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Knowledge of the mechanisms underpinning the development of protective immunity conferred by mRNA vaccines
is fragmentary. Here, we investigated responses to coronavirus disease 2019 (COVID-19) mRNA vaccination via high-
temporal resolution blood transcriptome profiling. The first vaccine dose elicited modest interferon and adaptive
immune responses, which peaked on days 2 and 5, respectively. The second vaccine dose, in contrast, elicited sharp
day 1 interferon, inflammation, and erythroid cell responses, followed by a day 5 plasmablast response. Both post-
first and post-second dose interferon signatures were associated with the subsequent development of antibody
responses. Yet, we observed distinct interferon response patterns after each of the doses that may reflect quanti-
tative or qualitative differences in interferon induction. Distinct interferon response phenotypes were also ob-
served in patients with COVID-19 and were associated with severity and differences in duration of intensive care.
Together, this study also highlights the benefits of adopting high-frequency sampling protocols in profiling vaccine-
elicited immune responses.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) vaccines are critical to the
ongoing efforts to control the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic. To date, 9 vaccines have
received some form of approval for use in humans, and phase 3 trials
are ongoing for an additional 11 vaccines (I). Notable differences
exist among the vaccine products in terms of their design, the levels
of protection they confer, and the type, incidence, and severity of
adverse events they may elicit. Gaining a comprehensive under-
standing of the immunological factors underpinning the different

responses to various vaccines is a major endeavor. Yet, this knowledge
is necessary for guiding timely decisions to modulate vaccination
protocols (e.g., the use of different types of vaccines for the first and
second vaccine doses). This information may also assist in match-
ing individuals with the growing number of available vaccines based
on their demographics, health status, or any other relevant clinical/
molecular phenotypes.

Blood transcriptome profiling measures the abundance of tran-
scripts in whole blood on a system-wide scale. It was previously
used to comprehensively profile the immune responses elicited by
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vaccines (2, 3). Notably, this approach identified innate immune sig-
natures arising within hours after administering vaccines (4). In a
recently published report, Arunachalam et al. (5) described the blood
transcriptome profiles measured following the administration of
the BNT162b2 mRNA COVID-19 vaccine. They reported the pres-
ence of an interferon signature 1 day after the first dose of vaccine
that was no longer detectable on day 7. They further found a more
comprehensive interferon/inflammatory signature to be present 1 day
after administering the second dose of vaccine. However, the sam-
pling schedule used in this study was relatively sparse. The sample
collection time points commonly selected in systems vaccinology
studies are based on kinetics established for more conventional vac-
cines, with sampling at days 1 and 7 often assumed to correspond to
the peaks of the innate and adaptive immune responses elicited, for
instance, by the influenza or pneumococcal vaccines (6). However,
the precise kinetics of the immune response elicited by mRNA vac-
cines remains to be established. In the present study, we endeavored
to profile the blood transcriptome of individuals before the admin-
istration of the first dose of COVID-19 mRNA vaccines and for the
following nine consecutive days. Subjects also collected samples for
deep serological profiling at three time points. The same sampling
and profiling schedule was repeated to assess the response to the
second dose of the vaccine. To achieve this, we have adopted an
ultralow-volume sampling procedure for self-collection and RNA
preservation of a few drops of blood (50 pl) collected by a finger-
stick (7).

Together, this work permitted the precise delineation of a well-
orchestrated immune response to COVID-19 mRNA vaccines and
identified marked differences in the magnitude, timing, and nature
of the transcriptional signatures elicited by the first and second
doses of the vaccine. Most notably, differences in temporal patterns
of responsiveness revealed distinct transcriptional components of
the interferon response, which is known to play a key role in con-
trolling SARS-CoV-2 infection (8) and was also found here to asso-
ciate with the subsequent development of the antibody response
after vaccination.

RESULTS

Study design, implementation, and serological profiling

We successfully recruited a cohort of volunteers and implemented
a high-frequency sampling protocol (Fig. 1A). This protocol per-
mitted us to ascertain the response to the first and second dose of
COVID-19 vaccines at 10 consecutive daily time points: immedi-
ately before vaccination and for 9 days after. We collected samples
for serological profiling at three time points: before vaccination and
on days 7 and 14 after vaccination. We implemented a self-sampling
blood collection protocol so that subjects could extract small vol-
umes (50 pl) of RNA-stabilized blood at the required frequency [the
approach is described in Materials and Methods and in an earlier
publication (7)]. We generated RNA sequencing (RNA-seq) profiles
using a cost-effective 3'-biased library preparation protocol (Lexogen
QuantSeq), which is optimized for optimized for low amounts of
RNA input. We generated COVID-19-specific antibody profiles from
capillary blood samples collected by volumetric absorptive micro-
sampling and analyzed using a multiplexed bead array established
by our team (see Materials and Methods for details). Overall, we en-
rolled 23 subjects in the study. The characteristics of this cohort are
reported in Table 1. They received either two doses of the Pfizer/
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BioNTech mRNA vaccine (BNT162b2, N = 19) or two doses of the
Moderna mRNA vaccine (N = 4). Among those 23 subjects, 6 had
recovered from COVID-19 in the months preceding the adminis-
tration of the first vaccine dose. In total, we generated 440 RNA-seq
profiles and publicly shared this extensive dataset in the Gene Ex-
pression Omnibus (GEO) repository under the accession number
GSE190001. The serological profiles included reactivity to a stabi-
lized trimer of the Spike protein, its receptor binding domain, the
Nucleo and Envelope proteins of SARS-CoV-2, and the subunit S1 of
the SARS Spike protein. The data are provided in file S1. We dis-
sected the seroreactivity to each of these antigens by measuring the
total immunoglobulin G (IgG), total IgA, and IgM, as well as the
finer-scale IgG and IgA subtypes. Serological profiling showed a rise
in the levels of antibodies in the subject’s plasma after vaccination
(Fig. 1B and fig. S1), including antibodies specific for the SARS-CoV-2
Spike protein, which is targeted by COVID-19 vaccines. No responses
to the Envelope protein were detected. Some cross-reactivity was
observed with the SARS Spike protein. As expected, higher anti-
body levels were induced after the first dose in individuals who had
been previously infected with the virus (Fig. 1, B and C). These findings
are in line with previous reports that have described the sero-
logical response to COVID-19 mRNA vaccines (9-12).

Together, the implementation of this protocol established the
feasibility of obtaining stabilized RNA blood samples from study
subjects after vaccination at high temporal frequencies. We gener-
ated a large dataset using a cost-effective RN A-seq protocol that
served as the basis for subsequent analyses presented here and was
deposited in a public repository. A detailed map of the serological
profiles of the subjects enrolled in the study was obtained that per-
mitted us to explore the possible associations between blood tran-
scriptional responses and vaccine immunogenicity.

The post-first dose interferon response peaks at day 2

and correlates with the antibody response

Innate immune responses are elicited and detectable systemically
via blood transcriptome profiling following some but not all vacci-
nation protocols. The aluminum-adjuvanted hepatitis B vaccine is
one notable example (13). Therefore, our first question was whether
transcriptional changes could be observed during the first few days
following the administration of COVID-19 mRNA vaccines.

Analyses were carried out using a fixed repertoire of 382 tran-
scriptional modules (BloodGen3) that we have recently established
and characterized functionally (see Materials and Methods for de-
tails) (14). All 23 vaccinated subjects were included in this analysis.
Given the small number of subjects who had previously recovered
from COVID-19 (n = 6), it was not possible to perform separate
analyses for the SARS-CoV-2-naive and SARS-CoV-2-exposed
groups. Module responses, corresponding to the percentage of con-
stitutive transcripts for which abundance changes after vaccination,
were determined at all time points. The differential gene set enrich-
ment functions of the dearseq R package were run to assess whether
changes observed throughout the 9 days after the first dose of vacci-
nation were statistically significant (15). This analysis identified sig-
nificant temporal changes for 22 of the 382 modules constituting
the BloodGen3 repertoire (file S2).

Only seven modules were found to be changed at any given time
point during the first 3 days following the administration of the first
dose of the vaccine (Fig. 2A). The abundance of the six modules be-
longing to the module aggregate A28 appeared to be consistently
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Fig. 1. Antibody response to COVID-19 mRNA vaccination. (A) Schematic representation of the study design. (B) The heatmap represents changes in abundance of
antibodies specific to several SARS-CoV-2 antigens and control antigens relative to prevaccination levels. Red indicates a relative increase and green indicates a relative
decrease in abundance. Columns represent subjects arranged by time point and have colored tracks at the top indicating whether the subjects were naive or had previ-
ously been infected with SARS-CoV-2. The rows represent antibody reactivities arranged by antigen specificity. (C) Changes in antibody levels expressed as an “antibody
index” are shown on the box plots, each corresponding to a given antibody type of a given specificity. Lines indicate changes for individuals previously infected with
SARS-CoV-2 and who had recovered (in pink) and for naive individuals (in green). Centerlines, box limits, and whiskers represent the median, interquartile range, and 1.5x
interquartile range, respectively. Multiple pairwise tests (paired t test) were performed comparing antibody levels to baseline (F0). *P < 0.01, **P < 0.001, and ***P < 0.0001.
Tests were run separately for naive and recovered individuals, as indicated by the colors of the asterisks.
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increased [each “module aggregate” regroups sets of modules that
showed consistent abundance profiles across a reference set of 16 dis-

£T '§ : ease cohorts that were used for the construction of the BloodGen3
g e8¢ T @ repertoire; see Materials and Methods and (14) for details]. The
§.§ 3 : six “aggregate A28” modules are associated with interferon re-
"7 sponses (14). The gene composition of the modules and the function-
- al annotations are provided here [relevant information is provided
—| = < S in file S3 and can be accessed interactively via https://prezi.com/
- = 8 g o =2 view/E34MhxE5uKoZLWZ3KXjG/ (16)]. The response observed
g g 2 g § 2 2 § “\E on days 1 and 2 after the first dose of vaccination was mapped onto
§.£ % 2 ‘% £ = g2 fingerprint grid plots, where modules occupy a fixed position and
fTRIS 8 E £ are arranged by aggregate. Each aggregate occupies a given row
< (Fig. 2A). Time-course gene set enrichment analysis indicated that
: changes observed over the 10 postvaccine time points were signif-
g8 | icant in four of six A28 modules. The kinetic profiles of the A28
g-_§§ CHECE - modules showed a peak on day 2 after vaccination. This was also
E€d visible on a heatmap showing responses at each time point across
s individual subjects (Fig. 2B). For each module, the statistical signif-
- icance of the overall response was determined by time-course
o g |S £ % gene set enrichment analysis. Four of the six A28 modules met sig-
g a _% s _% _% ',": & nificance thresholds of false discovery rate (FDR) < 0.1 (M8.3:
SRS $ 2 &% P =19 x 107, FDR = 0.019; M10.1: P= 1.9 x 10", FDR = 0.019;
& 8 é % s M15.127: P = 1.9 x 10™%, FDR = 0.019; 727 and M15.86: P = 3.9 x
& E 107, FDR = 0.031) and all six A28 modules, P < 0.05 (M13.17: P =
1.5 x 107, FDR = 0.101; M15.64: P = 0.044, FDR = 0.727). We next
" g 2 examined whether this signature correlated with antibody re-
g |22 2 gE sponses measured after vaccination. For this, correlation analyses
e g2 were run at the module level within aggregate A28 using as the
’ endpoint the antibody levels on days 7 and 14 after the first dose
and days 7 and 14 after the second dose. “Significance hotspots” are
2 o observed when most modules for a given aggregate reach correla-
28 o o a £ tion significance thresholds. Figure 2C shows associations between
3y |z = =z S . . . .
°3 o the interferon response measured at multiple time points after the
S first dose and the antibody response measured on day 14 after the
first dose, with fig. S2 showing correlations with day 2 after the first
ud dose (peak interferon response) in individual subjects. Similar com-
% ‘;5 g ) e 8 parisons with antibody levels measured at day 7 after the first dose
&9 and days 7 and 14 after the second dose are shown in fig. S3. In the
case of the post-first dose interferon signature, we identified such
-‘;‘," L § § § significance hotspots on days 2 and 3 for a subset of three interfer-
£ |2 8 S S on modules, M10.1, M15.127, and M8.3, while a fourth module,
b1 6 : 8 : 8 M15.86, also displayed significant correlations across all antibody
types, but only on day 2.
g o o Thus, we found that an interferon response is induced over the
< [P first 3 days following the administration of the first dose of mRNA
vaccines. Notably, this signature correlated with the antibody re-
5 |2 PO p sponse measured 2 weeks later.
e |€: € E i E
g |2 ¢ g e A decrease in inflammation is accompanied by an increase
: in adaptive immune response genes on day 5 after
v | = o e s the first dose
£g |5 5 82 3 We next characterized the changes occurring beyond the first 3 days
;.é g é -§8 £E3 -28 following administration of the first vaccine dose. In total, 18 mod-
H H [~a
ules displayed changes on day 4 after the first dose, of which 12
a showed a decrease in abundance. These modules belonged to three
= S = .09 aggregates that have been associated with inflammation (A31, A33,
2 IS5 & 2 and A35). Most changes were observed on day 4, but for some mod-
@ |5 5 &' = ules, changes were apparent starting on day 3 and continued be-

yond day 4, day 5, or even day 6 (fig. S4). In our earlier work,
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Fig. 2. Characterization of the post-first dose interferon response signature. (A) The bar graph shows the number of responsive modules (see Materials and Meth-
ods) at different days following the administration of the first dose of the vaccine (noted F1 to F14). The fingerprint grid plots represent the overall module responses on
days 1 and 2 after the first dose (F1 and F2, respectively). Modules from the BloodGen3 repertoire occupy fixed positions on the fingerprint grids. They are arranged as
rows based on membership to module aggregates (rows A1 to A38). Changes compared to the prevaccination baseline are indicated on the grid by red and blue spots of
varying color intensity. The color key at the top indicates their assigned function. The line graph shows the average % of responsive transcripts for A28/interferon re-
sponse modules across all the postfirst dose time points. Centerlines, box limits, and whiskers represent the mean, interquartile range, and 1.5x interquartile range, re-
spectively. We also ascertained the significance of changes measured after the first dose at the level of this module aggregate and at each time point (paired t test
comparing module response at each time point relative to the prevaccination baseline; *P < 0.01, **P < 0.001, and ***P < 0.0001). (B) The heatmap represents the propor-
tions of transcripts that changed within the six A28 modules at different time points and across different individuals compared to prevaccination baseline values. Col-
umns represent samples grouped by time point and show profiles of individual subjects within each time point. (C) The heatmaps represent associations (Spearman
correlation) between levels of module response measured at the prevaccination baseline (FO) and for each of the time points after the first dose (F1 to F9 and F14) and
SARS-CoV-2 S1-specific antibody levels measured at the prevaccination baseline (FO) and at 14 days after the first dose (F14). Correlation coefficients are shown at the top
(red-white-blue gradient) and respective P values are shown at the bottom (white-green gradient).
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modules within the BloodGen3 aggregate A35 were associated with
systemic inflammation mediated by neutrophils and were found to
constitute a common denominator across a wide range of patholo-
gies in which systemic inflammation is present (17). The associa-
tion of A35 with inflammatory processes was also ascertained on
the basis of functional profiling analysis results and the restriction
in expression of its constitutive transcripts observed in multiple
reference datasets (14). Detailed functional annotations can be ac-
cessed via interactive circle packing charts at https://prezi.com/view/
7Q20FyW6Hrs5NjMaTUyW/ (18). Module aggregate A33 has not
been investigated as extensively in any of our prior studies but was
clearly associated with inflammation via functional profiling
[https://prezi.com/view/VBqKqHuLWCra30JOIZRR/ (19)].

The peak response after the first dose occurred on day 5, with a
total of 42 modules showing differences in comparison to the pre-
vaccination baseline (Fig. 3A and fig. S5). At this time point, tran-
script abundance increased for 29 modules and decreased for 13.
Some of the modules that increased at day 5 after vaccination belong
to aggregates that are associated with adaptive immune responses.
As shown on the fingerprint grid plot presented in Fig. 3B, three of
five A27 modules were responsive at this time point. In a reference
dataset contributed by Monaco et al. (20), we found the expression
of the genes comprising all five A27 modules to be highly restricted to
plasma cells (fig. S6). Notably, the genes comprising one of the A27
modules (M12.15) include the plasmablast marker CD38 and other
genes associated with plasmablasts (IG], TNFRSF17, and TXNDC5).
Detailed annotations and expression profiles of A27 transcripts in
the reference datasets can be accessed via https://prezi.com/view/
GgliAOK9KSFHbpV;j2185/ (21). The transcriptional profiles of the A27
genes that were significantly changed at this time point are shown
on Fig. 3C. However, even for this selection of differentially ex-
pressed transcripts, changes were observed only for a subset of sub-
jects at this time point after the first dose, which suggests that the
humoral response elicited by the first dose of vaccine is altogether
relatively modest. Other immune-relevant modules found to be
increased at this time point are associated with T cells [M12.6 from
aggregate Al; see https://prezi.com/view/sxap39tKxkmCNTTNIIVO/
(22) for functional annotations and Fig. 3C for further details]. Others
were mapped to module aggregates A24 and were associated with
oxidative phosphorylation, which is known to play a role in T cell
activation [6 of 11 modules were responsive; see https://prezi.com/
view/eiXvf2LNBLFRgrtaeCuM/ (23) for functional annotations and
Fig. 3C for further details] (24). Other modules have not yet been
fully characterized functionally, including, for instance, 4 responsive
modules of the 15, belonging to aggregate A26 [see https://prezi.com/
view/9CErpW3NwpN2HgRS3Hzf/ (25) for functional annotations
and Fig. 3C for further details]. Some heterogeneity was observed
among study subjects (fig. S5B), most notably with a distinction ob-
served between previously infected individuals, for whom the
transcript abundance for those modules tended to decrease (right
cluster), while increases were observed in most naive subjects (left
cluster). Notably, the signatures observed on day 5 appeared to be
transient, and no modules were increased on day 6 following the
administration of the first dose of vaccine.

Together, we found the number of responsive modules to peak on
day 5 following the first dose of vaccine. A decrease in the abundance
of transcripts associated with inflammation was accompanied by
an increase in the abundance of transcripts associated with adaptive
immunity. The latter responses appeared to peak earlier than those
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observed in response to other vaccines, where adaptive response sig-
natures are observed around day 7 after vaccination (6, 26, 27).

A marked and polyfunctional response is elicited by

the second vaccine dose

After delineating temporal responses following the administration
of the first dose of COVID-19 mRNA vaccine, we examined changes
in blood transcript abundance after the second dose. Time-course
gene set enrichment analysis identified significant temporal changes
for 311 of 382 modules comprising the BloodGen3 repertoire (file S4).
After the second dose, the number of responsive modules peaked
on day 1, with 261 responsive modules or about two-thirds of the 382
modules constituting the BloodGen3 repertoire (Fig. 4A). This num-
ber decreased sharply afterward, with 115 responsive modules on
day 2 and only 9 responsive modules on day 3. The kinetic and ampli-
tude of the post-second vaccine dose response contrasted marked-
ly with that observed after the first dose, when, as described above,
the number of responsive modules peaked on day 5, with changes
found in only 42 modules at that time point.

The day 1 post-second dose response was extensive and poly-
functional (Fig. 4B). An overall decrease in abundance was observed
for aggregates broadly associated with lymphocytic cells (aggregates
Al to A8) and increased for module aggregates associated with my-
eloid cells, inflammation, and circulating erythroid cells (aggregates
A33 to A38). In addition, a marked increase in the abundance of
modules associated with interferon responses was observed (aggre-
gate A28). We compared the day 1 response fingerprint of the sec-
ond dose of COVID-19 mRNA vaccine to fingerprints derived from
patients with a wide range of pathologies. These included 16 refer-
ence datasets encompassing infectious and autoimmune diseases, as
well as cancer and solid organ transplant recipients, among others
[these cohorts are described in our previously published work
(14, 28); the respective blood transcriptome fingerprint collec-
tions are accessible via a dedicated web application: https://drinchai.
shinyapps.io/BloodGen3Module/]. In addition, we analyzed two
original COVID-19 blood transcriptome datasets: One cohort com-
prised 99 patients with COVID-19 with disease severities ranging
from mild and moderate to severe [the “PREDICT-19 (predicting dis-
ease progression in severe viral respiratory infections and COVID-19)
Consortium Italian cohort dataset”; see Materials and Methods and
published study protocol for details (29)], while the second cohort
comprised 40 patients with COVID-19 recruited at the time of ad-
mission to the intensive care unit (ICU) (“IMPROVISE cohort whole
blood dataset”). These high-level comparisons showed, first, that the
extent of the changes associated with the day 1 response to the sec-
ond dose of the COVID-19 mRNA vaccine was similar to that ob-
served in some patient cohorts with acute infections (Fig. 4B). More
specifically, they were found to most resemble the responses seen in
a cohort of subjects with influenza infection, with a marked inter-
feron response (A28) and an inflammation signature (A33 and A35).
At ahigher level, these response patterns were also generally consist-
ent with those observed in patients with COVID-19 infection. How-
ever, the changes that occurred in response to vaccination were not
as extreme as those found in patients with sepsis or with the most
severe form of COVID-19 (i.e., the IMPROVISE dataset) [most no-
tably for inflammation (A33 and A35) and erythroid cell responses
(A36-A38)]. Overall, the BloodGen3 transcriptome fingerprint ob-
served on day 1 after the second vaccine dose contrasted markedly
with the fingerprint observed on day 1 after the first.
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A post-second dose interferon signature peaks on day 1

and correlates with antibody response

Despite these marked differences, the interferon response signature
was found to be a common denominator between the responses to
the first and second doses, since it was observed in both cases in the
first few days following administration of the vaccine. We therefore
began to dissect the post-second dose response by examining this
interferon response signature in more detail (Fig. 5, A and B).

For each module, statistical significance for the overall response
was determined by time-course gene set enrichment analysis. Sig-
nificance was reported after the first dose in Fig. 2. After the second
dose, all six A28 modules met significance thresholds of P < 0.001
and FDR < 0.001 (M8.3: P=1.9x 10", FDR=3.6 x 10" M10.1: P =
1.9 x 107, FDR = 3.6 x 107 M13.17: P= 1.9 x 10, FDR = 3.6 x
1074 M15.127: P= 1.9 x 10~*, FDR = 3.6 x 10™% M15.64: P = 1.9 x
1074, FDR = 3.6 x 1074 M15.86: P = 1.9 x 10™*, FDR = 3.6 x 107%).
We decided to perform hierarchical clustering to identify subsets of
modules within the A28 aggregates that might group together on
the basis of patterns of transcript abundance across all subjects and
time points. Two sets of three modules each were thus identified
within the A28 aggregate (Fig. 5B). The first set comprised modules
MS8.3, M10.1, and M15.127 (referred to as A28/S1), and the second
set comprised modules M15.64, M13.17, and M 15.86 (referred to as
A28/S2). Notably, while modules in A28/S1 peaked on day 2 follow-
ing the first dose, those belonging to A28/S2 peaked on day 1
(Fig. 5, B and C). Furthermore, A28/S1 modules showed an ex-
tended peak after the second dose, with day 2 levels being almost
identical to those of the day 1 peak, while A28/S1 modules peaked
sharply on day 1, with levels decreasing rapidly thereafter. The fact
that these two interferon signatures are indeed distinct was con-
firmed by comparing aggregated S1 and S2 responses, with statisti-
cal differences found across all the early time points following both
the first and second doses of vaccines (Fig. 5B, right). This observa-
tion was furthermore consistent with our earlier findings in the con-
text of systemic lupus erythematosus (SLE) studies (30). We next
examined whether transcriptional trajectories for the A28 module
aggregate differed between naive and previously infected indi-
viduals (fig. S7A). We found the response to be notably uniform
across all subjects after the second dose. Only minor differences
were observed between naive and recovered individuals after the
first dose.

Overall, following the administration of the second vaccine dose,
the interferon response was noticeably sharper in comparison to
the response observed following the first dose and peaked on day 1
instead of day 2. This was illustrated by the difference in the max-
imum average individual module response across subjects, which,
for some of the A28/S1 modules, was close to 50% of the constitu-
tive transcripts on day 2 after the first dose and greater than 80% on
day 1 after the second dose. Differences in pattern and amplitude of
interferon response between the first and second doses might reflect
quantitative and/or qualitative differences in the immune responses
being elicited by the vaccine. Publicly available transcriptome pro-
filing data generated before and after interferon treatment in vivo
show that A28/S1 modules might be preferentially induced over
A28/S2 modules in response to type I interferon (fig. S8) (31, 32),
which would be consistent with the pattern of response observed
after the first dose. Modules forming the A28/S1 set comprise well-
recognized “canonical” interferon response genes, such as oligoad-
enylate synthetase family members (OAS1, OAS2, OAS3, and OASL),
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interferon-induced protein family members (IFI6, IFI27, IFI35, IFI44,
and IFI44L), and interferon-induced protein with tetratricopeptide
repeats family members (IFIT1, IFIT3, and IFIT5) (14). Modules
forming the A28/S2 set comprise instead most notably members of the
nuclear antigen family members SP100, SP110, and SP140, which
are associated with interferon-y signaling, as well as transcription
factors IRF9 and STAT2. Composition and functional annotations
for A28 modules can be explored further at https://prezi.com/view/
E34MhxE5uKoZLWZ3KXjG/ (16).

Last, we observed a strong association between the post-second
dose interferon signature and the subsequent development of an
antibody response (Fig. 5D and figs. S9 to S11). Positive correla-
tions were observed for all six A28 modules that reached signifi-
cance on days 1, 2, and 3 after the second dose. Notably, this
differed from the interferon response observed after the first dose,
for which significance was reached only for four of the six modules
and only on days 2 and 3.

Together, the resolution of immune trajectories after vaccina-
tion via high-temporal frequency profiling permitted the delinea-
tion of distinct patterns of interferon responses following the first and
second doses of vaccine. One of those module sets, A28/S1, domi-
nated the response elicited by the first dose of vaccine and peaked
on day 2. The response following the second dose showed a potent
induction of both S1 and S2 and peaked instead on day 1.

Inflammation and erythroid cell signatures peak sharply
on day 1 after the second dose
We continued the dissection of the day 1 post-second dose signa-
ture, focusing this time on responses associated with inflammation
and circulating erythroid cell precursors (Fig. 6A). For each mod-
ule, statistical significance for the overall response was determined
by time-course gene set enrichment analysis (see Materials and
Methods). For A35, 20 of 21 modules met significance thresholds
(P < 0.05 and FDR < 0.01). As described earlier, the abundance of
A33 and A35 transcripts was decreased on days 4 through 6 follow-
ing administration of the first dose of vaccine. However, following
the second dose, a sharp and transient increase in abundance of the
transcript forming these modules was detected instead. A well-
delineated response peak was observed on day 1 after the first dose for
both the A33 and A35 modules (Fig. 6B, A35, left), but in contrast
to the interferon response (A28/S1), it did not extend beyond the
first day. Responses in naive and recovered individuals after the sec-
ond dose appeared to be similar (fig. S7B). Yet, as shown in the
same figure, the decrease in abundance characteristic of the first dose
response for this module aggregate tended to be more pronounced
in recovered individuals, although it is worth pointing out that this
observation is only based on a limited number of individuals (as a
reminder, only 6 of the 23 subjects were previously infected and had
recovered from COVID-19). As mentioned above, the increase in
abundance of A35 modules was recently shown to be a hallmark of
the blood transcriptional signature of psoriasis (17). This signature
was a common denominator across autoimmune and inflammatory
diseases and was thought to be driven by neutrophil activation.
Time-course gene set enrichment analysis determined that 11 of
11 modules forming aggregate A37 changed significantly after the
second vaccine dose. Modules comprised in the module aggregate
A37, which we previously associated with glycophorin A-positive
circulating erythroid cell signatures (28), also displayed a sharp but
transient increase in transcript abundance on day 1 after the second
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Fig. 4. Fingerprint grid plots mapping changes observed on day 1 after the second dose and across reference datasets. (A) The bar graphs show the cumulative
module response at the various time points after the first and second doses (noted F1 to F14 and S1 to S14, respectively). The y-axis values and numbers on the bars indicate
the number of modules meeting the 15% response threshold (out of a total of 382 modules constituting the BloodGen3 repertoire, with percentage response correspond-
ing to the proportion of transcripts predominantly increased or decreased compared to baseline, meeting a significance cutoff of DESeq2, FDR < 0.1). (B) The fingerprint grid
plots show changes in transcript abundance for a given study group in comparison to baseline (prevaccination sample or uninfected control group), with the percent re-
sponse of individual modules shown by red and blue spots of varying color intensity denoting predominant increase or decrease in abundance, respectively. Changes are
shown in the top grid for subjects 1 day after receiving the second dose of COVID-19 mRNA vaccine in comparison with baseline prevaccination samples (this study). Grids
in the middle and bottom positions show changes for patients with acute infections caused by influenza virus [earlier work (74), with data available in the NCBI GEO repos-
itory under accession number GSE100150] or SARS-CoV-2 (this study) and for patients with bacterial sepsis [earlier work (74), with data available in the NCBI GEO repository
under accession number GSE100150]. The color key at the top indicates the various functions attributed to the modules that occupy a fixed position on the grid plot.
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Fig. 5. Characterization of the day 1 post-second dose interferon response signature. (A) The fingerprint grid plot maps the modular response observed on day 1
after the second dose (% transcripts for a given module showing significant changes, DESeq2, FRD < 0.1). The six modules forming the A28 aggregate are highlighted.
(B) The line graphs represent the summarized % module responses encompassing all study subjects (one line per module). Changes in abundance are shown after the first
dose (top graphs) or after the second dose (bottom graphs) compared to baseline prevaccination levels, for two distinct sets of interferon response modules, A28/S1 and
A28/52 (left and middle, respectively). In addition, the averaged response for A28/S1 and A28/S2 is shown as well (right). Centerlines, box limits, and whiskers represent the
mean, interquartile range, and 1.5x interquartile range, respectively. In addition, the significance of changes measured after vaccination (paired t test comparing module
response at each time point relative to the prevaccination baseline in the graphs on the left and middle) was determined and the averaged A28/S1 and A28/S2 for each
subject were compared (t test comparing averaged module response for A28/S1 relative to A28/S2 in the graphs on the right). For all tests: *P <0.01, **P < 0.001, and
***P < 0.0001. (C) The heatmap represents the proportions of transcripts that changed within the six A28 modules at different time points and across different individ-
uals compared to prevaccination baseline values. Columns represent samples grouped by time point and show profiles of individual subjects within each time point. (D) The
heatmaps represent associations (Spearman correlation) between levels of module response measured at the prevaccination baseline (S0) and for each of the time points
after the second dose (S1 to S9 and S14) and SARS-CoV-2 S1-specific antibody levels measured at the prevaccination baseline (S0) and at 14 days after the second dose
(S14). Correlation coefficients are shown at the top (red-white-blue color gradient) and respective P values are shown at the bottom (white-green color gradient).
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Fig. 6. Characterization of post-second dose inflammation, erythroid cell, and plasmablast responses. (A) The bar graph at the top represents the number of re-
sponsive modules at any given time point after the first and second doses. The fingerprint grid plots below map the modular response observed on day 1 after the second
ses of A35, A37, and A27 modules across multiple time points
(left, middle, and right, respectively). Each line represents the profile of the modules constituting a given aggregate. For all line graphs, centerlines, box limits, and whis-
kers represent the mean, interquartile range, and 1.5x interquartile range, respectively. The significance of changes measured after the second dose was determined at
relative to the prevaccination baseline; *P < 0.01, **P < 0.001,
and ***P < 0.0001). (C) The heatmaps represent associations between levels of module response measured at the prevaccination baseline (S0) and for each of the time
e prevaccination baseline (S0) and at 14 days after the second
dose (S14). Specifically, the heatmap at the top (blue-red color gradient) represents the correlation coefficients across multiple days and for each day across multiple
subjects, with rows corresponding to the five A27 plasmablast modules. The heatmap below (green color gradient) represents the significance of the correlations shown

dose (left) and day 4 after the second dose (right). (B) The line graphs show the average percentage respon
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on the heatmap at the top, with the same order of rows and columns.
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dose (Fig. 6B, A37, middle). However, the abundance tended to dip
afterward, with a low peak observed on day 5 after the second dose,
before recovering by day 7. To our knowledge, such a circulating
erythroid cell signature has not been previously described after vac-
cination. Last, we did not find evidence of an association between
the day 1 post-second vaccine dose, inflammation or erythroid cell
signatures, and the antibody responses. Overall, similar trends were
observed in naive and recovered subjects (fig. S7C).

Overall, these findings highlight the marked differences in the
kinetics and nature of the immune responses elicited in the first
days following the administration of the first and second doses of
COVID-19 mRNA vaccines. They also point to the possible “train-
ing” of the innate immune response by the first vaccine dose.

A plasmablast signature peaks on day 4 after administration

of the second vaccine dose and correlates

with antibody responses

After the second dose of COVID-19 mRNA vaccine, the number of
responsive modules peaked sharply on day 1 and then rapidly sub-
sided beyond day 2, with the number of responsive modules on days
3, 4, 5, and 6 being reduced to 9, 11, 3, and 2, respectively. Yet,
changes within this later time frame are meaningful, as they specif-
ically concern the set of five modules comprising aggregate A27,
which is associated with the presence of antibody-producing cells in
the peripheral blood (Fig. 6A).

Three of the five A27 modules showed significant alterations af-
ter the second dose (M12.15, M13.32, and M15.110) (Fig. 6B, A27,
right). The proportion of differentially expressed transcripts in each
module was relatively modest (with an average of 15% at the peak of
response), especially in comparison with the interferon signatures
described above (with an average of >80% for some modules at the
response peak). We also examined the association of this post-second
dose plasmablast signature with the antibody response and found a
significant association starting from about day 3 and lasting until
day 7 after the second dose (Fig. 6C and figs. S12 and S13). Robust
responses were observed in both naive and recovered subjects after
the second dose (fig. S7D). However, notably, the A27/plasmablast
response was only observed in recovered individuals after the
first dose.

In summary, COVID-19 mRNA vaccination induced a marked
plasmablast response that peaked on day 4 after vaccination. This
was unexpected since such signatures typically are measured around
day 7 after vaccine administration [e.g., in the case of influenza or
pneumococcal vaccines (6)]. We were also able to demonstrate an
association between this post-second dose plasmablast signature
and the subsequent development of humoral immunity.

Patterns of interferon induction elicited by COVID-19 mRNA
vaccines are also observed among patients with COVID-19
This work has identified the interferon response as the most up-
stream factor associated with the development of humoral immunity
following COVID-19 mRNA vaccination. High-temporal resolu-
tion profiling delineated distinct patterns of interferon induction
after the first dose and after the second dose, and we next decided to
determine whether similar response patterns could be identified
among patients with COVID-19 disease.

For this, we relied on blood transcriptome data generated de
novo from the PREDICT-19 Consortium Italian COVID-19 cohort
comprising 99 patients with a wide spectrum of disease severity. We
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used the response values for the six interferon modules from aggre-
gate A28 to map individual COVID-19 patient samples along with
postvaccine samples on the same t-distributed Stochastic Neighbor
Embedding (tSNE) plot (Fig. 7A). First, we confirmed that there
was no apparent separation of the vaccination and COVID-19 pa-
tient cohorts and that batch correction was therefore not warranted
before proceeding with comparative analyses (fig. S14). This is consis-
tent with the results of meta-analyses that we have previously con-
ducted at the module level (28). To help with the interpretation, k-means
clustering was performed using the consolidated set of samples, re-
sulting in the formation of eight distinct clusters. Next, we exam-
ined the distribution of samples from the vaccine and COVID-19
cohorts across the tSNE plot and among the eight clusters (Fig. 7B).
Time points at which an interferon response was detectable in vac-
cinated subjects were of particular interest. Day 1 and day 2 post-
first dose samples (F1 and F2), while preferentially found in
clusters 1 and 5, appeared to be distributed across the entire tSNE
plot. This is in contrast with day 1 and day 2 post-second vaccine
dose samples (S1 and S2), which were almost exclusively found in
cluster 5. A set of patients with COVID-19 also colocalized in clus-
ter 5, while others were found scattered across clusters, especially
clusters 1, 2, 6, and 3. Interferon responses were detectable in all
these clusters but with important nuances. For one, samples from
cluster 5 showed, by far, the most potent responses, with responses
seen in most cases across all six interferon modules, which was con-
sistent with the response observed following administration of the
second dose of vaccine (Fig. 7C). In comparison, the response was
less pronounced in samples from cluster 1, which was dominated by
modules associated with type I interferon responses (the A28/S1
set comprising M10.1, M8.3, and M15.127 described above). This
was more consistent with the pattern of response observed after the
first dose of vaccine. Signatures for samples forming clusters 2 and
6 were not well defined and were, in some cases, absent, yet these
clusters also included patients with COVID-19. Samples forming
cluster 3 displayed a peculiar signature, with an increase in the abun-
dance of modules belonging to the A28/S2 set (M15.64, M13.17,
and M15.86) concomitantly with a decrease in modules forming
the A28/S1 set. Among the samples forming this cluster, this pat-
tern was most apparent for the patients with COVID-19.

Thus, we used here the distinct interferon response “traits” ob-
served after COVID-19 vaccination as a benchmark for the inter-
pretation of COVID-19 patient signature. We were able to establish
that most patients with COVID-19 display interferon responses con-
sistent with those found after vaccination, which, as established in
this study, were associated with the development of potent humoral re-
sponses. However, a subset of patients displayed patterns of inter-
feron response that are not typically seen in vaccinated individuals.

The distinct interferon response signature observed

in patients with COVID-19 is associated with a worse course
of disease

The fact that some patients with COVID-19 failed to display robust
“postvaccine-like” interferon responses may be due to either a de-
fective innate immune response, which may lead to a more severe
disease course, or conversely to activation thresholds not being
reached in patients presented with milder disease. Thus, we next ex-
amined patterns of interferon response in another original COVID-19
disease cohort, composed exclusively of patients enrolled at the
time of admission in the ICU (the IMPROVISE cohort, which was
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Fig. 7. Comparing patterns of interferon response in vaccinated individuals and a cohort of patients with COVID-19. (A) The tSNE plot represents similarities in
patterns of interferon response induction across the six modules forming aggregate A28 and among samples comprised in our vaccination cohort and one of our
COVID-19 disease cohorts (PREDICT-19/Italy). COVID-19 samples are shown in red along with specific postvaccination time points [post-first dose days 1 and 2 (F1 and
F2) and post-second dose days 1 and 2 (51 and S2)]. (B) Samples from the consolidated cohorts were partitioned into eight clusters via k-means clustering, the distribu-
tion of which is shown on this tSNE plot. (C) Heatmaps show patterns of response for the six interferon response modules across the eight sample clusters. The red colors
indicate that the abundance of transcripts for a given module is predominantly increased with the intensity representing the proportion of constitutive transcripts meet-
ing a given threshold, which, at the level of individual samples, is a fixed FC and difference cutoff (|[FC| > 1.5 and |difference| > 10in a given sample over its respective
prevaccination baseline). The blue color denotes a predominant decrease in abundance of constitutive transcripts compared to the same individual’s prevaccination
baseline. Details are shown below for clusters 3, 5, and 8 in separate heatmaps.

also described above). As described above, we mapped individual
COVID-19 patient samples along with postvaccine samples on a
tSNE plot based on similarities in the patterns of interferon respon-
siveness across the six A28 interferon modules (Fig. 8A). As was the
case earlier for the PREDICT-19 cohort, COVID-19 subjects were
found to be distributed throughout multiple clusters. Notably, patients

Rinchai et al., Sci. Adv. 8, eabp9961 (2022) 11 November 2022

who colocalized with day 1 post-second dose samples tended to have
relatively short ICU stays (in cluster 5 with potent A28/S1 and A28/
S2 responses), and only a few patients colocalized with day 2 post-
first dose samples in cluster 3, which was characterized by a more
prominent A28/S1 signature compared with A28/S2 (Fig. 8B). Further-
more, distinct groups of patients in clusters 1 and 6 displayed the
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Fig. 8. Comparison of interferon response patterns of vaccinated individuals and a cohort of patients with COVID-19 with severe disease under intensive care.
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COVID-19 upon ICU admission. Multiple clinical parameters are shown on the tracks above [extracorporeal membrane oxygenation (ECMO), hypertension (HTN), coronary
artery disease (CAD), chronic kidney disease (CKD), and congestive heart failure (CHF)]. The histogram represents the length of stay in the hospital, in the ICU, and under
mechanical ventilation (MV), in days. DM, diabetes mellitus. (D) The bar graph represents for different datasets the proportion of samples corresponding to IRTP |, Il, or
Ill, according to the following definition, which is based on the delineation of two distinct sets of interferon response modules: A28/51 (M8.3, M15.127, M10.1) and A28/52
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enza infection (FLU; N =25), HIV infection (N = 28), active pulmonary tuberculosis (PTB; N = 23), acute RSV infection (N = 70), bacterial sepsis (N=33), and SLE (N =55).
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peculiar pattern of interferon response dominated by A28/S2 that was
identified earlier among patients enrolled in the PREDICT-19 co-
hort. Notably, patients from the IMPROVISE cohort displaying this
pattern of interferon response showed significantly lengthier stays in
the ICU compared to patients displaying patterns of interferon re-
sponse that are consistent with those observed after vaccination (Fig.
8C comparing left and right clusters: for length of hospital stay, ¢ test,
**P = 0.006; mechanical ventilation days, *P = 0.016; and ICU stay, *P =
0.012; notably, age did not appear to be a factor driving differences in
patterns of interferon response and length of ICU stays; fig. S15).

Thus, in a cohort of subjects uniformly presenting with severe
disease, post-first dose-like patterns of interferon response domi-
nated by A28/S1 were less prevalent. Post-second dose-like pat-
terns of interferon response characterized by robust A28/S1 and
A28/S2 signatures were observed instead in most patients. A nota-
ble exception was patients presenting with patterns of response
dominated by A28/S2, not observed previously following vaccina-
tion but which were found again in this second independent
COVID-19 dataset. In this context, we could also establish that such
response is associated with a worse disease course. This overall sup-
ports the notion that patients harboring this signature may fail to
mount an effective immune response against SARS-CoV-2.

The distinct interferon response phenotype observed

in patients with COVID-19 is not typically found

in the context of other infections

Last, we asked whether the A28/S2-dominated interferon response
pattern associated with worse disease outcomes in patients with
COVID-19 was also commonly found in other infectious diseases.
For this, we first developed a standard definition of “interferon re-
sponse transcriptional phenotypes” (IRTPs): The two distinct sig-
natures described above, A28/S1 and A28/S2, were used as traits for
the definition of three main phenotypes observed following vacci-
nation and in response to SARS-CoV-2 infection. (i) IRTP I encom-
passed A28/S1-dominated patterns of response: “A28/S1""A28/S2*,”
“A28/S17A28/52°” and “A28/S17A28/S2%” (see Materials and Meth-
ods for details). (ii) IRTP II corresponded to a pattern of interferon
response characterized by the strong induction of both components:
A28/S1*"A28/S2*". (iii) IRTP III encompassed the A28/S2-dominated
patterns of interferon response: “A28/S1~A28/S2™,” “A28/S1~ A28/
S2*,” “A28/S1°A28/S2"*,” and “A28/S1°A28/S2".” These three IRTPs
were, in turn, used for the stratification of our vaccination cohort at
early time points following administration of the first and second
vaccine doses, as well as both of our COVID-19 cohorts and of sev-
eral reference cohorts of patients that we had generated as part of
one of our earlier studies (14), focusing more particularly on pa-
thologies known to elicit robust interferon responses, including viral
infections [influenza, Rous sarcoma virus (RSV), and HIV], tuber-
culosis, or SLE (Fig. 8D).

IRTP I was found in approximately one-third of the vaccinated
subjects at peak response on day 2 after the first dose (Fig. 8D, F2).
It was, however, absent at peak response after the second dose (S1).
Similarly, IRTP I was found among patients with COVID-19 be-
longing to the PREDICT-19 cohort (although in only 7.9% of pa-
tients), but not among those belonging to the IMPROVISE cohort,
who presented with more severe disease. IRTP I was otherwise also
found in between 0 and 18% of subjects across most of our reference
cohorts. However, as was the case of our severe COVID-19 cohort,
it was absent in the comparator cohort of patients with bacterial
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sepsis. In the context of mRNA vaccination, IRTP II, which is char-
acterized by the robust induction of both A28/S1 and A28/S2 com-
ponents, was observed following the second dose of vaccines in 95%
of samples profiled on day 1, which corresponds to the peak re-
sponse. The first dose of COVID-19 mRNA vaccine was able to in-
duce both components robustly but in only 48% of samples at peak
(day 2 after the first dose). IRTP II was otherwise also prevalent in
patients with COVID-19, which is consistent with our earlier obser-
vation. It was also found in most samples in the other pathologies
used as comparators, except for RSV and bacterial sepsis (40 and
48%, respectively). IRTP III, which is characterized by an A28/S2-
dominated response, was observed only rarely after COVID-19
mRNA vaccination. It was, however, prevalent among patients with
COVID-19, with 20.2 and 15% of subjects with this phenotype in
the PREDICT-19 and IMPROVISE cohorts, respectively. However,
it was not observed in patients with tuberculosis, influenza virus, or
HIV infection. IRTP III is, on the other hand, found in 4.3% of pa-
tients with RSV infection and reached its peak prevalence in pa-
tients with bacterial sepsis (33.3%).

In summary, those results show that in most instances, both com-
ponents of the transcriptional interferon response can be robustly
induced following COVID-19 vaccination or viral infection (i.e.,
corresponding to IRTP II). However, incomplete patterns of induc-
tion can also be observed in some circumstances. We hypothesize
that this may be due to (i) activation thresholds not being reached,
in the case of IRTP I, or (ii) subjects failing to mount an effective
interferon response, in the case of IRTP III, which, in the context of
SARS-CoV-2 infection, might affect their ability to control the in-
fection. Notably, besides COVID-19, IRTP III phenotypes were only
observed in a limited set of pathologies, including infection caused
by RSV, a virus that is known to interfere with the interferon re-
sponse (33, 34), and bacterial sepsis that is characterized by a dys-
regulated host response to infection (35).

DISCUSSION

Relatively little is known about the types of in vivo immune re-
sponses elicited by mRNA vaccines in humans. To address this, we
used bulk blood transcriptomics to map the immune changes tak-
ing place in vivo after the administration of the first and second doses
of COVID-19 vaccines in adult volunteers. We did so at a high tem-
poral resolution, collecting small amounts of blood before and for
nine consecutive days after the administration of the first and sec-
ond doses of COVID-19 mRNA vaccines. The use of blood tran-
scriptomics eliminated the need to choose a panel of analytes to
measure vaccine responses, which is one source of bias. The daily
collection and profiling schemes adopted eliminated the need to
choose specific time points for measuring the response, thus elimi-
nating a second source of bias.

Profiling blood transcript abundance after the first and second
doses of COVID-19 mRNA vaccines at a high temporal resolution
revealed a well-orchestrated sequence of immune events (Fig. 9).
The immune signatures elicited following the administration of the
two doses of mRNA vaccines differed drastically. Relatively modest
changes were observed after the first dose that manifested primarily
as the induction of interferon response signatures that were detect-
able over the first 3 days following the injection of the first dose.
This was followed by a more subtle response that could be at-
tributed to the priming of the adaptive response between days 4 and 6.
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A decrease in the abundance of transcripts for modules associated
with inflammation was observed over these 3 days, which was ac-
companied by an increase in transcripts associated with plasma
cellsand T cells on day 5. No further changes were detected beyond
day 6. After the second dose, the plasmablast response was more robust
and peaked on day 4 but was not accompanied by a T cell response
peak, as was the case after the first dose. Notably, in studies assess-
ing blood transcriptional responses to vaccines, the peak plasmablast
response is typically observed on day 7, as is the case, for instance, with
influenza and pneumococcal vaccines (6, 26, 27). As a result, sampling
schedules in common use that are designed to capture changes on days 1
and 7 and, sometimes, day 3 would miss the peak of the adaptive
response to COVID-19 mRNA vaccines observed in our study.

In addition to eliminating potential blind spots, high-frequency
sampling and profiling also permit the precise resolution of the com-
plex kinetics of a response; for instance, the erythroid cell signature
peaks sharply after the second dose and recedes well below baseline
over several days before recovering. The trajectory of this signature
may be of significance in the context of vaccination, as we recently
described its association with immunosuppressive states, such as
late-stage cancer and maintenance therapy in liver transplant recip-
ients (28). In the same work, we found this signature to be strongly
associated with the development of a more severe disease in sub-
jects with acute respiratory syncytial virus infection. Notably,
erythroid precursors have also been recently associated with more
severe clinical outcomes in patients with COVID-19 (36). Popula-
tions of circulating erythroid cells have been found to have immuno-
suppressive properties (37). These properties may be exerted, for
instance, through the expression by these cells of arginase or trans-
forming growth factor-p, which have been found to suppress inter-
feron-y production in effector T cells and promote the development
or regulatory T cells, respectively (38, 39). Conversely, a recent
report has shown that a defect in erythrocyte mitochondrial removal
observed in patients with SLE was a driver for interferon produc-
tion and correlated with disease activity (40). The downward trajec-
tory followed by the A37/erythroid cell modules after the day 1 peak
after the second dose was peculiar. It was not observed with the A35/
inflammation module, for instance, which also peaked at day 1. It
may be attributed to changes in relative cellular composition in
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the blood, reflecting either a mobilization of erythroid cells outside
of the circulation or, conversely, a transient expansion of other
populations of circulating leukocytes, resulting in a dilution of the
erythroid cell population. Together, these observations warrant
follow-up investigations into the potential role of circulating eryth-
roid cells in the context of vaccination.

Arunachalam et al. (5) previously described the elicitation of
qualitatively distinct innate signatures on day 1 following the ad-
ministration of the first and second doses of COVID-19 mRNA
vaccines, with the former inducing an interferon response and the
latter a mixed response that also presented an inflammatory com-
ponent. Our findings are consistent with these earlier observations
and, using a high-frequency sampling and profiling protocol, per-
mitted us to further dissect those responses. Most notably, while
interferon responses appear a priori as the common denominator
between the post—first and post-second dose responses, the tempo-
ral pattern of response that we observed indicates that these are
qualitatively and quantitatively distinct. This was best evidenced by
the differences in the timing of the response peak, which corre-
sponded to day 2 after the first and day 1 after the second doses. The
kinetics of the response after the second dose is therefore most con-
sistent with what is observed following injection of a single dose of
influenza vaccine (6). A further investigation of the patterns of
response among the six modular components of the interferon
responses (module aggregate A28) identified two distinct sets of mod-
ules. These two sets of three modules each, A28/S1 and A28/S2, dis-
played distinct kinetics and amplitude of response after the first and
second doses. In an earlier report, we have shown that module rep-
ertoire analyses permitted the delineation of distinct interferon sig-
natures and that those signatures could stratify patients with SLE
(30), an observation that has since been confirmed in independent
studies (41-43). We report here that distinct interferon signatures
are elicited following vaccination. The delineation of these signa-
tures was greatly aided by the adoption of a high-temporal resolution
profiling approach. It permitted us to identify subtle but significant
differences in amplitude and timing between the two signatures fol-
lowing both the first and second doses of mRNA vaccine. The
response to the second dose appeared to be more potent and uni-
form across A28/S1 and A28/S2 modules and was accompanied by
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an increase in abundance of modules associated with inflammation
and erythroid responses, among other signatures. Together, the dif-
ferences observed after the first and second doses could be attributed
to quantitative or qualitative differences, e.g., elicitation by the
second dose of vaccine of the release of higher amounts of endoge-
nous interferons or of the release of interferon of a different type
(with the post-first dose signature possibly being elicited by type I
interferons, as patterns of induction after interferon- treatment
would suggest, and the post-second dose signature possibly being
elicited by type II interferon). The latter thesis is indirectly sup-
ported by recent findings in mice that received the Pfizer BioNTech
BNT162b2 vaccine and were found to preferentially produce
interferon-a in vivo after the first dose of vaccine and interferon-y
after the second dose (44). It should be, however, noted that while
the pattern of induction of A28/S1 and S2 modules might be indic-
ative of a given type of interferon response, our observations would
not support the notion of a given set to be exclusively associated
with a given type of response (i.e., the analyses of public datasets
in fig. S7 show that A28/S1 modules may be more responsive
to type I interferons, while the A28/S2 also appears to respond but
only to a lesser degree).

Here, we also sought to determine whether “post-first dose-
like” patterns (i.e., dominated by A28/S1, IRTP I) or “post-second
dose-like” patterns (i.e., with potent induction of both components:
A28/S1™" and A28/S2"", IRTP II) could be identified among patients
with COVID-19. Since those were associated with the subsequent
development of humoral immunity in the context of vaccination, it
may be surmised that it would also be the case during the course of
SARS-CoV-2 infection. This question was made particularly rele-
vant in the context of COVID-19 disease, since it has been reported
that failure to induce interferon responses is associated with worse
disease outcomes (8, 45-47). In the PREDICT-19 cohort, composed
of patients with predominantly mild or moderate pathology, both
phenotypes were observed, along with a third distinct phenotype
that was not observed after vaccination. This latter phenotype is
dominated instead by A28/S2, with A28/S1 abundance being low or
even decreased (IRTP IIII). Notably, in a cohort of patients with
severe disease, both A28/S1™" A28/S2"" (post-second dose-like/
IRTP II) and A28/S2>S1 (IRTP III) phenotypes were also observed,
with the latter being associated with extended lengths of stay in the
ICU. However, IRTP III did not appear to be preferentially as-
sociated with death in this setting, which may be due to the sup-
portive care provided to the patients. Overall, our observations are
consistent with earlier work that has linked SARS-CoV-2 infection
to impaired interferon responses and support the notion that failure
to mount robust interferon responses is associated with a less favor-
able course of the disease (8, 48). However, our findings also show
that the response elicited by the infection in these patients may not
be altogether defective (i.e., with only one component, A28/S1, be-
ing primarily affected). One possibility is that this peculiar response
pattern may be associated with the presence of endogenously pro-
duced autoantibodies neutralizing interferon, as has been previously
described (47, 49), or, in a smaller proportion of individuals, of in-
born errors of immunity (46, 50). The high incidence of the IRTP
ITII phenotype observed in patients with bacterial sepsis (about one
in three), however, suggests that other mechanisms may be at play
(e.g., suboptimal, delayed, or exhausted responses).

Other points remain to be elucidated. This includes the timing of
the adaptive response to mRNA vaccines, which appears to rise and
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peak several days earlier than what is normally observed in responses
to other vaccines (£7-day peak). The priming mechanism under-
pinning the robust polyfunctional response observed on day 1 after
the second dose would deserve further investigation as well, with
our findings suggesting that the first vaccine dose could contribute
to the training of the innate immune response. Notably, the greater
amplitude of responses observed after the second dose and the pres-
ence of an inflammatory component are also consistent with previ-
ous reports of the increase in the incidence of side effects/discomfort
following the administration of the second dose of COVID-19
mRNA vaccine (51, 52).

Last, while this study contributes to a better understanding of
the drivers of mRNA vaccine immunogenicity, it can also serve as a
resource to help inform the design of future studies investigating
vaccine responses. A decrease in sequencing costs provides an op-
portunity to use transcriptome profiling approaches in novel ways.
One of them is the implementation of high-temporal resolution
profiling protocols. An advantage of the delineation of transcrip-
tome responses at high temporal resolution is that it is doubly unbi-
ased, i.e., there is no need to select transcripts for inclusion in a
panel because RNA-seq measures all transcript species present in a
sample. Similarly, there is no need to select specific time points for
assessing the vaccine response, as all time points are profiled within
a given time frame. Thus the approach permits the removal of po-
tential blind spots and the detection of changes that may other-
wise be missed by more sparse sampling protocols. In addition
to eliminating potential blind spots, high-frequency profiling data
helped resolve the vaccine response more precisely. This was the
case in our study of the interferon response, with the delineation of
two distinct components having been much more difficult if not for
the precise resolution of peaks of response over the first 3 days after
the first and second doses of vaccines. Some of the practical ele-
ments that may contribute to making the routine implementation
of the high-temporal resolution transcriptomics approach viable
include, as mentioned earlier, a substantial decrease in the cost of
RNA-seq, especially 3’-biased methodologies. Along the same lines,
recent publications showed through downsampling analysis that
sequencing at read depths that are much shallower than is typical is
adequate for biomarker discovery projects, which could lead to fur-
ther reductions in the cost of RN A-seq assays (53). In turn, the
lower costs should permit a substantial increase in sample sizes
or, as in this case, sampling frequency. Another consideration is the
availability of solutions for the in-home self-collection of samples.
This is the case for the collection of RNA-stabilized blood with
our custom method, which could be further improved. Novel solutions
are also being put forward that could permit the implementation
of these methods at scale (54). Last, as we have shown, it is possible
to implement the self-collection of samples for serology profiling
within a vaccinology study.

There were several limitations to our study. While the sample
size was adequate for an initial discovery phase, a larger study co-
hort would help better resolve interindividual variations. The data-
set that we generated, however, has been made available for reuse, and
it should be possible to integrate and consolidate this dataset with
those generated in follow-up studies by us and others (28). Follow-
on studies would need to be designed to formally address specific
questions, for instance, comparing responses in individuals who had
previously been exposed to SARS-CoV-2 with those in naive indi-
viduals. It would also be interesting to compare responses elicited
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by the Pfizer/BioNTech and Moderna vaccines, which was not pos-
sible in our study because of the small numbers of individuals that
received the Moderna vaccine. Although we hoped that it would
be possible to obtain more balanced sample sizes for a more detailed
comparison, the speed at which the vaccinations were rolled out
among our target population of health care workers meant that we
had very little control over the number of volunteers that received
the different types of vaccines or their status as naive or previously
exposed individuals. It would also have been particularly interest-
ing to enroll patients from different age categories, especially the
elderly population, but this again proved impossible.

In conclusion, the data presented here suggest that high-temporal
resolution blood transcriptomics would provide a valuable means
to precisely map and compare the types of responses elicited by the
different types of COVID-19 vaccines. In addition, with several al-
ready approved and >20 currently in phase 3 trials (55), it could
constitute a unique opportunity for the benchmarking of virtually
all available vaccine platforms. Similarly, this approach could po-
tentially be implemented to characterize and compare vaccine re-
sponse profiles in populations that do not respond optimally to
vaccines [e.g., in the elderly (56, 57), immunosuppressed (58-60),
and during pregnancy (61, 62)]. This study also contributed to a
better understanding of the drivers of mRNA vaccine immunoge-
nicity and identified interferon signatures as early indicators of the
potency of the humoral immune response elicited in individual
subjects. It also led to the definition of functional interferon re-
sponse phenotypes among patients with COVID-19 that were asso-
ciated with different disease trajectories. In particular, mechanisms
underlying the development of dysfunctional interferon responses
remain to be elucidated, which may yield important insights into
the pathogenesis of severe COVID-19 disease.

MATERIALS AND METHODS

Subject recruitment

COVAX cohort

We enrolled adult subjects eligible to receive a COVID-19 vaccine
who were willing to adhere to the sampling schedule. The protocol
was approved by Sidra Hospital Institutional Review Board (IRB) (IRB
number 1670047-6), and all participants gave written informed con-
sent. Inclusion criteria matched the clinical eligibility for receiving
the vaccine, and the only exclusion criterion was to have received
a first dose of any COVID-19 vaccine. Twenty-three subjects were
enrolled, and the median age was 38 years (range, 29 to 57 years);
20 of the subjects received the Pfizer vaccine, and 3 received the
Moderna vaccine. The demographics, health status at accrual, and
vaccination side effects are shown in Table 1. Intervals between
the first and second vaccine doses were typically 21 days for Pfizer
and 29 days for Moderna.

IMPROVISE cohort

Adult subjects with severe COVID-19 were enrolled in this cohort
under the Hamad Medical Corporation IRB approval (MRC-05-007).
Blood samples were collected at multiple time points during the pa-
tients’ ICU stay (time point 1 was taken at ICU admission; time
points 1 to 4 were 7 days apart). Subjects with burn and trauma,
with immunological diseases, receiving immunosuppressive treat-
ment, with other immune-related conditions, or with a previous
COVID-19 infection were excluded. For this analysis, 40 patients
with severe COVID-19 were included, with a median age of 52 years
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(range, 30 to 92 years). The clinical parameters of those patients
included gender, ICU and hospital stay, mechanical ventilation du-
ration, extracorporeal membrane oxygenation initiation, comor-
bidities, outcomes (death/recovery), nosocomial infection onset,
and plasma therapy. Samples were also collected from control sub-
jects who were adults and did not (i) present with an infectious syn-
drome during the past 90 days; (ii) experience extreme physical
stress within the past week; (iii) receive, during the past 90 days, a
treatment based on antivirals, antibiotics, antiparasitics, and anti-
fungals; (iv) receive, within the past 15 days, a treatment based on
nonsteroidal anti-inflammatory drugs; (v) receive, during the past
24 months, a treatment based on immunosuppressive therapy, cor-
ticosteroids, therapeutic antibodies, and chemotherapy; and (vi)
have a history of innate or acquired immune deficiency, hematolog-
ical disease, solid tumor, severe chronic disease, surgery or hospital-
ization within the past 2 years, pregnancy within the past year,
participation to a phase 1 clinical assay during the past year, and par-
ticipation to a phase 1 clinical assay during the past year; no samples
were collected from pregnant or breastfeeding women and those
with restricted liberty or under legal protection.

PREDICT-19 cohort

The “PREDICT-19” Consortium is an international consortium
formed by a group of researchers who share common interests in
identifying, developing, and validating clinical and/or bioinformatics
tools to improve patient triage in a pandemic such as COVID-19
(29). The PREDICT-19 Italian cohort comprises adult subjects with
mild, moderate, or severe COVID-19 diagnosed by real-time poly-
merase chain reaction on nasopharyngeal swab who were consented and
enrolled at Ente Ospedaliero (E.O.) Ospedali Galliera and Istituto di
Ricovero e Cura a Carattere Scientifico (IRCCS) Ospedale Policlinico
San Martino, Genoa, Italy (Ethics Committee of the Liguria Region;
N.CER Liguria 163/2020-ID 10475). Blood samples were collected
during hospitalization. Subjects with burn and trauma, with immuno-
logical diseases, receiving immunosuppressive treatment for underlying
disorders before COVID-19 diagnosis, with other immune-related
conditions, or with a previous COVID-19 infection were excluded.
Severity scores were determined at the time of sampling and on the basis
of an eight-point system established by the World Health Organization
(63). For this analysis, 10 healthy subjects and 99 patients with COVID-19
were included, with a median age of 61.76 years (range, 26 to 86 years).

Sampling protocol

COVAX cohort

For transcriptomics applications for the COVAX study, after punc-
turing the skin with a fingerstick, 50 pl of blood was collected in a
capillary/microfuge tube assembly supplied by KABE Labortechnik
(Numbrecht, Germany) containing 100 pl of tempus RNA-stabilizing
solution aliquoted from a regular-sized tempus tube (designed for
the collection of 3 ml of blood and containing 6 ml of solution;
Thermo Fisher Scientific, Waltham, MA, USA). This method is
described in detail in an earlier report (7), and the collection proce-
dure is illustrated in an uploaded video at www.youtube.com/
watch?v=xnrXidwg83I (64). Blood was collected before the vaccine
was administered (day 0), on the same day, and daily thereafter over
the next 10 days. This protocol was followed for both the first and
second vaccine doses. For serology applications, 20 pl of blood was
collected using a Mitra blood collection device (Neoteryx, Torrance,
CA, USA) before the vaccine was administered and on days 7 and
14 after vaccination with the first and second doses.
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IMPROVISE cohort

For the IMPROVISE study, samples were collected using PaxGene
Blood RNA tubes (BD Biosciences, Franklin Lakes, NJ, USA) at all
time points and were frozen at —20°C until further processing.
PREDICT-19 cohort

For the Italian cohort of the PREDICT-19 study, blood samples
were collected during hospitalization by venipuncture in tubes con-
taining an RNA-stabilizing solution (Tempus Blood RNA Tube,
Thermo Fisher Scientific, Waltham, MA, USA; catalog number
4342792) and frozen at —20°C until further processing.

Multiplex serological assay

The presence of antibodies against selected human coronavirus
proteins in the serum was measured with a home-built bead array
based on carboxymethylated bead sets with six distinct intensities of
an ultraviolet-excitable dye. Each bead set was individually coupled
to the three SARS-CoV-2 proteins envelope, nucleoprotein, and
Spike protein in its trimeric form or its fragments and the S1 frag-
ment of SARS-CoV S protein. Therefore, the complete array con-
sisted of six antigens, including five SARS-CoV-2 antigens (Full
Spike Trimer, Receptor Binding Domain, Spike S1, Nucleoprotein,
and Envelope), as well as the closely related SARS-CoV-S1 protein.
The binding of human antibodies to each viral antigen (bead set) is
revealed with fluorescently labeled isotype-specific mouse mono-
clonal or polyclonal antibodies. We measured total IgM, total IgG,
and total IgA as well as their individual isotypes IgG1, I1gG2, IgG3,
IgA1l, and IgA2, reporting a total of 48 parameters per sample. The
assays were performed on filter plates and acquired on a BD Sym-
phony A5 using a high-throughput sampler. An average of 300 beads
per region was acquired, and the median fluorescence intensity
(MFI) for each isotype binding was used for characterizing the anti-
body response. An antibody response index was calculated as the
ratio of the MFI of pooled negative blood controls collected before
June 2018 (Sidra IRB 1609004823) to the MFI obtained for vacci-
nated donor samples.

RNA extraction and quality control

RNA was extracted using the Tempus Spin RNA Isolation Kit
(Thermo Fisher Scientific), which was adapted for the handling of small
blood volumes. The methodology has been described previously in de-
tail (65). Contaminating DNA was removed using the TurboDNAse
kit (Thermo Fisher Scientific), and RNA was quantitated on a Qubit
instrument (Thermo Fisher Scientific) and quality controlled using
an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).

RNA sequencing

COVAX and IMPROVISE cohorts

mRNA sequencing was performed using the QuantSeq 3" mRNA-
Seq Library Prep Kit FWD for Illumina (75 single end) with a read
depth of 8M and an average read alignment of 79.60%. Single sam-
ples were sequenced across four lanes, and the resulting FASTQ
files were merged by sample. Quality trimming is performed to re-
move adapter sequences and polyadenylate tails. Then, trimmed
reads were aligned to human genome GRCh38/hg38 (Genome Ref-
erence Consortium Human Build 38, International Nucleotide
Sequence Database Collaboration (INSDC) Assembly GCA_
000001405.28, December 2013) using STAR 2.6.1d, and featureCounts
v2.0.0 was used to generate the raw counts. Raw expression data
were normalized to size factor effects using the R package DESeq2.
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All downstream analyses were performed using R version 4.1 unless
otherwise specified. Global transcriptional differences between
samples were assessed by principal components analysis using the
“prcomp” function. Transcriptome profiling data were deposited,
along with detailed sample information, into a public repository, the
National Center for Biotechnology Information (NCBI) GEO, with
accession ID GSE190001 and BioProject ID PRJNA785113.
PREDICT-19 cohort

Total RNA was isolated from whole-blood lysate using the Tempus
Spin Isolation kit (Applied Biosystems) according to the manufac-
turer’s instructions. Globin mRNA was depleted from a portion of
each total RNA sample using the GLOBINclear-Human kit (Thermo
Fisher Scientific). Following the removal of globin transcripts, tran-
scriptome profiles were generated via mRNA sequencing using Illumina
HiSeq 4000 Technology (75 paired end) with a read depth of 60M.
Single samples were sequenced across four lanes, and the resulting
FASTQ files were merged by sample. All FASTQs passed quality
control and were aligned to reference genome GRCh38 using STAR
(2.6.1d). BAM files were converted to a raw count’s expression matrix
using HTSeq (https://zenodo.org/record/6985383#.YvZa7uxBz00).
Raw count data were normalized using DESeq2. The ensemble IDs
targeting multiple genes were collapsed (average), and a final data
matrix gene was generated for modular repertoire analysis.

Statistical analysis

Analyses were conducted using predefined gene sets. Specifically,
we used a fixed repertoire of 382 transcriptional modules that were
thoroughly functionally annotated, as described in detail in a recent
publication (14). Briefly, this repertoire of transcriptional modules
(“BloodGen3”) was identified on the basis of coexpression, as mea-
sured in a collection of 16 blood transcriptome datasets encom-
passing 985 individual transcriptome profiles. Sets of coexpressed
transcripts were derived from the analysis of a large weighted co-
clustering network. Downstream analysis results and visualizations
were generated using a custom R package (66). The workflow con-
sists of, first, annotating the expression matrix (DESeq2-normalized
counts) with module repertoire information (mapping transcripts
to BloodGen3 modules); second, determining differential expres-
sion, which, as detailed below, can be done at either the level of
groups or individual samples; and third, calculating the “module
response,” which is defined as the percentage of constitutive tran-
scripts with a given abundance that was determined to be different
between two study groups or for the same individual in comparison
to a given baseline (in this study, prevaccination abundance levels).
The values, therefore, ranged from 100% (all constitutive transcripts
increased) to —100% (all constitutive transcripts decreased). Only the
dominant trend (i.e., increase or decrease in abundance over control/
baseline) was retained for visualization purposes on fingerprint
grids or fingerprint heatmaps, with red indicating an increase and
blue indicating a decrease in abundance. When performing group
comparisons (e.g., cases versus controls for the disease datasets used
as reference), the P value and FDR cutoffs were applied (DESeq2
FDR < 0.1). When performing longitudinal analyses, the module
response is determined by using fixed fold change (FC) and expres-
sion difference cutoffs (|[FC| > 1.5 and |DIFF| > 10). Significance was
determined for each module using the differential gene set enrich-
ment function of the dearseq R package (15). The BloodGen3Module
package was also used for visualizing module response. In the case
of the vaccine cohort: (i) using fingerprint grid plots representing
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module response for a group of subjects (previously exposed and
naive) at a given time point in comparison to the prevaccination
baseline (before the first or before the second dose, as applicable), as
is the case for Figs. 2A, 3A, 4, 5A, and 6A), or (ii) using fingerprint
heatmaps representing module response for individual subjects com-
pared to their prevaccination baseline, as is the case for Figs. 2B and
5B. In addition, line graphs in Figs. 2, 4, and 5 showing average in-
dividual response over time for a set of modules from a given aggre-
gate were generated using the ggplot2 R package (67). Bar graphs
showing the number of responsive modules in Figs. 2A, 3A, 4A, and
6A were generated using the same package. In these instances, a
module is considered responsive when the dominant proportion of
constitutive transcripts reaches a defined threshold, which was set
to 15% as to limit permissiveness to noise. To calculate correlations
between module response levels and serum antibody levels before
vaccination and at specific time points after vaccination, we used
instead single-sample gene set enrichment analysis that was imple-
mented in the GSVA package (68), and enrichment scores of indi-
vidual samples were used for the Spearman correlation analysis
(Figs. 2, 5, and 6 and figs. S2, S3, and S9 to S13). This approach per-
mitted us to assign a module response value to prevaccination sam-
ples, which was not possible using the BloodGen3Module package
since it uses these samples as a baseline for calculating module re-
sponses after vaccination. Spearman correlation results are shown
in Figs. 2, 5, and 6 and figs. S2, S3, S9 to S13. We additionally per-
formed linear mixed-effect modeling of the module activity (single-
sample gene set enrichment analysis score) according to antibody
index levels at baseline (before the first or second vaccination) and
day 7 or 14 following vaccination and infection history. We have
two observations per patient (at baseline and any given day after
vaccine for transcriptional profiling data and at baseline and day 7
or 14 after vaccination for the antibody index), and we account for
repeated measurements through a patient random effect on the in-
tercept. The slope P value indicated on the scatterplots shown in
figs. S2 and S9 to S13 characterizes the significance of the associa-
tion between module activity and the antibody index.

Definition of IRTPs
Study cohorts were stratified on the basis of patterns of interferon
response for two distinct interferon signatures, defined as A28/S1
(comprising modules M8.3, M10.1, and M15.127) and A28/S2 (com-
prising modules M13.17, M15.64, and M15.86). For this, pheno-
types were defined on the basis of levels of response observed for
these two traits, as follows: Percentage responses of the six interferon
modules were scored on the basis of the degree of response (% re-
sponse = 50, score = 2; 0 < %response < 50, score = 1; % response <
—50, score = —2; —50 < % response < 0, score = —1). Then, the aver-
age scores of S1 (“M8.3,” “M10.1,” and “M15.127”) and S2 (“M13.17,”
“M15.64,” and “M15.86”) and phenotypes were classified using cut-
off at S1/S2"" (average score > 1), S1/S2" (1 < average score < 0.33),
S1/820 (0.33 < average score < 0), and S1/S2” (average score < 0).
The phenotypes were grouped as follows:

1) “IRTPI” = IRTP I = A28/S1"*A28/S2*, A28/S1"*A28/$2°, and
A28/S1"A28/82°

2) “IRTP II” = A28/S17"A28/S2""”

3) “IRTP III” = A28/S17A28/S2"*, A28/S17A28/S2*, A28/S1°A28/
$2**, and A28/S1°A28/S2*

4) The “other” category encompassed the remaining phenotypes =
A28/S1A28/S2°, “A28/S1°A8/S2",” “A8/S1A28/S%,” “A28/S1°A28/
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8207 “A28/S1°A28/527,” “A28/S1”A28/S2",” “A28/S1TA28/S2+*,” “A28/
S1"A28/S2%,” and “A28/S1"A28/52%”

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp9961

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. J.S.Tregoning, K. E. Flight, S. L. Higham, Z. Wang, B. F. Pierce, Progress of the COVID-19
vaccine effort: Viruses, vaccines and variants versus efficacy, effectiveness and escape.
Nat. Rev. Immunol. 21, 626-636 (2021).

2. D.Gaucher, R. Therrien, N. Kettaf, B. R. Angermann, G. Boucher, A. Filali-Mouhim,

J. M. Moser, R. S. Mehta, D. R. Drake, E. Castro, R. Akondy, A. Rinfret, B. Yassine-Diab,

E. A. Said, Y. Chouikh, M. J. Cameron, R. Clum, D. Kelvin, R. Somogyi, L. D. Greller,
R.S.Balderas, P. Wilkinson, G. Pantaleo, J. Tartaglia, E. K. Haddad, R.-P. Sékaly, Yellow
fever vaccine induces integrated multilineage and polyfunctional immune responses.
J. Exp. Med. 205, 3119-3131 (2008).

3. T.D.Querec, R.S. Akondy, E. K. Lee, W. Cao, H. |. Nakaya, D. Teuwen, A. Pirani, K. Gernert,
J. Deng, B. Marzolf, K. Kennedy, H. Wu, S. Bennouna, H. Oluoch, J. Miller, R. Z. Vencio,

M. Mulligan, A. Aderem, R. Ahmed, B. Pulendran, Systems biology approach predicts
immunogenicity of the yellow fever vaccine in humans. Nat. Immunol. 10, 116-125
(2009).

4. T.Hagan, H.I. Nakaya, S. Subramaniam, B. Pulendran, Systems vaccinology: Enabling
rational vaccine design with systems biological approaches. Vaccine 33, 5294-5301
(2015).

5. P.S.Arunachalam, M. K. D. Scott, T. Hagan, C. Li, Y. Feng, F. Wimmers, L. Grigoryan,

M. Trisal, V. V. Edara, L. Lai, S. E. Chang, A. Feng, S. Dhingra, M. Shah, A.S. Lee,

S. Chinthrajah, S. B. Sindher, V. Mallajosyula, F. Gao, N. Sigal, S. Kowli, S. Gupta,
K. Pellegrini, G. Tharp, S. Maysel-Auslender, S. Hamilton, H. Aoued, K. Hrusovsky,

M. Roskey, S. E. Bosinger, H. T. Maecker, S. D. Boyd, M. M. Davis, P. J. Utz, M. S. Suthar,
P. Khatri, K. C. Nadeau, B. Pulendran, Systems vaccinology of the BNT162b2 mRNA
vaccine in humans. Nature 596, 410-416 (2021).

6. G.Obermoser, S. Presnell, K. Domico, H. Xu, Y. Wang, E. Anguiano, L. Thompson-Snipes,

R. Ranganathan, B. Zeitner, A. Bjork, D. Anderson, C. Speake, E. Ruchaud, J. Skinner,

L. Alsina, M. Sharma, H. Dutartre, A. Cepika, E. Israelsson, P. Nguyen, Q.-A. Nguyen,

A. C. Harrod, S. M. Zurawski, V. Pascual, H. Ueno, G. T. Nepom, C. Quinn, D. Blankenship,
K. Palucka, J. Banchereau, D. Chaussabel, Systems scale interactive exploration reveals
quantitative and qualitative differences in response to influenza and pneumococcal
vaccines. Immunity 38, 831-844 (2013).

7. D.Rinchai, E. Anguiano, P. Nguyen, D. Chaussabel, Finger stick blood collection for gene
expression profiling and storage of tempus blood RNA tubes. F1000Res 5, 1385 (2016).

8. J.Hadjadj, N. Yatim, L. Barnabei, A. Corneau, J. Boussier, N. Smith, H. Péré, B. Charbit,

V. Bondet, C. Chenevier-Gobeaux, P. Breillat, N. Carlier, R. Gauzit, C. Morbieu, F. Péne,
N. Marin, N. Roche, T.-A. Szwebel, S. H. Merkling, J.-M. Treluyer, D. Veyer, L. Mouthon,
C.Blanc, P.-L. Tharaux, F. Rozenberg, A. Fischer, D. Duffy, F. Rieux-Laucat, S. Kernéis,
B. Terrier, Impaired type | interferon activity and inflammatory responses in severe
COVID-19 patients. Science 369, 718-724 (2020).

9. R.R.Goel, S. A. Apostolidis, M. M. Painter, D. Mathew, A. Pattekar, O. Kuthuru, S. Gouma,

P. Hicks, W. Meng, A. M. Rosenfeld, S. Dysinger, K. A. Lundgreen, L. Kuri-Cervantes,

S. Adamski, A. Hicks, S. Korte, D. A. Oldridge, A. E. Baxter, J. R. Giles, M. E. Weirick,

C. M. McAllister, J. Dougherty, S. Long, K. D’Andrea, J. T. Hamilton, M. R. Betts, E. T. L. Prak,
P.Bates, S. E. Hensley, A. R. Greenplate, E. J. Wherry, Distinct antibody and memory B cell
responses in SARS-CoV-2 naive and recovered individuals following mRNA vaccination.
Sci. Immunol. 6, eabi6950 (2021).

10. T.Bradley, E. Grundberg, R. Selvarangan, C. LeMaster, E. Fraley, D. Banerjee, B. Belden,
D. Louiselle, N. Nolte, R. Biswell, T. Pastinen, A. Myers, J. Schuster, Antibody responses
after a single dose of SARS-CoV-2 mRNA vaccine. N. Engl. J. Med. 384, 1959-1961
(2021).

11. F.Krammer, K. Srivastava, H. Alshammary, A. A. Amoako, M. H. Awawda, K. F. Beach,

M. C. Bermudez-Gonzélez, D. A. Bielak, J. M. Carrefio, R. L. Chernet, L. Q. Eaker, E. D. Ferreri,
D.L.Floda, C.R. Gleason, J. Z. Hamburger, K. Jiang, G. Kleiner, D. Jurczyszak,

J. C. Matthews, W. A. Mendez, |. Nabeel, L. C. F. Mulder, A. J. Raskin, K. T. Russo,

A.-B.T. Salimbangon, M. Saksena, A. S. Shin, G. Singh, L. A. Sominsky, D. Stadlbauer,

A. Wajnberg, V. Simon, Antibody responses in seropositive persons after a single dose of
SARS-CoV-2 mRNA vaccine. N. Engl. J. Med. 384, 1372-1374 (2021).

12. S.Saadat, Z. Rikhtegaran Tehrani, J. Logue, M. Newman, M. B. Frieman, A. D. Harris,
M. M. Sajadi, Binding and neutralization antibody titers after a single vaccine dose
in health care workers previously infected with SARS-CoV-2. JAMA 325, 1467-1469
(2021).

210f 24


https://science.org/doi/10.1126/sciadv.abp9961
https://science.org/doi/10.1126/sciadv.abp9961
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abp9961

SCIENCE ADVANCES | RESEARCH ARTICLE

13.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

Rinchai et al., Sci. Adv. 8, eabp9961 (2022)

L. De Mot, V. Bechtold, V. Bol, A. Callegaro, M. Coccia, A. Essaghir, D. Hasdemir,

F. Ulloa-Montoya, E. Siena, A. Smilde, R. A. van den Berg, A. M. Didierlaurent, W. Burny,
R. G. van der Most, Transcriptional profiles of adjuvanted hepatitis B vaccines display
variable interindividual homogeneity but a shared core signature. Sci. Transl. Med. 12,
eaay8618 (2020).

. M. C. Altman, D. Rinchai, N. Baldwin, M. Toufig, E. Whalen, M. Garand, B. S. A. Kabeer,

M. Alfaki, S. R. Presnell, P. Khaenam, A. Ayllon-Benitez, F. Mougin, P. Thébault, L. Chiche,
N. Jourde-Chiche, J. T. Phillips, G. Klintmalm, A. O'Garra, M. Berry, C. Bloom, R. J. Wilkinson,
C. M. Graham, M. Lipman, G. Lertmemongkolchai, D. Bedognetti, R. Thiebaut,
F.Kheradmand, A. Mejias, O. Ramilo, K. Palucka, V. Pascual, J. Banchereau, D. Chaussabel,
Development of a fixed module repertoire for the analysis and interpretation of blood
transcriptome data. Nat. Commun. 12, 4385 (2021).

. D.Agniel, B. P. Hejblum, Variance component score test for time-course gene set analysis

of longitudinal RNA-seq data. Biostatistics 18, 589-604 (2017).

. D. Chaussabel, BloodGen3 Aggregate A28 Prezi PDF (2022);

10.6084/m9.figshare.20473587.v1.

. A.Rawat, D. Rinchai, M. Toufig, A. K. Marr, T. Kino, M. Garand, Z. Tatari-Calderone,

B.S. A. Kabeer, N. Krishnamoorthy, D. Bedognetti, M. Y. Karim, K. S. Sastry, D. Chaussabel,
A neutrophil-driven inflammatory signature characterizes the blood transcriptome
fingerprint of psoriasis. Front. Immunol. 11, 587946 (2020).

. D. Chaussabel, BloodGen3 Aggregate A35 Prezi PDF (2022);

10.6084/m9.figshare.20474001.v1.

. D. Chaussabel, BloodGen3 Aggregate A33 Prezi PDF (2022);

10.6084/m9.figshare.20473980.v1.

G. Monaco, B. Lee, W. Xu, S. Mustafah, Y. Y. Hwang, C. Carré, N. Burdin, L. Visan, M. Ceccarelli,
M. Poidinger, A. Zippelius, J. Pedro de Magalhaes, A. Larbi, RNA-Seq signatures
normalized by mrna abundance allow absolute deconvolution of human immune cell
types. Cell Rep. 26, 1627-1640.e7 (2019).

D. Chaussabel, BloodGen3 Aggregate A27 Prezi PDF (2022);

10.6084/m9 .figshare.20473542.v1.

D. Chaussabel, BloodGen3 Aggregate A1 Prezi PDF (2022);
10.6084/m9.figshare.20473650.v1.

D. Chaussabel, BloodGen3 Aggregate A24 Prezi PDF (2022);

10.6084/m9 .figshare.20473620.v1.

L. A. Sena, S. Li, A. Jairaman, M. Prakriya, T. Ezponda, D. A. Hildeman, C.-R. Wang,
P.T.Schumacker, J. D. Licht, H. Perlman, P. J. Bryce, N. S. Chandel, Mitochondria are
required for antigen-specific T cell activation through reactive oxygen species signaling.
Immunity 38, 225-236 (2013).

D. Chaussabel, BloodGen3 Aggregate A26 Prezi PDF (2022);
10.6084/m9.figshare.20473635.v1.

H. . Nakaya, J. Wrammert, E. K. Lee, L. Racioppi, S. Marie-Kunze, W. N. Haining, A. R. Means,
S.P. Kasturi, N. Khan, G.-M. Li, M. McCausland, V. Kanchan, K. E. Kokko, S. Li, R. Elbein,

A. K. Mehta, A. Aderem, K. Subbarao, R. Ahmed, B. Pulendran, Systems biology

of vaccination for seasonal influenza in humans. Nat. Immunol. 12, 786-795 (2011).

H. 1. Nakaya, T. Hagan, S. S. Duraisingham, E. K. Lee, M. Kwissa, N. Rouphael, D. Frasca,

M. Gersten, A. K. Mehta, R. Gaujoux, G.-M. Li, S. Gupta, R. Ahmed, M. J. Mulligan,

S. Shen-Orr, B. B. Blomberg, S. Subramaniam, B. Pulendran, Systems analysis of immunity
to influenza vaccination across multiple years and in diverse populations reveals shared
molecular signatures. Immunity 43, 1186-1198 (2015).

D. Rinchai, M. C. Altman, O. Konza, S. Hassler, F. Martina, M. Toufig, M. Garand,

B.S. A. Kabeer, K. Palucka, A. Mejias, O. Ramilo, D. Bedognetti, E. Mariotti-Ferrandiz,

D. Klatzmann, D. Chaussabel, Definition of erythroid cell-positive blood transcriptome
phenotypes associated with severe respiratory syncytial virus infection. Clin. Transl. Med.
10, 244 (2020).

B. Tang, M. Shojaei, Y. Wang, M. Nalos, A. Mclean, A. Afrasiabi, T. N. Kwan, W. S. Kuan,

Y. Zerbib, V. Herwanto, G. Gunawan, D. Bedognetti, G. Zoppoli, A. Ballestrero, D. Rinchai,
P. Cremonesi, M. Bedognetti, M. Matejovic, T. Karvunidis, S. P. J. Macdonald, A. J. Cox,

N. P. West, A. W. Cripps, K. Schughart, A. de Maria, D. Chaussabel, J. Iredell, S. Weng;
PREDICT-19 consortium, Prospective validation study of prognostic biomarkers to predict
adverse outcomes in patients with COVID-19: A study protocol. BMJ Open 11, e044497
(2021).

L. Chiche, N. Jourde-Chiche, E. Whalen, S. Presnell, V. Gersuk, K. Dang, E. Anguiano,
C.Quinn, S. Burtey, Y. Berland, G. Kaplanski, J.-R. Harle, V. Pascual, D. Chaussabel, Modular
transcriptional repertoire analyses of adults with systemic lupus erythematosus reveal
distinct type | and type Il interferon signatures. Arthritis Rheumatol. 66, 1583-1595 (2014).
S. Malhotra, M. F. Bustamante, F. Pérez-Miralles, J. Rio, M. C. Ruiz de Villa, E. Vegas,

L. Nonell, F. Deisenhammer, N. Fissolo, R. N. Nurtdinov, X. Montalban, M. Comabella,
Search for specific biomarkers of IFNp bioactivity in patients with multiple sclerosis.
PLOS ONE 6, €23634 (2011).

M. W. Taylor, T. Tsukahara, J. N. McClintick, H. J. Edenberg, P. Kwo, Cyclic changes in gene
expression induced by Peg-interferon alfa-2b plus ribavirin in peripheral blood

11 November 2022

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

monocytes (PBMC) of hepatitis C patients during the first 10 weeks of treatment. J. Transl. Med.
6, 66 (2008).

K. M. Spann, K.-C. Tran, B. Chi, R. L. Rabin, P. L. Collins, Suppression of the induction of alpha,
beta, and lambda interferons by the NS1 and NS2 proteins of human respiratory syncytial
virus in human epithelial cells and macrophages [corrected]. J. Virol. 78, 4363-4369
(2004).

B. Bossert, K-K. Conzelmann, Respiratory syncytial virus (RSV) nonstructural (NS) proteins
as host range determinants: A chimeric bovine RSV with NS genes from human RSV is
attenuated in interferon-competent bovine cells. J. Virol. 76, 4287-4293 (2002).

M. Singer, C. S. Deutschman, C. W. Seymour, M. Shankar-Hari, D. Annane, M. Bauer,

R. Bellomo, G. R. Bernard, J.-D. Chiche, C. M. Coopersmith, R. S. Hotchkiss, M. M. Levy,

J. C. Marshall, G. S. Martin, S. M. Opal, G. D. Rubenfeld, T. van der Poll, J.-L. Vincent,

D. C. Angus, The third international consensus definitions for sepsis and septic shock
(sepsis-3). JAMA 315, 801-810 (2016).

S. Shahbaz, L. Xu, M. Osman, W. Sligl, J. Shields, M. Joyce, D. L. Tyrrell, O. Oyegbami,

S. Elahi, Erythroid precursors and progenitors suppress adaptive immunity and get invaded
by SARS-CoV-2. Stem Cell Rep. 16, 1165-1181 (2021).

S. Elahi, Neglected cells: Imnmunomodaulatory roles of CD71* erythroid cells. Trends Immunol.
40, 181-185(2019).

S. Shahbaz, N. Bozorgmehr, P. Koleva, A. Namdar, J. Jovel, R. A. Fava, S. Elahi, CD71*VISTA*
erythroid cells promote the development and function of regulatory T cells through
TGF-B. PLOS Biol. 16, 2006649 (2018).

T. M. Grzywa, D. Nowis, J. Golab, The role of CD71* erythroid cells in the regulation of

the immune response. Pharmacol. Ther. 228, 107927 (2021).

S. Caielli, J. Cardenas, A. A. de Jesus, J. Baisch, L. Walters, J. P. Blanck, P. Balasubramanian,
C. Stagnar, M. Ohouo, S. Hong, L. Nassi, K. Stewart, J. Fuller, J. Gu, J. F. Banchereau,

T. Wright, R. Goldbach-Mansky, V. Pascual, Erythroid mitochondrial retention triggers
myeloid-dependent type | interferon in human SLE. Cell 184, 4464-4479.e19 (2021).

M. J. Wahadat, D. Schonenberg-Meinema, C. G. van Helden-Meeuwsen, S. J. van Tilburg,
N. Groot, E. J. H. Schatorjé, E. P. A. H. Hoppenreijs, P. C. E. Hissink Muller, D. M. C. Brinkman,
D. Dvorak, M. Verkaaik, J. M. van den Berg, K. Bouchalova, S. Kamphuis, M. A. Versnel,
Gene signature fingerprints stratify SLE patients in groups with similar biological disease
profiles: A multicenter longitudinal study. Rheumatology keac083 (2022).

W. M. Lambers, K. de Leeuw, B. Doornbos-van der Meer, G. F. H. Diercks, H. Bootsma,

J. Westra, Interferon score is increased in incomplete systemic lupus erythematosus and
correlates with myxovirus-resistance protein Ain blood and skin. Arthritis Res. Ther. 21,
260 (2019).

Y. M. El-Sherbiny, A. Psarras, M. Y. Md Yusof, E. M. A. Hensor, R. Tooze, G. Doody,

A. A. A. Mohamed, D. McGonagle, M. Wittmann, P. Emery, E. M. Vital, A novel two-score
system for interferon status segregates autoimmune diseases and correlates with clinical
features. Sci. Rep. 8, 5793 (2018).

C.Li, A. Lee, L. Grigoryan, P. S. Arunachalam, M. K. D. Scott, M. Trisal, F. Wimmers,

M. Sanyal, P. A. Weidenbacher, Y. Feng, J. Z. Adamska, E. Valore, Y. Wang, R. Verma,

N. Reis, D. Dunham, R. O’Hara, H. Park, W. Luo, A. D. Gitlin, P. Kim, P. Khatri, K. C. Nadeau,
B. Pulendran, Mechanisms of innate and adaptive immunity to the Pfizer-BioNTech
BNT162b2 vaccine. Nat. Immunol. 23, 543-555 (2022).

1.-E. Galani, N. Rovina, V. Lampropoulou, V. Triantafyllia, M. Manioudaki, E. Pavlos,

E. Koukaki, P. C. Fragkou, V. Panou, V. Rapti, O. Koltsida, A. Mentis, N. Koulouris,

S. Tsiodras, A. Koutsoukou, E. Andreakos, Untuned antiviral immunity in COVID-19
revealed by temporal type I/lll interferon patterns and flu comparison. Nat. Immunol. 22,
32-40(2021).

Q. Zhang, P. Bastard, Z. Liu, J. Le Pen, M. Moncada-Velez, J. Chen, M. Ogishi, I. K. D. Sabli,
S. Hodeib, C. Korol, J. Rosain, K. Bilguvar, J. Ye, A. Bolze, B. Bigio, R. Yang, A. A. Arias,

Q. Zhou, Y. Zhang, F. Onodi, S. Korniotis, L. Karpf, Q. Philippot, M. Chbihi, L. Bonnet-Madin,
K. Dorgham, N. Smith, W. M. Schneider, B. S. Razooky, H.-H. Hoffmann, E. Michailidis,

L. Moens, J. E. Han, L. Lorenzo, L. Bizien, P. Meade, A.-L. Neehus, A. C. Ugurbil, A. Corneau,
G. Kerner, P. Zhang, F. Rapaport, Y. Seeleuthner, J. Manry, C. Masson, Y. Schmitt,

A. Schluter, T. Le Voyer, T. Khan, J. Li, J. Fellay, L. Roussel, M. Shahrooei, M. F. Alosaimi,

D. Mansouri, H. Al-Saud, F. Al-Mulla, F. Almourfi, S. Z. Al-Muhsen, F. Alsohime, S. Al Turki,
R. Hasanato, D. van de Beek, A. Biondi, L. R. Bettini, M. D'Angio’, P. Bonfanti, L. Imberti,

A. Sottini, S. Paghera, E. Quiros-Roldan, C. Rossi, A. J. Oler, M. F. Tompkins, C. Alba,

1. Vandernoot, J.-C. Goffard, G. Smits, I. Migeotte, F. Haerynck, P. Soler-Palacin,

A. Martin-Nalda, R. Colobran, P.-E. Morange, S. Keles, F. Colkesen, T. Ozcelik, K. K. Yasar,
S.Senogly, S. N. Karabela, C. Rodriguez-Gallego, G. Novelli, S. Hraiech, Y. Tandjaoui-Lambiotte,
X. Duval, C. Laouénan; COVID-STORM Clinicians; COVID Clinicians; Imagine COVID Group;
French COVID Cohort Study Group; CoV-Contact Cohort; Amsterdam UMC Covid-19
Biobank; COVID Human Genetic Effort; NIAID-USUHS/TAGC COVID Immunity Group,
A. L. Snow, C. L. Dalgard, J. D. Milner, D. C. Vinh, T. H. Mogensen, N. Marr, A. N. Spaan,

B. Boisson, S. Boisson-Dupuis, J. Bustamante, A. Puel, M. J. Ciancanelli, |. Meyts,

T. Maniatis, V. Soumelis, A. Amara, M. Nussenzweig, A. Garcia-Sastre, F. Krammer, A. Pujol,
D. Duffy, R. P. Lifton, S.-Y. Zhang, G. Gorochoyv, V. Béziat, E. Jouanguy, V. Sancho-Shimizu,

220f 24


http://dx.doi.org/10.6084/m9.figshare.20473587.v1
http://dx.doi.org/10.6084/m9.figshare.20474001.v1
http://dx.doi.org/10.6084/m9.figshare.20473980.v1
http://dx.doi.org/10.6084/m9.figshare.20473542.v1
http://dx.doi.org/10.6084/m9.figshare.20473650.v1
http://dx.doi.org/10.6084/m9.figshare.20473620.v1
http://dx.doi.org/10.6084/m9.figshare.20473635.v1

SCIENCE ADVANCES | RESEARCH ARTICLE

C. M. Rice, L. Abel, L. D. Notarangelo, A. Cobat, H. C. Su, J.-L. Casanova, Inborn errors of
type | IFN immunity in patients with life-threatening COVID-19. Science 370, eabd4570
(2020).

47. P.Bastard, L. B. Rosen, Q. Zhang, E. Michailidis, H.-H. Hoffmann, Y. Zhang, K. Dorgham,
Q. Philippot, J. Rosain, V. Béziat, J. Manry, E. Shaw, L. Haljasmégi, P. Peterson, L. Lorenzo,
L. Bizien, S. Trouillet-Assant, K. Dobbs, A. A. de Jesus, A. Belot, A. Kallaste, E. Catherinot,
Y. Tandjaoui-Lambiotte, J. Le Pen, G. Kerner, B. Bigio, Y. Seeleuthner, R. Yang, A. Bolze,
A.N. Spaan, O. M. Delmonte, M. S. Abers, A. Aiuti, G. Casari, V. Lampasona, L. Piemonti,

F. Ciceri, K. Bilguvar, R. P. Lifton, M. Vasse, D. M. Smadja, M. Migaud, J. Hadjadj, B. Terrier,
D. Duffy, L. Quintana-Murci, D. van de Beek, L. Roussel, D. C. Vinh, S. G. Tangye,

F. Haerynck, D. Dalmau, J. Martinez-Picado, P. Brodin, M. C. Nussenzweig, S. Boisson-Dupuis,
C. Rodriguez-Gallego, G. Vogt, T. H. Mogensen, A. J. Oler, J. Gu, P. D. Burbelo, J. I. Cohen,
A. Biondi, L. R. Bettini, M. D'’Angio, P. Bonfanti, P. Rossignol, J. Mayaux, F. Rieux-Laucat,
E.S. Husebye, F. Fusco, M. V. Ursini, L. Imberti, A. Sottini, S. Paghera, E. Quiros-Roldan,
C. Rossi, R. Castagnoli, D. Montagna, A. Licari, G. L. Marseglia, X. Duval, J. Ghosn; HGID
Lab; NIAID-USUHS Immune Response to COVID Group; COVID Clinicians; COVID-STORM
Clinicians; Imagine COVID Group; French COVID Cohort Study Group; Milieu Intérieur
Consortium; CoV-Contact Cohort; Amsterdam UMC Covid-19 Biobank; COVID Human
Genetic Effort, J. S. Tsang, R. Goldbach-Mansky, K. Kisand, M. S. Lionakis, A. Puel,
S.-Y.Zhang, S. M. Holland, G. Gorochov, E. Jouanguy, C. M. Rice, A. Cobat,

L. D. Notarangelo, L. Abel, H. C. Su, J.-L. Casanova, Autoantibodies against type I IFNs

in patients with life-threatening COVID-19. Science 370, eabd4585 (2020).

48. D.Blanco-Melo, B. E. Nilsson-Payant, W.-C. Liu, S. Uhl, D. Hoagland, R. Mgller, T. X. Jordan,
K. Oishi, M. Panis, D. Sachs, T. T. Wang, R. E. Schwartz, J. K. Lim, R. A. Albrecht,

B.R. tenOever, Imbalanced host response to SARS-CoV-2 drives development of
COVID-19. Cell 181, 1036.€9-1045.e9 (2020).

49. P.Bastard, A. Gervais, T. Le Voyer, J. Rosain, Q. Philippot, J. Manry, E. Michailidis,
H.-H. Hoffmann, S. Eto, M. Garcia-Prat, L. Bizien, A. Parra-Martinez, R. Yang, L. Haljasmégi,
M. Migaud, K. Sérekannu, J. Maslovskaja, N. de Prost, Y. Tandjaoui-Lambiotte, C.-E. Luyt,
B. Amador-Borrero, A. Gaudet, J. Poissy, P. Morel, P. Richard, F. Cognasse, J. Troya,
S. Trouillet-Assant, A. Belot, K. Saker, P. Garcon, J. G. Riviere, J.-C. Lagier, S. Gentile,
L. B. Rosen, E. Shaw, T. Morio, J. Tanaka, D. Dalmau, P.-L. Tharaux, D. Sene, A. Stepanian,
B. Megarbane, V. Triantafyllia, A. Fekkar, J. R. Heath, J. L. Franco, J.-M. Anaya, J. Solé-Violan,
L. Imberti, A. Biondi, P. Bonfanti, R. Castagnoli, O. M. Delmonte, Y. Zhang, A. L. Snow,
S. M. Holland, C. Biggs, M. Moncada-Vélez, A. A. Arias, L. Lorenzo, S. Boucherit,
B. Coulibaly, D. Anglicheau, A. M. Planas, F. Haerynck, S. Duvlis, R. L. Nussbaum, T. Ozcelik,
S. Keles, A. A. Bousfiha, J. El Bakkouri, C. Ramirez-Santana, S. Paul, Q. Pan-Hammarstrém,
L. Hammarstrém, A. Dupont, A. Kurolap, C. N. Metz, A. Aiuti, G. Casari, V. Lampasona,
F. Ciceri, L. A. Barreiros, E. Dominguez-Garrido, M. Vidigal, M. Zatz, D. van de Beek,
S. Sahanic, I. Tancevski, Y. Stepanovskyy, O. Boyarchuk, Y. Nukui, M. Tsumura, L. Vidaur,
S.G. Tangye, S. Burrel, D. Duffy, L. Quintana-Murci, A. Klocperk, N. Y. Kann, A. Shcherbina,
Y.-L.Lau, D. Leung, M. Coulongeat, J. Marlet, R. Koning, L. F. Reyes, A. Chauvineau-Grenier,
F.Venet, G. Monneret, M. C. Nussenzweig, R. Arrestier, |. Boudhabhay, H. Baris-Feldman,
D. Hagin, J. Wauters, |. Meyts, A. H. Dyer, S. P. Kennelly, N. M. Bourke, R. Halwani,
N. S. Sharif-Askari, K. Dorgham, J. Sallette, S. M. Sedkaoui, S. AlKhater, R. Rigo-Bonnin,
F. Morandeira, L. Roussel, D. C. Vinh, S. R. Ostrowski, A. Condino-Neto, C. Prando,
A.Bonradenko, A. N. Spaan, L. Gilardin, J. Fellay, S. Lyonnet, K. Bilguvar, R. P. Lifton,
S. Mane; HGID Lab; COVID Clinicians; COVID-STORM Clinicians; NIAID Immune Response
to COVID Group; NH-COVAIR Study Group; Danish CHGE; Danish Blood Donor Study;
St. James'’s Hospital; SARS CoV2 Interest group; French COVID Cohort Study Group;
Imagine COVID-Group; Milieu Intérieur Consortium; CoV-Contact Cohort; Amsterdam
UMC Covid-19; Biobank Investigators; COVID Human Genetic Effort; CONSTANCES
cohort; 3C-Dijon Study; Cerba Health-Care; Etablissement du Sang study group,
M. S. Anderson, B. Boisson, V. Béziat, S.-Y. Zhang, E. Vandreakos, O. Hermine, A. Pujol,
P.Peterson, T. H. Mogensen, L. Rowen, J. Mond, S. Debette, X. de Lamballerie, X. Duval,
F. Mentré, M. Zins, P. Soler-Palacin, R. Colobran, G. Gorochov, X. Solanich, S. Susen,
J. Martinez-Picado, D. Raoult, M. Vasse, P. K. Gregersen, L. Piemonti, C. Rodriguez-Gallego,
L. D. Notarangelo, H. C. Su, K. Kisand, S. Okada, A. Puel, E. Jouanguy, C. M. Rice,
P.Tiberghien, Q. Zhang, A. Cobat, L. Abel, J.-L. Casanova, Autoantibodies neutralizing
type | IFNs are present in ~4% of uninfected individuals over 70 years old and account for
~20% of COVID-19 deaths. Sci. Immunol. 6, eabl4340 (2021).

50. Q.Zhang, D. Matuozzo, J. Le Pen, D. Lee, L. Moens, T. Asano, J. Bohlen, Z. Liu,
M. Moncada-Velez, Y. Kendir-Demirkol, H. Jing, L. Bizien, A. Marchal, H. Abolhassani,
S. Delafontaine, G. Bucciol, COVID Human Genetic Effort, G. I. Bayhan, S. Keles, A. Kiykim,
S. Hancerli, F. Haerynck, B. Florkin, N. Hatipoglu, T. Ozcelik, G. Morelle, M. Zatz, L. F. P. Ng,
D.C.Lye, B.E. Young, Y.-S. Leo, C. L. Dalgard, R. P. Lifton, L. Renia, I. Meyts, E. Jouanguy,
L. Hammarstrom, Q. Pan-Hammarstrém, B. Boisson, P. Bastard, H. C. Su, S. Boisson-Dupuis,
L. Abel, C. M. Rice, S.-Y. Zhang, A. Cobat, J.-L. Casanova, Recessive inborn errors of type

I1IFN immunity in children with COVID-19 pneumonia. J. Exp. Med. 219, €20220131 (2022).

51. H.Cheng, Z.Peng, W. Luo, S. Si, M. Mo, H. Zhou, X. Xin, H. Liu, Y. Yu, Efficacy and safety
of COVID-19 vaccines in phase lll trials: A meta-analysis. Vaccine 9, 582 (2021).

Rinchai et al., Sci. Adv. 8, eabp9961 (2022) 11 November 2022

52. M.J. Mulligan, K. E. Lyke, N. Kitchin, J. Absalon, A. Gurtman, S. Lockhart, K. Neuzil,

V. Raabe, R. Bailey, K. A. Swanson, P. Li, K. Koury, W. Kalina, D. Cooper, C. Fontes-Garfias,
P.-Y. Shi, O. Tireci, K. R. Tompkins, E. E. Walsh, R. Frenck, A. R. Falsey, P. R. Dormitzer,

W. C. Gruber, U. Sahin, K. U. Jansen, Phase /Il study of COVID-19 RNA vaccine BNT162b1
in adults. Nature 586, 589-593 (2020).

53. P.Milanez-Almeida, A.J. Martins, R. N. Germain, J. S. Tsang, Cancer prognosis
with shallow tumor RNA sequencing. Nat. Med. 26, 188-192 (2020).

54. A.J.Haack, F.Y.Lim, D.S. Kennedy, J. H. Day, K. N. Adams, J. J. Lee, E. Berthier,

A. B. Theberge, homeRNA: A self-sampling kit for the collection of peripheral blood
and stabilization of RNA. Anal. Chem. 93, 13196-13203 (2021).

55. M. Sadarangani, A. Marchant, T. R. Kollmann, Inmunological mechanisms of
vaccine-induced protection against COVID-19 in humans. Nat. Rev. Immunol. 21, 475-484
(2021).

56. D.Frasca, B. B. Blomberg, Aging induces B cell defects and decreased antibody responses
to influenza infection and vaccination. Immun. Ageing. 17, 37 (2020).

57. J.C.Allen, F.R. Toapanta, W. Chen, S. M. Tennant, Understanding immunosenescence
and its impact on vaccination of older adults. Vaccine 38, 8264-8272 (2020).

58. D.Kumar, E. A. Blumberg, L. Danziger-Isakov, C. N. Kotton, N. B. Halasa, M. G. Ison,
R. K. Avery, M. Green, U. D. Allen, K. M. Edwards, G. Miller, M. G. Michaels, Influenza
vaccination in the organ transplant recipient: Review and summary recommendations.
Am. J. Transplant. 11, 2020-2030 (2011).

59. A.l.Sanchez-Fructuoso, D. Prats, P. Naranjo, C. Fernandez-Pérez, M. J. Gonzélez,
A. Mariano, J. Gonzalez, M. A. Figueredo, J. M. Martin, V. Paniagua, J. Fereres,
E. Gomez de la Concha, A. Barrientos, Influenza virus immunization effectivity in kidney
transplant patients subjected to two different triple-drug therapy immunosuppression
protocols: Mycophenolate versus azathioprine. Transplantation 69, 436-440 (2000).

60. E.Cordero, O. Manuel, Influenza vaccination in solid-organ transplant recipients. Curr. Opin.
Organ Transplant. 17, 601-608 (2012).

61. E.P.Schlaudecker, M. M. McNeal, C. N. Dodd, J. B. Ranz, M. C. Steinhoff, Pregnancy
modifies the antibody response to trivalent influenza immunization. J. Infect. Dis. 206,
1670-1673 (2012).

62. R.L.Forbes, P. A.B. Wark, V. E. Murphy, P. G. Gibson, Pregnant women have attenuated
innate interferon responses to 2009 pandemic influenza A virus subtype H1N1. J. Infect. Dis.
206, 646-653 (2012).

63. COVID-19 Therapeutic Trial Synopsis; www.who.int/publications-detail-redirect/
covid-19-therapeutic-trial-synopsis).

64. Fingerstick blood collection and RNA stabilization video. figshare (2022);
10.6084/m9.figshare.20473509.v1.

65. B.S.A.Kabeer, S. Tomei, V. Mattei, T. Brummaier, R. McGready, F. Nosten, D. Chaussabel,
A protocol for extraction of total RNA from finger stick whole blood samples preserved
with TempusTM solution. F1000Res 7, 1739 (2018).

66. D.Rinchai, J. Roelands, M. Toufig, W. Hendrickx, M. C. Altman, D. Bedognetti,

D. Chaussabel, BloodGen3Module: Blood transcriptional module repertoire analysis
and visualization using R. Bioinformatics 37, 2382-2389 (2021).

67. H.Wickham, ggplot2: Elegant Graphics for Data Analysis (Springer Science & Business
Media, 2009).

68. S.Hanzelmann, R. Castelo, J. Guinney, GSVA: Gene set variation analysis for microarray
and RNA-seq data. BMC Bioinformatics. 14, 7 (2013).

Acknowledgments: We acknowledge M. Esblaca and J. Gusi for assistance with the training
of subjects and collection of blood samples, as well as the research subjects for
volunteering and making the study possible. Funding: The work of D.R., S.D., B.S.AK, I.P.,
G.G, M.T,, LM, LL,FRV,GM,SL,D.B, J.-CG., and D.C. was supported by Sidra Medicine
Internal funds (SDR400162). Funding was provided by an internal grant from Qatar
University (QUERG-CMED-2020-2) to S.M.Z. Funding was provided by a grant to G.Z. by
Fondazione AIRC—Associazione Italiana per la Ricerca contro il Cancro, Investigator Grant
ID 21761 (2018-2023), titled “Development of a horizontal data integration classifier for
noninvasive early diagnosis of breast cancer.” Funding was provided by a grant to the
consortium by IRCCS Ospedale Policlinico San Martino to M.Ba. (the funders had no role in
study design, data collection and analysis, decision to publish, or preparation of the
manuscript). Funding was provided to the PREDICT-19 consortium by a grant from the
Snow Foundation to B.T. The project has been partly funded by the Hamad Medical
Corporation under the reference MRC-01-20-1065 to A.A.H.K.S. is supported by an
NHMRC Investigator grant (2007919). S.T. is supported by the following grants: MRC-05-007
and GSRA5-1-0602-18124. Author contributions: Conceptualization: D.R, S.D., D.B., J.-C.G.,
and D.C. Methodology: D.R,, S.D., BS.AK, I.P.,,S.M,, G.G., D.B., J.-C.G,, and D.C. Data
generation: D.R,, S.D.,G.Z,BS.AK, ST, Il.LP, SM,, GG, LM, LL,F.RV,GM,SL,T.C, MS.,
R.B., S.M.Z,AD.M, BT, AAH. D.B, J.-C.G, and D.C. Investigation: D.R, S.D., G.Z, D.B., J.-C.G.,
and D.C. Resources: D.R, S.D., G.Z, .S, G.C,, C.D., P.Cu, D.RG, FB., AG,B.C,P.Cr,T.A, NVP,
M.Be., A.B., M.Ba,, S.M.Z,, A.D.M,,B.T,, A.AH., DB, J-C.G, and D.C. Formal analysis: D.R., S.D.,

23of 24


https://www.who.int/publications-detail-redirect/covid-19-therapeutic-trial-synopsis
https://www.who.int/publications-detail-redirect/covid-19-therapeutic-trial-synopsis
http://dx.doi.org/10.6084/m9.figshare.20473509.v1

SCIENCE ADVANCES | RESEARCH ARTICLE

BS.AK,IP,SM, GG, MT,LM,LL,FRV,GM,SL,BP.H,RT,T.C,MS, DB, J-CG, and
D.C. Patient enrolment and follow-up: G.Z,, S.T, I.S., G.C,, C.D, P.Cu., D.R.G, F.B, A.G., B.C,
P.Cr, M.Be, AB., M.Ba, T.A, R.B., S.M.Z., A.D.M,, B.T., and A.A.H. Writing—original draft: D.R.,
S.D., G.G, D.B., J.-C.G,, and D.C. Writing—review and editing: all authors. Visualization: D.R.,
S.D., B.P.H,,RT. and D.C. Supervision: D.R,, S.D., G.Z,, S.L., KS., S\M.Z,, AD.M,, BT, AAAH., D.B,
J.-C.G,, C.G.F, and D.C. Competing interests: D.R.G., outside of this work, reports
investigator-initiated grants from Gilead Italia and Pfizer Inc. M.Ba., outside of this work,
reports research grants from and/or advisor/consultant and/or speaker/chairman activities
for Bayer, Biomerieux, Cidara, Cipla, Gilead, Menarini, MSD, Pfizer, and Shionogi. C.D., outside
of this work, reports consultancy/speaker activities for Angelini, MSD, and Novartis. K.S.,
outside of this work, reports paid consulting for Sanofi, Novo Nordisk, and Roche. All other
authors declare that they have no competing interests. Data and materials availability: All

Rinchai et al., Sci. Adv. 8, eabp9961 (2022) 11 November 2022

data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. RNA-seq data have been made available in the NCBI GEO
repository under accession ID GSE190001. The content of Prezi presentations and YouTube
videos have been deposited in a permanent repository, with the corresponding digital
object identifiers referenced throughout. The residual extracted blood RNA samples can be
provided pending scientific review and a completed material transfer agreement. Requests
should be submitted to D.C.

Submitted 10 March 2022
Accepted 26 September 2022
Published 11 November 2022
10.1126/sciadv.abp9961

240f 24



