokine levels showing changes (Figure 2;
Figure S3) include molecules released in response to inflamma-
tion with both a pro-inflammatory role (interleukin-6 [IL-6], VEGF-
A, and acute phase proteins SAA and CRP) (Hunter and Jones,
2015; Mangalmurti and Hunter, 2020) and anti-inflammatory
function (IL-1Ra) (Dinarello, 2018; Mantovani et al., 2019); che-
mokines involved in lymphocyte, monocyte/macrophage, and
granulocyte recruitment (IP-10/CXCL10, IL-8, IL-16, MIP-1a/
CCL3, MIP-1p/CCL4, MCP-1/CCL2, MDC/CCL22, and Eotaxin)
(Griffith et al., 2014); and cytokines that promote innate and
adaptive immune response (interferon gamma [IFN-v], IL-15,
IL-12/IL-23p40, tumor necrosis factor alpha [TNF-«], IL-3, and
IL-7) (Hu and Ivashkiv, 2009; Leonard et al., 2019).

The cytokine/chemokine profile induced by the 15t and 2"
vaccination and the comparison between the effects induced
by each dose for the individual recipients are represented in
heatmaps (Figures 3A and 3D).

After the 1%t vaccination, the 58 naive vaccine recipients
showed a highly significant but transient increase of IFN-y
(~2.5%; Figure 2A), IP-10/CXCL10 (~2x%; Figure 2B), and IL-6
(1.5%; Figure 2C) at day 2 followed by rapid downregulation
close to baseline levels by day 8. IL-15 also showed a small
but significant upregulation (Figure 2A). Other analytes including
IL-8 (~3x; Figure 2B), IL-16 (~1.5%; Figure 2B), MIP-1a/CCL3
(~2.5%; Figure 2B), MIP-13/CCL4 (~1.5%; Figure 2B), and IL-
1Ra (~2x; Figure 2C) were significantly upregulated over base-
line both at day 2 and day 8, indicating longer-lasting vaccine
effects (1 week after administration). No significant differences
after the 15' vaccination were observed for TNF-a (Figure 2A),
MCP-1/CCL2 (Figure 2B), and IL-3 (Figure S3). A slight decrease

in IL-12/I1L-23p40, MDC/CCL22, and IL-7 levels (Figure S3) was
also observed, whereas CRP, Eotaxin, SAA, and VEGF-A were
all increased (Figure S3) as consequence of the inflammation
process. For most of the analytes, serum levels at day 22, prior
to the 2" vaccination, were comparable to pre-vaccination
levels, as shown in the heatmap (Figure 3A).

The cytokine/chemokine response pattern was different at day
23 (1 day after the 2"? vaccination; Figures 2, S3, and 3D-3F).
IFN-v, IL-15, IP-10/CXCL10, and IL-6 showed elevated levels
at day 23 that were significantly higher than those at day 2 (Fig-
ure 2). Remarkably, IFN-y and IP-10/CXCL10 levels increased
up to ~20x and ~4x over baseline after the 2" vaccination,
respectively. About 2x higher IL-15 and IL-6 peaks were de-
tected after the 2"? vaccination (Figure 2). A similar effect was
also observed for MIP-13/CCL4 (Figure 2B), CRP, and SAA (Fig-
ure S38). IL-16, IL-8 (Figure 2B), MDC/CCL22, and VEGF-A (Fig-
ure S3) were not affected, whereas MIP-10/CCL3 and IL-1Ra
behave similarly after each vaccine dose (Figures 2B and 2C).
Eotaxin showed a slight downregulation at day 23 (Figure S3).
Importantly, TNF-a. (Figure 2A), MCP-1/CCL2 (Figure 2B), IL-7
(Figure S3), IL-3 (Figure S3), and IL-12/IL-23p40 (Figure S3)
showed significant increases only after the 2" vaccination
(day 23; Figure 2; Figure S3).

To confirm our results, we also performed differential expres-
sion analysis comparing mean cytokine levels for the 58 naive
vaccine recipients at day 2 to day 1 (Figure 3B), day 8 to day 1
(Figure 3C), day 23 to day 22 (Figure 3E), and day 23 to day 2 (Fig-
ure 3F), by setting significance at a strict cut-off of a false discov-
ery rate (FDR) of <0.05. Indeed, the 1%t vaccination induced both
acute and durable effects on the levels of the analyzed cytokines
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Figure 2. Serum cytokine and chemokine
levels after the 15t and 2" vaccination in
COVID-19-naive vaccine recipients

Cytokine and chemokine levels were measured
over time using the MSD assay after the 1! vacci-
nation (day 1, day 2, day 8, and day 22) and at 1 day
after the 2" vaccination (day 23) in the 58 COVID-
19-naive vaccine recipients.

(A-C) Serum levels of 11 selected analytes among
19 analytes showing changes upon vaccination are
plotted over time. (A) Cytokines involved in both
innate and adaptive immunity. (B) Chemokines. (C)
Molecules released during inflammation. See also
Figure S3 and Tables S2 and S3. p values are from
paired t test.
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Figure 3. Comparison of serum cytokine and chemokine levels

Cytokine and chemokine levels were measured using the MSD assay after the 15t and 2" vaccination in 58 COVID-19 naive recipients (as described for Figure 2).
(A and D) Heatmaps depicted log2 fold changes in 19 analytes upon the 1! vaccination (green: d2_d1; orange: d8_d1; blue: d22_d1) (A) and after both the 1!
(green: d2_d1) and 2" vaccinations (purple: d23_d22) (D). The comparison of the effects induced by the 2™ vaccination over the 1%t (d23_d22 over d2_d1) is
shown in gray in (D). Different scales are used in (A) and (D) to better visualize the distinct changes upon the 15 and 24 yaccination.

(B, C, E, and F) Volcano plots of data shown in (A) and (D) depict differentially expressed analytes upon the 15t vaccination at day 2 in comparison to day 1 (B) and
at day 8 in comparison to day 1 (C) and after the 2™ vaccination at day 23 in comparison to day 22 (E). (F) Differentially affected analytes after the 2™ vaccination in
comparison to the 15t vaccination (1 day after each vaccine dose). Red dots indicate significant upregulation; blue dots indicate significant downregulation (FDR <
0.05 represented by the broken horizontal line). See also Figure S4 and Tables S2 and S3.
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and chemokines (Figures 3B and 3C). A significant upregulation
of IFN-v, IP-10/CXCL10, IL-6, and CRP was detected only at day
2 (Figure 3B, red dots). Similarly, a marginal downregulation was
observed for IL-12/IL-23p40 and IL-7 (Figure 3B, blue dots). In
contrast, the significant positive effects induced by the 15t vacci-
nation on IL-8, IL-16, MIP-12/CCL3, MIP-18/CCL4, IL-1Ra, and
VEGF-A were maintained both at day 2 and day 8 (Figure 3C).
These results allow us to distinguish vaccine-induced transient
effects from longer lasting ones (1 week after vaccine adminis-
tration). Our analysis at day 23 showed that the 2" vaccination
induced effects much broader and greater in magnitude on the
cytokine/chemokine profile (Figure 3D). Newly induced analytes
upon 2" yaccination include TNF-o, MCP-1/CCL2, IL-7, and IL-
12/IL-23p40 (Figure 3E; see also Figures 2 and S3). IL-15 upre-
gulation also reached significance using an FDR of <0.05
(Figure 3E). For several analytes (IFN-vy, IP-10/CXCL10, IL-15,
IL-6, CRP, and MIP-1p), the log2 fold changes were higher after
the 2" vaccination (Figure 3E). The differential outcome of the
2" vaccination versus 1%t vaccination is represented in a volcano
plot (Figure 3F).

Vaccine recipient clustering did not reveal a differential effect
of the vaccination on the cytokine/chemokine profile based on
age (cutoff age of 50) in this cohort. However, we found a stron-
ger induction in female versus male vaccine recipients (Figure S4)
of IFN-vy, IL-15, IL-6, and IP-10/CXCL10 upon the 2™ yvaccina-
tion. Because the dominant adverse effect (AE) upon the vacci-
nations (Table S3) was pain at site of injection as reported by
80% and 76% of vaccinees, respectively, this precluded further
dissection of AE and cytokine/chemokine changes.

Serum cytokine and chemokine profile induced by the
BNT162b2 mRNA vaccine in recipients with pre-existing
anti-COVID-19 immunity

A similar chemokine/cytokine analysis was performed in the 5
vaccine recipients with pre-existing SARS-CoV-2 immunity.
The cytokine/chemokine signature upon the 15t and 2" vaccina-
tion is depicted in heatmaps (Figures 4A and 4B). The effects of
the 1% vaccination were also compared among the 2 vaccine
groups (Figures 4C to 4F). In recipients with pre-existing CoV-2
immunity, the 1t vaccination induced a much stronger upregula-
tion of IFN-y, IP-10/CXCL10, TNF-a, and IL-6. At day 2, high
levels of IFN-y and IP-10/CXCL10 were detected that were com-
parable to the levels achieved at 1 day after the 2™ vaccination in
CoV-2 naive recipients (Figures 4C and 4D). Similarly, a greater
increase of TNF-a. and IL-6 was found after the 1 vaccination
in individuals with pre-existing COVID-19 immunity (Figures 4E
and 4F). Both vaccine groups showed similar levels for these an-
alytes after the 29 vaccination.

On the contrary, IL-15, IL-8, IL-16, MIP-1a, MIP-18, IL-1Ra,
and MCP-1 molecules released as result of inflammation
showed a similar pattern over time with no significant differences
observed among both groups of vaccinees, regardless of their
SARS-CoV-2 serological status.

Overall, these data showed that BNT162b2 mRNA vaccination
is accompanied by the rapid release in the blood of inflammatory
markers, chemokines, and cytokines. In particular, the vaccina-
tion resulted in a strong response driven by IL-15, IFN-vy, and IP-
10/CXCL10. Booster vaccination in naive individuals or one
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single vaccine dose in previously SARS-CoV-2-infected individ-
uals induced anamnestic responses and high levels of cytokines
critical for the rapid recruitment and stimulation of virus-specific
effector immune cells.

Correlation between cytokine changes induced by
vaccination

mRNA vaccination results in an innate signature characterized
by the co-expression of several cytokines and chemokines. In
order to assess the inter-relationship of the vaccine-induced ef-
fects on different serum cytokines and chemokines, we per-
formed a pairwise correlation analysis by using the log2 fold
change at day 2 (1%t vaccination) and day 23 (2™ vaccination).

Effects at day 2 (upon 1%t vaccination) identified positive as-
sociations in a cluster featuring IL-15, IFN-vy, IP-10/CXCL10,
and IL-6 (Figure S5). However, these associations (Spearman
r between 0.25 and 0.42; Figure S5) were below our cutoff for
a Spearman correlation coefficient corresponding to an
adjusted p value of <0.05. The cytokine signature at day 2
suggested a rapid co-expression of molecules promoting
inflammation and priming of adaptive immunity. Indeed, a
role of IL-15 in inducing both IFN-y directly and IP-10/
CXCL10 through the IFN type 2 pathway has been previously
reported (Bergamaschi et al., 2020). Additionally, in autoim-
mune conditions such as rheumatoid arthritis, localized inflam-
matory responses are characterized by the concerted release
of both IL-15 and IL-6 that are maintained by positive feed-
back loops and result in systemic disorders (Mclnnes and
Schett, 2011).

A correlation matrix of the measurements after the 2" vacci-
nation was also calculated (Figure 5A). Several cytokines were
co-expressed upon the 2™ vaccination, and individual correla-
tion plots of cytokines within the red and gray boxes in the heat-
map are shown in Figure 5B and Figure S6, respectively. A
concerted and highly significant effect on IL-15, IFN-y, TNF-a,
IL-6, and IP-10/CXCL10 was observed (Figure 5A, red box), sug-
gesting an amplification of the responses already induced at day
2 upon the 15! vaccination (Figure S5). Among the cytokine pairs
that correlated highly, we identified IL-15 and IFN-vy, IL-15 and
TNF-a, IL-15 and IL-6, IL-15 and IP-10/CXCL10, IFN-y and
TNF-a, IFN-y and IL-6, IFN-y and IP-10/CXCL10, TNF-a and
IL-6, TNF-oo and IP-10/CXCL10, and IL-6 and IP-10/CXCL10
(Figure 5B). These results are consistent with a coordinate role
of these cytokines in supporting both innate and adaptive immu-
nity and in the recall of immune memory response.

Additionally, correlations suggesting a generic pattern of cyto-
kine/chemokine co-expression as a consequence of the inflam-
mation process were also identified. The day 23 IL-15 log2 fold
change significantly correlated with the day 23 log2 fold change
for MIP-1B/CCL4 and IL-1Ra (Figure 5A, gray box; Figure S6).
Positive associations were also found for the pairs IL-6 and IL-
1Ra, TNF-a and IL-1Ra, TNF-o and MIP-1B/CCL4, and IFN-vy
and IL-1Ra (Figure 5A, gray box; Figure S6). Other chemokines
had significant positive correlations with a Spearman r of
>0.55, namely, IL-1Ra and MCP-1/CCL2, IL-1Ra and MIP-1p/
CCL4, and MIP-18/CCL4 and MCP-1/CCL2 (Figure 5A, gray
box; Figure S6). The booster vaccination resulted in a coordi-
nated release of the chemokines MCP-1/CCL2, MIP-13/CCL4,
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Figure 4. Serum cytokine and chemokine levels after the 15t and 2" vaccination in COVID-19 vaccine recipients with pre-existing immunity
Cytokine and chemokine levels were measured using the MSD assay after the 15 and 2" vaccination in 5 recipients with pre-existing immunity (as described for
Figure 2).

(A and B) Heatmaps representing the 19 analytes that showed significant changes upon the 15t (A) and the 15t and 2™ vaccinations (B), and comparison of both
vaccinations are shown. Different scales are used in (A) and (B) to better visualize the distinct changes upon the 1t and 2" vaccination.

(C-F) Comparison of changes between the 58 COVID-19-naive individuals and the 5 individuals with prior COVID-19 infection in serum levels (pg/ml) of IFN-y (C)
and IP-10/CXCL10 (D) and in log2 fold changes for TNF-a (E) and IL-6 (F). p values are from unpaired non-parametric t test (Mann-Whitney). See also Tables S2
and S3.
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Eotaxin, and MDC/CCL22, as well of the anti-inflammatory mole-
cule IL-1Ra. The concerted chemokine response is likely respon-
sible for the recruitment and mobilization of differentimmune cell
subsets, supporting regulated priming and activation of immune
responses. Given the anti-inflammatory role of IL-1Ra (Dinarello,
2018; Mantovani et al., 2019), these relationships may also sug-
gest a self-modulatory vaccine effect. The tissues and cells
participating in these processes remain to be identified by further
experiments.

Identification of biomarkers of successful vaccination
resulting in efficient antibody development

Our analysis demonstrated a vaccine-induced cytokine signa-
ture featuring IL-15, IFN-vy, and IP-10/CXCL10. Systemic levels
of several other cytokines and chemokines were also affected
by the vaccination. We therefore examined the relationships
between alterations in these cytokines and the levels of anti-
Spike antibodies detected at peak (day 36) to identify bio-
markers of efficient humoral responses to vaccination. Indeed,
both IFN-y and IL-15 log2 fold changes at day 23 positively
correlated with the anti-Spike-RBD antibody levels detected
at day 36 (IFN-y and anti-Spike antibody day 36: r = 0.43,
p = 0.001; IL-15 and anti-Spike antibody day 36: r = 0.38,
p = 0.003; Figures 6A and 6B, respectively). Similar correlations
were also found at day 50. These results suggest that the IL-15/
IFN-y signature could be used as an early immune biomarker of
effective development of vaccine-induced humoral responses.
Additional correlations were identified between anti-Spike-
RBD antibody at day 36 and changes in the chemokines
MIP-12/CCL3, MIP-1B/CCL4, and MDC/CCL22 and inflamma-
tory markers IL-12/IL-23p40 and IL-1Ra and marginally with
VEGF-A and SAA, supporting the role of leukocyte recruitment
and self-limiting inflammation in the priming and recall of
humoral responses (Table S4). Interestingly, significant correla-
tions include several cytokines belonging to clusters of co-
expression as reported in Figure 5. These results suggest a
coordinated response to the vaccine and highlight the impor-
tant role of innate responses to vaccination in shaping adaptive
immunity.

We found the same correlation of biomarkers with anti-Spike
antibody responses, when we performed a similar analysis by
using the antibody titers elicited against full-length trimeric Spike
upon the 2" vaccination (day 36). We confirmed a positive asso-
ciation with the log2 fold changes at day 23 for both IFN-vy (r =
0.58, p < 0.0001) and IL-15 (r = 0.51, p < 0.0001) (Figures 6C
and 6D, respectively). These data are expected based on the
strong correlations between Spike-RBD and Spike antibody
levels (Figure S1).
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Together, these results suggest a coordinated response to the
vaccine and highlight the important role of innate responses to
vaccination in shaping adaptive immunity.

DISCUSSION

The field of vaccination against infectious diseases has wit-
nessed rapid advances during the COVID-19 pandemic, with
the clinical introduction of novel platforms and especially
mRNA-based vaccines. Such novel vaccine technologies as
the BNT162b2 mRNA COVID-19 vaccine elicit a range of re-
sponses, but the mechanisms that determine the quality and
quantity of these responses are largely uncharacterized (Teijaro
and Farber, 2021). In the present study, we applied systems
serology to study the effects of the BNT162b2 mRNA COVID-
19 vaccine to identify immunological parameters predictive of
beneficial response to MRNA-based vaccination. Our analysis
on the circulating levels of cytokines, chemokines, and inflam-
mation markers as well as on the generation of anti-Spike-RBD
antibodies suggests that cytokine modulation could indeed be
a biomarker of successful vaccination resulting in efficient anti-
body development.

In antigen-naive individuals, the 1! vaccination resulted in
both acute and more persistent effects on serum cytokine/che-
mokine levels (up to 1 week after dose administration), which
were a result of inflammation and innate immune system activa-
tion. Broader and greater cytokine changes were observed after
2" vaccination, which also suggests stimulation of anamnestic
responses. Indeed, BNT162b2 mRNA vaccine administration
induced a systemic cytokine/chemokine signature featuring IL-
15, IFN-v, and IP-10/CXCL10, which are molecules with a pivotal
role in eliciting innate immune responses as well as in shaping
adaptive immunity and leading to immunological memory.
Importantly, changes in the level of IFN-y and IL-15 positively
correlated with antibody titers against SARS-CoV-2 Spike-
RBD. Several associations between cytokine alterations were
also identified, suggesting a coordinate response to the vaccine.

Immune signatures in vaccine recipients receiving yellow fever,
HIV-Adeb, or HIV ALVAC vaccines have been described (Ander-
sen-Nissen et al., 2021; Gaucher et al., 2008; Querec et al., 2009;
Zak et al., 2012). These studies underscored the importance of
analysis within 24 h after vaccination to determine innate signa-
tures and early biomarkers that shape and predict protective
adaptive responses elicited by different vaccine platforms.
Analyzing the effect of a non-replicating HIV-ALVAC vaccine, An-
dersen-Nissen etal. (2021), reported a signature of plasma serum
cytokines featuring IFN-vy, IL-15, and IP-10/CXCL10, which is
similar to our findings on the BTN162b2 mRNA COVID-19

Figure 5. Correlation of chemokine and cytokine changes

Pairwise correlations were calculated among the log2 fold changes at day 23 (after the 2" vaccination) for the 19 biomarkers that were affected by the vaccination
by using the Spearman correlation coefficient (adjusted p < 0.05). The analysis was performed for the 58 COVID-19-naive vaccine recipients.

(A) Correlation matrix for the 2" vaccination is plotted as a heatmap. Spearman r values of correlations are indicated in the grid cells, and ellipses identified
significant correlations. The color and shape of ellipses correspond to the value of the Spearman correlation coefficient, with red color indicating a positive
correlation. The red box identifies the cluster of positive associations featuring IFN-vy, IL-15, TNF-a, IL-6, and IP-10/CXCL10. The gray box data are described in

Figure S6.

(B) Correlation plots for the selected analytes from (A) (red box). Each dot represents a single vaccine recipient response. r is shown in plots; all correlations are
characterized by an adjusted p < 0.05. See also Figure S5 and Tables S2 and S3.
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Figure 6. Biomarkers of effective vaccina-
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vaccine. In our study, we further found a correlation of systemic
IL-15 and IFN-y changes and anti-Spike antibody responses,
supporting their identification as biomarkers of successful vacci-
nation resulting in the development of effective humoral
responses. Studies analyzing the effect of the Moderna and Cur-
evac COVID-19 mRNA vaccines will shed more light on similar-
ities and differences of immune signatures induced by the
different mRNA platforms. It will also be important to identify early
predictors of induction of humoral and cellular immunity because
different vaccine methods engage the immune system differ-
ently. The identification of biomarkers measured early after vacci-
nation (i.e., within 24 h) that correlate with immunogenicity to the
full vaccine regimen (i.e., 2 weeks after booster vaccine dose) is
important for vaccine clinical development and public health
management. Such biomarkers could be used as surrogates of
vaccine-induced protective responses, allowing for much faster
decisions in trial planning and execution. Biomarkers could also
help the refinement of regimens to increase vaccine efficacy,
applicability, and distribution, through the identification of indi-
viduals with supra- or sub-optimal responses, especially during
an outbreak. In our study, the early cytokine profile and the anti-
body titers induced by one mRNA vaccination in persons with
pre-existing COVID-19 immunity mimic the response to the
booster vaccination in COVID-naive persons. These findings
support the proposal of administering a single vaccine dose to in-
dividuals with pre-existing SARS-CoV-2 immunity, which is use-
ful during the present period of limited vaccine supply. This
conclusion is in agreement with recent publications (Ebinger
et al., 2021; Gobbi et al., 2021; Manisty et al., 2021).
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role in supporting long-lasting immune re-
sponses (Li et al., 2015; Rubinstein et al.,
2008; Schluns et al., 2002) and in stimu-
lating cytotoxic activity of immune cells
(Bergamaschi et al., 2020; Ng et al,
2017; Watson et al., 2018). In a human-
ized mouse model, IL-15 treatment resulted in the development
of T-cell-dependent antigen-specific B responses, following im-
munization (Huntington et al., 2011). These functions provided
the rationale for exploring the use of IL-15 in conjunction with
vaccination and evaluating its role in promoting immunogenicity.
Indeed, several studies demonstrated an enhanced immune
response to different vaccine platforms by IL-15 (Moore et al.,
2002; Oh et al., 2003). We have also previously shown that the
use of hetlL-15 as a molecular adjuvant in the therapeutic vacci-
nation of simian immunodeficiency virus (SIV)-infected ma-
caques resulted in robust induction of SIV-specific effector
memory cells and virological benefit with strong reduction of
viremia (Valentin et al., 2010).

Both IFN-y and IP-10/CXCL10 play a role in the IL-15 effects
on the immune system. IL-15 directly stimulates lymphocytes
to produce IFN-y. Both type | and type Il IFN responses, in
conjunction with IL-15, often represent the first innate barrier
against pathogens (Perera et al., 2012). In addition, IFN-v is crit-
ical for the development and maintenance of type 1 and antiviral
immune responses (reviewed in Lin and Young, 2014; Schroder
et al., 2004). An involvement of IFN-y in shaping humoral re-
sponses by controlling Ig isotypes produced by B cells and
supporting long-lived antibody-secreting cells has also been
documented (Baumgarth, 2021; Stone et al., 2019).

The chemokine IP-10/CXCL10 is often released in the context
of inflammation by many cells including leukocytes, neutrophils,
eosinophils, monocytes, and stromal cells, in response to IFN-vy.
IP-10/CXCL10 promotes the chemotaxis of CXCR3™ cells, which
are mainly activated T and B lymphocytes (reviewed in Griffith
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etal., 2014; Liu et al., 2011). A recent study proposed a mecha-
nism by which IL-15 indirectly acts on dendritic cells and macro-
phage/monocytes to induce the secretion of IP-10/CXCL10, by
IFN-y (Bergamaschi et al., 2020). Recent studies identified early
innate immune responses to both flu and Ebola virus vaccines.
Serum IP-10/CXCL10 levels, an innate signature linked to IP-
10/CXCL10 and IFN-related genes, were associated with higher
vaccine-induced antibody titers (Goncalves et al., 2019; Re-
chtien et al., 2017). IP-10/CXCL10 was also described to drive
activated B cells to differentiate into plasma cells (Xu et al.,
2012).

Given their action, IL-15, IFN-y, and IP-10/CXCL10 have
emerged as critical components of an immune response against
viral infections. In our study, the role of these cytokines upon
vaccination became more apparent after the 2"¢ vaccination,
which also induced TNF-a and IL-6. Importantly, a similar cyto-
kine/chemokine pattern of expression at 24 h post-vaccination
was found between vaccine recipients with pre-existing SARS-
CoV-2 immunity who received the 1% vaccine dose and
antigen-naive individuals after 2" vaccine dose, suggesting in-
duction of anamnestic responses, with higher levels of IFN-vy,
IP-10/CXCL10, IL-6, and TNF-« for the rapid recruitment and
stimulation of effector immune cells.

Many studies have shown that uncontrolled inflammation and
cytokine storm syndrome contribute to the severity of COVID-19
disease. Patients with severe disease are characterized by high
levels of inflammatory markers, including CRP, ferritin, and D-
dimer and high levels of chemokines, such as granulocyte col-
ony-stimulating factor (G-CSF), MCP-1/CCL2, MIP-12/CCL3,
IL-8 ,and IP-10/CXCL10, resulting in inflammatory cell infiltration
and tissue damage in the lungs and in a high neutrophil-to-
lymphocyte ratio (Mehta et al., 2020; Merad and Martin, 2020).
A systemic increase in the levels of IL-2, IL-7, IL-10, IL-6, and
TNF-o has also been reported (Huang et al., 2020). In particular,
IL-6, IL-8, and TNF-a serum levels are significant predictors of
disease severity and death (Del Valle et al., 2020). In contrast,
early activation of the IFN type | pathway was associated with
the prevention of disease progression (Bastard et al., 2020;
Zhang et al., 2020). Although several of the cytokines and che-
mokines induced by viral infection were also elevated after
mRNA vaccination, important differences are to be highlighted.
Upon vaccination, we observed an early but transient inflamma-
tory cytokine response. IFN-vy, IP-10/CXCL10, IL-6, and CRP
increased acutely at day 2 and returned to baseline levels by
day 8 after vaccine administration. More durable effects lasting
up to day 8 were observed for the chemokines IL-8, IL-16,
MIP-12/CCL3, and MIP-1B/CCL4. In contrast, in COVID-19 pa-
tients, systemic levels of IP-10/CXCL10 and IL-6 remain elevated
throughout the COVID-19 infection response (Buszko et al.,
2021). Additionally, the vaccine-induced upregulation of the
anti-inflammatory molecule IL-1Ra may also indicate a self-
modulatory and limiting inflammatory effect of the vaccine.
Importantly, our data suggest that mRNA vaccination is associ-
ated with a cytokine signature featuring IL-15, IFN-v, and IP-10/
CXCL10, which results in an efficient anti-viral immune response
that is usually weakened in COVID-19 patients.

In conclusion, this study highlights important associations of
several immunoregulatory molecules induced by vaccination
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with innate and adaptive immune responses elicited by an
mRNA-based vaccine. The early cytokine/chemokine signature
featuring IL-15, IFN-y, and IP-10/CXCL10 may be used to
monitor effective vaccination and as a guide to optimize the effi-
cacy of mRNA vaccination strategies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

sera from BNT162b2 vaccinated persons NCT04743388 N/A

mouse anti-human IgGFc-HRP

Southern Biotech

9040-05; RRID:AB_2687484

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 Spike D. Esposito, NCI N/A

Critical commercial assays

V-PLEX Human Biomarker Assay kit Meso Scale Diagnostics, Maryland, USA K15248D-2

Elecsys Anti-SARS-CoV-2 S assay Roche Diagnostics GmbH, Mannheim, N/A
Germany

SARS-CoV-2 Surrogate Virus Neutralization GenScript, Piscataway, NJ, USA N/A

Test

Nano-Glo® Luciferase Assay System Promega, USA N1130

Luciferase Cell Culture Lysis 5X Reagent Promega, USA E1531

Deposited data

Cytokine expression data and analysis
code

This paper

https://github.com/NCI-VB/
felber_covid_vaccine

Experimental models: Cell lines

HEK293T/ACE2wt T. Hatziioanou, Rockefeller University N/A
Recombinant DNA

pHIVyN DEnv-Nanoluc T. Hatziioanou, Rockefeller University N/A
Spike Wuhan1253 T. Hatziioanou, Rockefeller University N/A
Software and algorithms

GraphPad Prism version 9.0.2 for MacOS X GraphPad Software, Inc, La Jolla, CA N/A

R
edgeR

limma

corrplot

ggpubr

NIH Integrated Data Analysis Platform

Antibody endpoint titer: R functions
SSasymp() and nls() from the “stats” R
package

Cytokine expression data and analysis
code

this paper
this paper

this paper
this paper
this paper
this paper

this paper

this paper

https://www.r-project.org/ v3.5.1

https://bioconductor.org/packages/
release/bioc/html/edgeR.html v3.24.3

https://bioconductor.org/packages/
release/bioc/html/limma.html v3.38.3

https://cran.r-project.org/web/packages/
corrplot/index.html v0.84

https://cran.r-project.org/web/packages/
ggpubr/index.html v0.2.5

https://nidap.nih.gov/workspace

https://www.rdocumentation.org/
packages/stats/versions/3.6.2/topics/nls

https://github.com/NCI-VB/
felber_covid_vaccine

Other

SpectraMax M3

Molecular Devices, LLC

N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Barbara K.

Felber (Barbara.felber@nih.gov).
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Materials availability
This study did not generate new unique reagents.

Data and code availability

o Data and analysis generated during the study are available at https://github.com/NCI-VB/felber_covid_vaccine.
® This paper does not report 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

Study Design

This is an ongoing prospective study (NCT04743388) that evaluates the kinetics of antibodies against SARS-CoV-2 as well as the
kinetics of serum cytokines and chemokines associated with the immune response and of B- and T cell subpopulations in volunteers
receiving the BNT162b2 vaccine against SARS-Cov-2 (Comirnaty ™) initiated on January 4, 2021, in Greece. This analysis reports the
results regarding the alterations of cytokines and chemokines in volunteer donors, which is a secondary endpoint of the study.

Inclusion/Exclusion Criteria

Major inclusion criteria for participation in this study included: (i) age above 18 years; (Il) ability to sign the informed consent form, and
(iii) eligibility for vaccination, according to the national (Greek) program for COVID-19 vaccination (i.e., individuals who had no serious
allergy problem and especially they have not been hospitalized due to a serious allergic reaction (anaphylaxis). Major exclusion
criteria included the presence of: (i) autoimmune disorder under immunosuppressive therapys; (ii) active malignant disease and (jii)
end-stage renal disease, as previously described (Terpos et al., 2021b).

Volunteer donors between the ages of 20-78 (Male = 27 and Female = 36) were tested in the period January 4 to April 1,2021, in the
vaccine center of Alexandra General Hospital in Athens, Greece. All study procedures were carried out in accordance with the decla-
ration of Helsinki (18th World Medical Association Assembily), its subsequent amendments, the Greek regulations and guidelines, as
well as the good clinical practice guidelines (GCP) as defined by the International Conference of Harmonization. The study was also
approved by the local ethic committee of Alexandra General Hospital (no 15/23 December 2020).

METHOD DETAILS

Detection of antibodies against SARS-CoV-2

Serum was collected at day of vaccination (d1) and 1 and 3 weeks later (d8, d22) and 2 and 4 weeks after the 2" vaccination dose
(d36 and d50). After vein puncture, serum was separated within 4 hours from blood collection and stored at —80°C until the day of
measurement. Stored samples from different time points of the same donor were measured in parallel assays.

Anti-Spike-RBD IgG antibodies and neutralizing antibodies (NAbs) against SARS-CoV-2 were measured using FDA approved
methods, i.e., the Elecsys Anti-SARS-CoV-2 S assay (Roche Diagnostics GmbH, Mannheim, Germany) (Higgins et al., 2021) and
the cPass SARS-CoV-2 NAbs Detection Kit (GenScript, Piscataway, NJ, USA) (Tan et al., 2020), respectively; the latter allows the
indirect detection of potential SARS-CoV-2 NAbs in the blood, by assaying the antibody (independent of class)-mediated inhibition
of SARS-CoV-2 RBD binding to human host receptor angiotensin converting enzyme 2 (ACE2).

An in-house ELISA assay described elsewhere (Terpos et al., 2020, 2021a) was used to detect the complete trimeric Spike using
mammalian Expi293-cells produced proteins (Esposito et al., 2020) measuring eight 4-fold serial dilutions starting at 1:50. Antibody
levels were expressed as endpoint titers using a model fit approach conducted in R to model the curve to more accurately define
endpoint titers (Terpos et al., 2021a).

The Spike pseudotyped pHIVy AEnv-Nanoluc assay (Robbiani et al., 2020; Schmidt et al., 2020) was performed as previously
described (Terpos et al., 2020, 2021a). Spike pseudotyped pHIVy AEnv-Nanoluc was tested with 8 dilutions of heat-inactivated
sera (1:40 to 1: 655,360) in triplicates in HEK293T/ACE2wt cells and luciferase levels in the cell lysates were measured. The 50%
Inhibitory dose (ID50) was calculated using GraphPad Prism version 9.0.2 for MacOS X (GraphPad Software, Inc, La Jolla, CA)
with nonlinear regression curve fit using inhibitor versus responses variable slope (four parameters). The NAb ID50 threshold of quan-
tification is 0.5 log and the threshold of detection is 0.1 log in this assay.

Cytokine/chemokine analysis

Serum cytokine/chemokine concentrations were measured with the V-PLEX Human Biomarker Assay kit (Meso Scale Diagnostics,
Maryland, US) according to manufacturer’s recommendations. This allowed for the concurrent measurement of the following cyto-
kines and chemokines (see also Table S2). For analysis, biomarkers falling below the detection limit/standard range were removed if
absent in more than 50% of the samples or adjusted to 0.5 of the lowest standard point/detection limits.
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Bioinformatics

Biomarker analysis was performed with a workflow written in R and through a user interface developed on the Foundry Platform (Pal-
antir Technologies). The limma package was used to compare biomarker changes between time points, setting significance for False
Discovery Rate (FDR) < 0.05. Heatmaps were represented as log, fold change over day 1 (15t vaccination) or day 22 (2" vaccination).
A comparison of the effects after 2" vaccination over the ones induced by the 15t vaccination was also performed. Pairwise corre-
lations were performed among the log, fold-changes in concentration at day 2 and 23 for the 19 biomarkers that were affected by the
vaccination, using an adjusted Spearman p value < 0.05. (Link: https://github.com/NCI-VB/felber_covid_vaccine).

QUANTIFICATION AND STATISTICAL ANALYSIS

Software
All software is freely or commercially available and is listed in the STAR Methods description and Key resources table.
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