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SUMMARY

Heterologous ChAdOx1-BNT162b2 vaccination induces a stronger immune
response than BNT162b2-BNT162b2. Here, we investigated the molecular tran-
scriptome, germline allelic variants of immunoglobulin loci, and anti-Omicron
antibody levels in 46 office and lab workers from the Republic of Korea following
ChAdOx1-BNT162b2 vaccination. Anti-spike-specific IgG antibody levels against
the ancestral SARS-CoV-2 strain increased from 70 AU/ml to 14,000 AU/ml to
142,000 AU/ml one, three and seven days following the second vaccination. Ti-
ters against VOC, including Omicron, were two-fold to three-fold lower, yet
higher than those measured following BNT162b2-BNT162b2 vaccination. RNA-
seq of peripheral immune cells demonstrated activation of interferon pathways
with increased IGHV clonal transcripts encoding neutralizing antibodies.
scRNA-seq revealed enriched B cell and CD4" T cell responses in both
ChAdOx1-BNT162b2 and BNT162b2-BNT162b2 recipients, but a stronger clonal
expansion of memory B cells with ChAdOx1-BNT162b2. In summary, heterolo-
gous ChAdOx1-BNT162b2 provides an innate and adaptive immune response
that exceeds homologous BNT162b2 vaccination.

INTRODUCTION

The ChAdOx1 nCoV-19 vector (AZD1222) and BNT162b2 mRNA vaccines (hereafter referred to as ChAd
and BNT, respectively) have been widely used and shown to induce robust immune responses against
the spike protein of SARS-CoV-2. Both vaccines have shown remarkable efficacy in preventing COVID-19
disease. Based on the approval by government agencies and available supply, ChAd was the main vaccine
used in the Republic of Korea (South Korea) in the spring of 2021. The manifestation of rare events,
including thrombosis and thrombocytopenia syndrome, associated with adenovirus-based vaccines
prompted pausing of the distribution of the ChAd vaccine in many countries, including South Korea
(Hwang et al., 2021). This promoted partially vaccinated people to complete their vaccination with an
mRNA vaccine, Pfizer/BioNTech (BNT) or Moderna.

The ChAd-BNT heterologous vaccination strategy resulted in significantly greater immunoglobulin G (IgG)
immune responses aimed against the SARS-CoV-2 spike protein compared with the ChAd-ChAd strategy
(Agrati et al., 2021; Barros-Martins et al., 2021, Deming and Lyke, 2021; Grop et al., 2021; Pozzetto et al.,
2021; Schmidt et al., 2021b). Although the immune response to different vaccine regimens has been inves-
tigated, there is limited knowledge about the molecular transcriptome responses, elicited by heterologous
vaccinations. Here, we hypothesized that the heterologous vaccination elicits unique molecular responses
in immune cells by activating transcription of specific germline allelic variants. To test this hypothesis, we
investigated immunogenicity and reactogenicity in a Korean cohort receiving the heterologous ChAd-BNT
vaccine regimen in comparison with a homologous BNT-BNT cohort (Lee et al., 2022b).

Although many vaccine studies are based on individuals with European and African ancestry (Arunachalam
etal., 2021; Sokal et al., 2021), an inclusion of samples from other genetic backgrounds would enable the
equitable advancement of genomic vaccinology. A dearth of genomic vaccinology studies on Asian pop-
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Figure 1. Experimental design and antibody

(A) Schematic presentation of the experimental workflow. The 46 study subjects received ChAd as a first vaccine dose and
BNT as a second dose. Blood was collected on the day of vaccination (I-DO and 11-D0) and at days 1-3 (median, day3; D3) (I-
D3) and day 7-10 (median, day7; D7) (I-D7) postvaccination as indicated by the colored circles.

(B) Plasma IgG antibody binding the SARS-CoV-2 RBD (spike) from different strains and the SARS-CoV-2 N protein in the
ChAd-BNT vaccination groups. p values are from 2-way ANOVA with Tukey's multiple comparisons test.

(C) Plasma IgG antibody binding the Omicron spike protein at day 7 after the second dose (II-D7).

(D) Neutralizing antibody response to virus spike protein of SARS-CoV-2 original and variants. p values are from two-way
ANOVA with Tukey's multiple comparisons test.

(E) ACE2 inhibition to Omicron spike protein at day 7 after the second dose (II-D7).

(F and G) Relative levels of anti-spike IgG antibody and ACE2 inhibition to the level from the ancestral strain in the serum
at day 7 after the second dose (II-D7). p values are from two-way ANOVA with Sidak’s multiple comparisons test. Median:
line inside violin plot.

loci upon COVID-19 vaccination of different populations might enhance our understanding of antibody
production. Although there have been COVID-19 vaccine studies of Asian/Korean populations (June
Choe et al., 2021; Kim et al., 2021b; Lim et al., 2021a, 2021b), none of them had investigated the molecular
immune response.

Here, we use serology and RNA-seq transcriptome analyses to investigate the immune response of office
and laboratory workers from a major health care center in the Republic of Korea. Study participants
received one ChAd dose followed either by the BNT vaccine. The sequencing depth in this study, and
our previous study on individuals receiving two doses of BNT (Lee et al., 2022b) facilitated the identification
of an expanded immune response in individuals receiving the heterologous vaccination.

RESULTS

Study design

As current discussion centers around the immune response elicited by heterologous ChAdOx1-BNT162b2
(referred to ChAd and BNT throughout the manuscript) vaccinations as compared to homologous two
ChAd or two BNT doses, we investigated the molecular immune responses elicited by a ChAd-BNT heter-
ologous vaccination and identified differences and similarities to a homologous BNT-BNT vaccination from
our previous study (Lee et al., 2022b) and a smaller ChAd-ChAd cohort. The study had originally been de-
signed to investigate the immune response after two doses of ChAd and employees (n = 46 (41 Females, 5
Males), median 35 years old, median BMI 22.4) from the Asan Medical Center, Seoul, Republic of Korea
received the ChAd vaccine in June 2021 (Figure 1A; Table S1). Owing to a revised vaccination policy the
participants received the BNT vaccine as the second dose in August 2021. Four participants had underlying
health conditions and two reported mild postvaccine symptoms after the initial ChAd dose. We measured
anti-spike 1gG antibody levels, circulating cytokines levels and immune transcriptomes (RNA-seq) on pe-
ripheral immune cells before the vaccination (referred to as D0O) and on days 2-4 (mean 2.8, median
3.0 days) and 7-10 (mean 7.9, median 7.0 days) postvaccination (referred to D3 and D7 throughout the
manuscript). For selected samples, we also conducted scRNA-seq. Four additional study participants
received two doses of ChAd and although these results are not presented in this study, their RNA-seq
data have been uploaded to GEO.

Antibody response after the first and second vaccination

First, we measured circulating antibody responses in plasma samples from the individuals receiving the
heterologous ChAd-BNT vaccine regimen using enzyme-linked immunosorbent assay (ELISA) (Figure 1B).
On average, anti-spike (WHO4) IgG levels were approximately 70 AU/ml within three days (I-D3) following
the initial ChAd dose and 14,000 AU/ml within three days (II-D3) following the BNT vaccine dose (Figure 1B).
Another 10-fold increase was observed at day seven (II-D7) following the BNT vaccination. A similar pattern
was observed for the spike proteins from the Alpha, Beta, Gamma, lota, Kappa, Zeta, and Delta variants. At
day 7 (D7) post the BNT vaccination, antibody concentrations against Omicron (B.1.1.351) were reduced by
approximately 65% in the ChAd-BNT group compared to the level against the ancestral strain (Figure 1C).

At this point in the pandemic, a critical question is whether antibodies induced by vaccination can
neutralize current variants. Here, we used the degree of serum antibodies blocking the binding of ACE2
to SARS-CoV-2 variants’ spike as a proxy to in vitro neutralization activity. Inhibition of ACE2 binding for
the ancestral strain increased approximately 13-fold between days three after the first (I-D3) and second

¢? CellPress

OPEN ACCESS

iScience 25, 104473, June 17, 2022 3




¢? CellPress

OPEN ACCESS

iScience

1-ChAd
A B _ -
I-DO vs I-D3 -D3 vs I-D7 2500 . = 1-DO
44 I~ eeCXCL10] 4{ CXCL10ee ! E o M I-D3
HL-10 IL-10 | S 2000 =2 — @ 1-D7
: |L-1R’|a (=
g 3 i ¥ i S 1500
s | : :
o ] : | . 2
S < : £ : £ 1000 . -
@ | ! = * e
| | | (o]
= i 1 i O s004 o i . .
i i P .
A v o
ol o R I T ol = * = = i = o - =
4 2 0 2 4 4 2 0 2 4
CXCL10 IL-1R. IL-10
Log2(FC) Log2(FC) ¢
2"-BNT
c 11-DO vs 1I-D3 11-D3 vs 1I-D7 D 2000 — Lisid * kil 1 11-DO
4 IL-1R|a'IL"1 gxcLio 4 cxeLiges ! = — = gl |I-D3
i : 3 i = st I ID7
% 3 : 3 IL-1Ra} g 1500 ®
= : : c L
© ! ! K]
g , ! 2 ' T 1000 :
= 2 i . i = -
=) i i 2 * .
g | ! 8 ’
4 | i |
w1 i ! i S 500 oo
i i O * é Se
I |
04 i 0 i ;
4 2 0 2 4 4 2 0 2 4 0 == T = T = + =
Log2(FC) Log2(FC) CXCL10 IL-1Ra IL-10

Figure 2. Serum cytokine and chemokine levels

(A) Volcano plots depict differentially expressed cytokines and chemokines at days 0, 3, and 7 after the first dose vaccination. Black dots indicate significantly

upregulated and downregulated cytokines (p value < 0.05). Gray dots indicate cytokines not regulated by the vaccination.

(B) CXCL10, IL1-Ra, and IL-10 serum concentrations before and after vaccination (pg/mL).

(C) Volcano plots depict differentially expressed cytokines and chemokines at days 0, three, and 7 after second dose of vaccination.
(D) Concentrations of CXCL10, IL1-Re, and IL-10 in serum after second dose vaccination. Boxes show median, 25th and 75th percentiles and whiskers show
the range. p value are from two-way ANOVA with Tukey’s multiple comparisons test and listed in * p <0.05, **p < 0.01, ****p < 0.0001. Median, middle bar

inside the box; IQR, 50% of the data; whiskers, 1.5 times the IQR.

(11-D3) vaccination and another 8-fold at day 8 (1I-D8) (Figure 1D). The increase for more recent variants
ranged from 3-fold for Alpha to 16-fold for Delta following the second vaccination. The majority of the
46 study subjects did not display any ACE2 inhibition against Omicron after the second dose (Figure 1E),
suggesting little neutralizing activity. Only 14 individuals displayed measurable ACE2 inhibition against
Omicron. Increased neutralizing activity against different variants, including Omicron, was also detected
in a reference cohort (n = 14, median 58 years old) receiving a homologous BNT-BNT vaccine protocol
(Lee et al., 2022b). Next, we directly compared anti-SARS-CoV-2 antibody titers between the heterologous
ChAd-BNT cohort and the homologous BNT-BNT reference cohort within seven days after the second
dose (II-D7) (Figure 1F). The anti-spike 1gG levels, including Omicron, were significantly higher in the het-
erologous cohort. However, although median levels of antibody to variants were higher in the heterolo-
gous cohort, no significant differences in ACE2 binding inhibition were observed (Figure 1G).

Immediate immune response

Early responses to vaccination materialize in elevated levels of interferons and other cytokines. To gauge
the early vaccine response, we measured plasma levels of a panel of cytokines in all individuals before and
after the initial ChAd vaccination and the BNT dose (Figure 2). Out of the 23 cytokines measured, a transient
increase of circulating IL-10 and CXCL10 was observed within three days after the first vaccination (ChAd)
and returned to baseline by day 7 (I-D7) (Figures 2A and 2B). Upon delivery of the second (BNT) vaccine
dose, CXCL10, IL-10, and IL-1Ra levels were statistically elevated (Figures 2C and 2D). CXCL10 (IP-10)
expression is rapidly activated following vaccination and viral infections and it has been described as a
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Figure 3. Transcriptional signatures elicited by the second vaccination in the ChAd-BNT and BNT-BNT cohorts
(A) Volcano plot of DE-Gs comparing day O (II-DO) versus day 2 (II-D2) after the second vaccination.

(B) Genes expressed at significantly higher levels at 1I-D2 were significantly enriched in Gene Ontology (GO). X axis
denotes statistical significance as measured by minus logarithm of FDR g-values. Y axis ranked the terms.

(C) Venn diagram displays the number of significantly induced genes between 11-D0 and 11-D2 in the ChAd-BNT and BNT-
BNT vaccination cohorts.

(D and E) Fold activity of IFN response genes that are significantly induced in both cohorts as compared to day 0. The
names of key IFN response genes in COVID-19 patients or vaccination are shown in red.

biomarker associated with COVID-19 severity (Huang et al., 2005; Laing et al., 2020; Sobolev et al., 2016). Its
regulation by IFN-v is mediated by the JAK-STAT signaling pathway (Lee et al., 2021a).

Transcriptome response

To further understand the molecular responses elicited by the heterologous vaccination, we analyzed the
transcriptomes induced after the first (ChAd) and second (BNT) vaccine dose (Figures 3, S1, and S2;
Table S2). Functional enrichment analyses of common and unique DE-Gs to each vaccination regimen re-
vealed differences between the ChAd-BNT and BNT-BNT regimens (Figure S2). Expression of 308 genes
was induced within two days (I-D2) after the prime ChAd vaccination (Figure ST1A). GSEA analyses linked
them to defense response pathways innate immune responses, including interferon and cytokine signaling
(Figure S1B). Specifically, genes regulated by the JAK-STAT pathway, including STAT1 itself, interferon-
induced (IFl) genes, and the antiviral OAS family were activated within two days after the vaccination
(Figure S1C).

Next, we analyzed the activation of genes induced in the heterologous group within two days after the sec-
ond dose (Figure 3). Expression of 318 genes was significantly induced at day 2 as compared to day 0 (Fig-
ure 3A) and levels of 84 genes remained elevated at day 7 (Table S3). The 318 BNT-induced genes are
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enriched in IFN response, complement and cytokine signaling (Figures 3B and S2). Genes with elevated
expression at day 7 following the BNT vaccination are associated with proliferative responses. To further
investigate the impact of the heterologous vaccination regimen, we compared its immune response
with that of the homologous reference cohort (Lee et al., 2022b) after the second BNT dose (Figure 3C).
Although expression of 235 genes was significantly higher in the heterologous group, 90 were selectively
elevated in the homologous reference group and 83 genes were significantly induced in both cohorts. Thir-
ty-one genes that were preferentially activated in the heterologous group are part of interferon-activated
pathways, including CXC chemokines and interferon induced genes (Figure 3D). Fold change differences
ranged from two to 90 (log,1 ~ log6.5). Expression of 21 IFN-response genes was higher in the homolo-
gous group compared to the heterologous group (Figure 3E), with fold change differences ranging from
two to eleven (logy1 ~ l0gz3.5). Fifty-two interferon-regulated genes are preferentially expressed after
the second dose and activation of most of them has been observed in peripheral immune cells of
COVID-19 patients (Knabl et al., 2022; Lee et al., 2022a). These include classical interferon-response genes
as well as antiviral classes, such as the OAS family.

Germline allelic variants of immunoglobulin loci

The preferential increase in anti-spike antibodies and neutralizing antibodies in the heterologous cohort
upon receiving the second (BNT) vaccine, led us to dig deeper and interrogate the expression profiles of
specific germline variable gene classes. An average sequencing depth of 230 million reads per sample
permitted a detailed analysis of germline gene usage. We determined the range of IGHV, IGKV, and
IGLV gene usage in the ChAd-BNT heterologous cohort in comparison to the homologous BNT-BNT
reference cohort (Lee et al.,, 2022b) after the second vaccination (Figures 4 and S3). RNA-seq was con-
ducted before the first vaccination (I-D0) and seven days after the second dose (II-D7). Analysis of immu-
noglobulin heavy chain variable (IGHV) and light chain variable (IGKV and IGLV) genes with first comple-
mentarity determining region (CDR1) and CDR2 revealed the use of a broad range of germlines in both
cohorts. Although the number of final clonotypes in the heterologous cohort increased approximately
1.3-fold, an almost two-fold increase was observed in the BNT-BNT homologous cohort (Figure 4A).
We observed increased frequency of transcription of several VH genes, including IGHV3-30 and
IGHV1-61 (Figures 4B and S3A). These particular heavy chain variants have been identified in SARS-
CoV-2 infected patients that developed neutralizing antibodies (Andreano et al., 2021; Andreano and
Rappuoli, 2021; Zhang et al., 2021; Zost et al., 2020). Similarly, specific IGKV and IGLV allelic variants
were induced in the heterologous vaccine group and some variants were induced in both groups
(Figures 4C, 4D, S3B, and S3C). Although IGHV3-30 and IGHV4-61 clones were induced in both cohorts,
their levels were higher in the BNT-BNT group. IGHV2-70 that had been detected in Korean COVID-19
patients as a potently therapeutic neutralizing antibody (Kim et al., 2021a) was not induced in the two
cohorts. Overall, more diverse immunoglobulin genes were induced in the BNT-BNT group compared
to the ChAd-BNT group. A similar pattern was observed for IGKV and IGLV genes (Figures 4C and
4D). In contrast to BCR genes, the activation of TCR genes (TRAV, TRBV) in the ChAd-BNT group ex-
ceeded that seen in the BNT-BNT group (Figures 4E and 4F). T cell responses are greater in the heter-
ologous group (ChAd-BNT) compared with the homologous group (BNT-BNT, ChAd-ChAd) (Liu et al.,
2021b).

Identifying B cells and T cells through scRNA-seq

Single cell RNA-seq (scRNA-seq) and CyTOF data of PBMCs or whole blood from COVID-19 infection and
SARS-CoV-2 mRNA vaccinations reveal an increase of monocytes, B cells and CD4" T cells (Arunachalam
et al., 2021; Liu et al., 2021a; Sureshchandra et al., 2021; Tian et al., 2022). To specifically assess distinct
memory responses induced by the heterologous and homologous vaccinations, we performed scRNA-
seq on PBMCs at day 2 (II-D2) and day 7 (lI-D7) after the second dose and identified cell populations in
the immune compartment (Figures 5A, 5B, and S4). According to the expression of canonical cell-type
markers, six major cell types were identified: B cells (CD74, CD79A, and MS4A1), CD4 T cells (IL7R,
CD3D, and CDL11B), CD8 T cells (CCL5, CD8A, CD8B, CD3D, and CD3G), dendritic cells (DC) (CSTS3,
LYZ, and FCER1A), monocytes (Mono) (CST3, LYZ, and PSAP), and natural killer (NK) cells (GNLY, NKG7,
and GZMB). B cell populations, including naive and memory B cells, were elevated in the ChAd-BNT group,
whereas T cell populations (CD4 and CD8 T cells) were different depending on participants in both groups
between [I-D1 and lI-D7 after the second dose (two-way ANOVA followed by Tukey’s multiple comparisons
test, **p < 0.01, ***p < 0.001) (Figure 5C).
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Figure 4. SARS-CoV-2-RBD-specific B cell memory between ChAd-BNT and BNT-BNT cohorts
(A) Fold-induction of the number of final clonotypes that are generated between the first dose (I-D0) and the second dose

(11-D7) in both cohorts.

(B-D) Boxplots show the induced frequency (%) of variable (V) gene usage for all paired heavy (B), kappa (C), and lambda
(D) chains in ChAd-BNT and BNT-BNT groups between day 0 (II-D0) and day 7 (II-D7) after the second vaccination. Those

identified in both cohorts are marked in red.

(E and F) V region distribution in samples. The usage rate of V regions from TCRa. chain (E) and TCRB chain (F). Floating

bars (min to max); line at mean.

To understand the difference between cell response to different vaccine regimen, we performed DEG anal-
ysis on the B, CD4 T, and CD8 T cells between two groups at day 2 after the second dose (Figure 5D:
Table S4). As expected, IFNs responses showed more activation in the B cells of the ChAd-BNT group

iScience 25, 104473, June 17, 2022 7
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Figure 5. Dissection of immune dynamics using scRNA-seq

(A) The UMAP projection of PBMCs at day 7 (II-D7) after the second dose in the ChAd-BNT group was colored by each cell population.

(B) Violin plots of cell identity markers. Expression levels are shown on the y axis.

(C) Frequencies of total B, CD4 T, CD8 T, and their naive and memory cells at day 2 and 7 (marked as D2 and D7) following second dose vaccination.
(D) Enrichment of DE-Gs comparing heterologous ChAd-BNT vaccination and homologous BNT-BNT vaccination at day? after the second dose. X axis
denotes statistical significance as measured by minus logarithm of FDR g-values. Y axis ranked the Hallmarks.

compared to the BNT-BNT group. However, in the T cells, IFNy responsive genes were detected higher in
the BNT-BNT group compared to the ChAd-BNT group. Interestingly, cell cycle-related modules are iden-
tified in the ChAd-BNT group, whereas TNFa and mTOCRT1 signaling is stronger in the BNT-BNT group
than the ChAd-BNT group.

DISCUSSION

Our study adds to the molecular understanding of findings that a heterologous ChAdOx1-BNT162b2 vacci-
nation schedule promotes a more robust immune response than two doses of either BNT162b2 or
ChAdOx1 (Agrati et al., 2021; Deming and Lyke, 2021; Pozzetto et al., 2021). Although ChAd-BNT heterol-
ogous vaccination studies (Barros-Martins et al., 2021; Schmidt et al., 2021b), including from South Korea
(Kangetal.,, 2021; Lim et al., 2021b), have been published, this is the first report investigating the molecular
immune response using bulk and single cell RNA-seq as well as the antibody response to different variants,
including the fast-spreading and now dominant Omicron.

Surveying vaccine-induced genomic responses in peripheral immune cells through RNA-seq approaches
aids the identification of transcriptional signatures associated with effective antibody production
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(Andreano and Rappuoli, 2021; Arunachalam et al., 2021; Lee et al., 2021b). Our sequencing depth of
average 230 million reads per sample permitted the identification of gene signatures linked to the heter-
ologous ChAd-BNT and a comparison with a reference cohort receiving a two dose BNT homologous
vaccination (Lee et al., 2022b). The BNT vaccine in the heterologous cohort elicited a stronger interferon
signature with an activated JAK-STAT pathway than the second BNT dose in the homologous reference
cohort. Our analysis permitted the preferential activation of specific variable germline classes as well as
CDR3 classes and an increase of specific IGHV clonal transcripts encoding neutralizing antibodies was pref-
erentially detected in the heterologous ChAd-BNT and the homologous BNT-BNT cohort.

The benefits of adding BNT162b2 as the second dose in heterologous vaccination regimens with ChAdOx1
as the primary dose is well established (Barros-Martins et al., 2021; Schmidt et al., 2027a). In extension,
recent studies demonstrated that a three-dose heterologous regimen with two doses of CoronoVac (Sino-
vac) immunization followed by BNT162b2 was associated with a 1.4-fold increase of neutralizing antibodies
against Omicron as compared to a homologous two-dose BNT162b2 regimen (Cheng et al., 2022; Pérez-
Then et al., 2022). However, neutralizing activity against Omicron was reduced by 7.1-fold and 3.6-fold
compared to the ancestral and Delta variants, respectively. In contrast, compared to the ancestral strain,
Omicron targeted antibody titers in our heterologous cohort were less than 3-fold and a 4.5-fold reduction
was seen in the BNT homologous reference cohort. Further evolution of COVID-19 variants is an open
question, but it is likely that additional variants will emerge, with manufacture of targeted vaccines
following their identification. Therefore, it is reasonable to examine vaccine regimens for their ability to
induce a range of antibody responses that may provide coverage for emerging variants. Here, the
ChAd-BNT regimen appeared to be successful for that purpose. To date, up to 2.5 billion doses of
ChAd have been delivered with an additional 500 million doses of alternative adenovirus based vaccines
from Johnson and Johnson and Sputnik from Russia (Dolgin, 2022). Data presented here supports that
from an immunological perspective, a heterologous adenovirus-based mRNA-based regimen is effective
and may be a reasonable cost-effective approach for specific populations where public health officials
deem that adenovirus-based vaccine side effects are low risk. A heterologous strategy might also foster
enhanced immune responses in immunocompromised individuals.

Limitations of the study

There are several limitations to this study. First, our study population was limited to a specific geographic
area (South Korea) and a specific genetic population. Second, most study subjects were healthy females of
normal weight. Third, our study used an established ACE2 binding as a proxy to neutralization and not a live
or pseudo-SARS-CoV-2 virus assay. Fourth, the reference cohort receiving a homologous two dose mRNA
vaccination had a different ethnic background (Austrian Alps), was on average 20 years older and had a
higher BMI than the Korean cohort.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY

O Lead contact

O Materials availability

O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS

O Study population, study design, recruitment and Ethics statement
o METHOD DETAILS

O Quantification of immunoproteins
COVID-19 serology and ACE2-neutralization assay
Extraction of the PBMC and purification of RNA
mRNA sequencing (mMRNA-seq) and data analysis
Single-cell RNA sequencing (scRNA-seq) and data analysis
Statistical analysis

O O0OO0OO0O0

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2022.10447 3.

¢? CellPress

OPEN ACCESS

iScience 25, 104473, June 17, 2022 9



https://doi.org/10.1016/j.isci.2022.104473

¢? CellPress

OPEN ACCESS

ACKNOWLEDGMENTS

This work was supported by the Intramural Research Programs (IRPs) of the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) and by a grant of the Korea Health Technology R&D Project through
the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health & Welfare, Republic
of Korea (grant number: HI18C2383). Our gratitude goes to the participants who contributed to this study to
advance our understanding of COVID-19 vaccination. We thank Yuhai Dai from the NIDDK clinical core for help-
ing with antibody assay. This work utilized the computational resources of the NIH HPC Biowulf cluster (http://hpc.
nih.gov). RNA-sequencing and single cell RNA-sequencing was conducted in the NIH Intramural Sequencing
Center, NISC (https://www.nisc.nih.gov/contact.htm) and the NHLBI DNA sequencing and genomics core
(https://www.nhlbi.nih.gov/science/dna-sequencing-and-genomics-core), respectively.

AUTHOR CONTRIBUTIONS

H.K.L., L.H., and J.W.H. designed the study. J.W.H. recruited participants and collected material. H.S.S.
collected material and performed cytokine and antibody assays. J.Y.K. and S.W.K. isolated PBMC and
RNA. H.K.L. analyzed RNA-seq and scRNA-seq data. J.W.H. conducted immunoproteins assay. M.W. con-
ducted IgG antibody and neutralization assay. H.K.L., P.A.F., L.H., and J.W.H. analyzed data. H.K.L. admin-
istrated the project. L.H. and J.W.H. supervised project. H.K.L., P.A.F., L.H., and J.W.H. wrote the paper. All
authors read and approved the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We worked to ensure ethnic or other types of diversity in the recruitment of human subjects. We worked to
ensure that the study questionnaires were prepared in an inclusive way. While citing references scientifically
relevant for this work, we also actively worked to promote gender balance in our reference list. The author
list of this paper includes contributors from the location where the research was conducted who partici-

iScience

pated in the data collection, design, analysis, and/or interpretation of the work.

Received: February 10, 2022
Revised: April 12, 2022
Accepted: May 20, 2022
Published: June 17, 2022

REFERENCES

Agrati, C., Capone, S., Castilletti, C., Cimini, E.,
Matusali, G., Meschi, S., Tartaglia, E., Camerini,
R., Lanini, S., Milleri, S., et al. (2021). Strong
immunogenicity of heterologous prime-boost
immunizations with the experimental vaccine
GRAdJ-COV2 and BNT162b2 or ChAdOx1-
nCOV19. NPJ Vaccines 6, 131. https://doi.org/10.
1038/s41541-021-00394-5.

Anders, S., Pyl, P.T., and Huber, W. (2015).
HTSeg-a Python framework to work with high-
throughput sequencing data. Bioinformatics 31,
166-169. https://doi.org/10.1093/biocinformatics/
btu638.

Andreano, E., Paciello, I., Piccini, G., Manganaro,
N., Pileri, P., Hyseni, I., Leonardi, M., Pantano, E.,
Abbiento, V., Benincasa, L., et al. (2021). Hybrid
immunity improves B cells and antibodies against
SARS-CoV-2 variants. Nature 600, 530-535.
https://doi.org/10.1038/s41586-021-04117-7.

Andreano, E., and Rappuoli, R. (2021).
Immunodominant antibody germlines in COVID-
19. J. Exp. Med. 218, €20210281. https://doi.org/
10.1084/jem.20210281.

10 iScience 25, 104473, June 17, 2022

Arunachalam, P.S., Scott, M.K.D., Hagan, T., Li,
C., Feng, Y., Wimmers, F., Grigoryan, L., Trisal,
M., Edara, V.V, Lai, L., et al. (2021). Systems
vaccinology of the BNT162b2 mRNA vaccine in
humans. Nature 596, 410-416. https://doi.org/10.
1038/s41586-021-03791-x.

Barros-Martins, J., Hammerschmidt, S.I.,
Cossmann, A., Odak, I., Stankov, M.V., Morillas
Ramos, G., Dopfer-Jablonka, A., Heidemann,
A., Ritter, C., Friedrichsen, M., et al. (2021).
Immune responses against SARS-CoV-2
variants after heterologous and homologous
ChAdOx1 nCoV-19/BNT162b2 vaccination.
Nat. Med. 27, 1525-1529. https://doi.org/10.
1038/s41591-021-01449-9.

Bolger, A.M., Lohse, M., and Usadel, B. (2014).
Trimmomatic: a flexible trimmer for lllumina
sequence data. Bioinformatics 30, 2114-2120.
https://doi.org/10.1093/bioinformatics/btul170.

Bolotin, D.A., Poslavsky, S., Davydov, A.N.,
Frenkel, F.E., Fanchi, L., Zolotareva, O.l.,
Hemmers, S., Putintseva, E.V., Obraztsova, A.S.,
Shugay, M., et al. (2017). Antigen receptor
repertoire profiling from RNA-seq data. Nat.

Biotechnol. 35, 908-911. https://doi.org/10.1038/
nbt.3979.

Bolotin, D.A., Poslavsky, S., Mitrophanoy, I.,
Shugay, M., Mamedov, |.Z., Putintseva, E.V., and
Chudakov, D.M. (2015). MiXCR: software for
comprehensive adaptive immunity profiling. Nat.
Methods 12, 380-381. https://doi.org/10.1038/
nmeth.3364.

Chao, A. (1984). Nonparametric estimation of the
number of classes in a population. Scand. J. Stat.
11, 265-270.

Cheng, S.M.S., Mok, C.K.P., Leung, Y.W.Y., Ng,
S.S., Chan, K.CK,, Ko, FW., Chen, C., Yiu, K.,
Lam, B.H.S., Lau, E.H.Y., et al. (2022). Neutralizing
antibodies against the SARS-CoV-2 Omicron
variant BA.1 following homologous and
heterologous CoronaVac or BNT162b2 vaccina-
tion. Nat. Med. 28, 486-489. https://doi.org/10.
1038/s41591-022-01704-7.

Deming, M.E., and Lyke, K.E. (2021). A 'mix and
match’ approach to SARS-CoV-2 vaccination.
Nat. Med. 27, 1510-1511. https://doi.org/10.
1038/541591-021-01463-x.


http://hpc.nih.gov
http://hpc.nih.gov
https://www.nisc.nih.gov/contact.htm
https://www.nhlbi.nih.gov/science/dna-sequencing-and-genomics-core
https://doi.org/10.1038/s41541-021-00394-5
https://doi.org/10.1038/s41541-021-00394-5
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1038/s41586-021-04117-7
https://doi.org/10.1084/jem.20210281
https://doi.org/10.1084/jem.20210281
https://doi.org/10.1038/s41586-021-03791-x
https://doi.org/10.1038/s41586-021-03791-x
https://doi.org/10.1038/s41591-021-01449-9
https://doi.org/10.1038/s41591-021-01449-9
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nbt.3979
https://doi.org/10.1038/nbt.3979
https://doi.org/10.1038/nmeth.3364
https://doi.org/10.1038/nmeth.3364
http://refhub.elsevier.com/S2589-0042(22)00744-1/sref10
http://refhub.elsevier.com/S2589-0042(22)00744-1/sref10
http://refhub.elsevier.com/S2589-0042(22)00744-1/sref10
https://doi.org/10.1038/s41591-022-01704-7
https://doi.org/10.1038/s41591-022-01704-7
https://doi.org/10.1038/s41591-021-01463-x
https://doi.org/10.1038/s41591-021-01463-x

iScience

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow,
J., Zaleski, C., Jha, S., Batut, P., Chaisson, M., and
Gingeras, T.R. (2013). STAR: ultrafast universal
RNA-seq aligner. Bioinformatics 29, 15-21.
https://doi.org/10.1093/bioinformatics/bts635.

Dolgin, E. (2022). Omicron thwarts some of the
world's most-used COVID vaccines. Nature 601,
311. https://doi.org/10.1038/d41586-022-00079-6.

GroB, R., Zanoni, M., Seidel, A., Conzelmann, C.,
Gilg, A., Krnavek, D., Erdemci-Evin, S., Mayer, B.,
Hoffmann, M., P&himann, S., et al. (2021).
Heterologous ChAdOx1 nCoV-19 and BNT162b2
prime-boost vaccination elicits potent neutral-
izing antibody responses and T cell reactivity
against prevalent SARS-CoV-2 variants.
EBioMedicine 75, 103761. https://doi.org/10.
1016/j.ebiom.2021.103761.

Hao, Y., Hao, S., Andersen-Nissen, E., Mauck,
W.M., 3rd, Zheng, S., Butler, A., Lee, M.J., Wilk,
AJ., Darby, C., Zager, M., et al. (2021). Integrated
analysis of multimodal single-cell data. Cell 184,
3573-3587.e29. https://doi.org/10.1016/].cell.
2021.04.048.

Huang, KJ., Su, I.J., Theron, M., Wu, Y.C., Lai,
S.K., Liu, C.C., and Lei, H.Y. (2005). An interferon-
gamma-related cytokine storm in SARS patients.
J. Med. Virol. 75, 185-194. https://doi.org/10.
1002/jmv.20255.

Hwang, J., Park, S.H., Lee, SW., Lee, S.B., Lee,
M.H., Jeong, G.H., Kim, M.S., Kim, J.Y., Koyanagi,
A., Jacob, L., et al. (2021). Predictors of mortality
in thrombotic thrombocytopenia after adenoviral
COVID-19 vaccination: the FAPIC score. Eur.
Heart J. 42, 4053-4063. https://doi.org/10.1093/
eurheartj/ehab592.

June Choe, Y., Yi, S., Hwang, I, Kim, J., Park, Y.J.,
Cho, E., Jo, M., Lee, H., and Hwa Choi, E. (2021).
Safety and effectiveness of BNT162b2 mRNA
Covid-19 vaccine in adolescents. Vaccine 40,
691-694. https://doi.org/10.1016/].vaccine.2021.
12.044.

Kang, Y.M., Minn, D., Lim, J., Lee, K.D., Jo, D.H,,
Choe, KW., Kim, M.J., Kim, J.M., and Kim, K.N.

(2021). Comparison of antibody response elicited
by ChAdOx1 and BNT162b2 COVID-19 vaccine.
J. Korean Med. Sci. 36, e311. https://doi.org/10.
3346/jkms.2021.36.e311.

Kim, C., Ryu, D.K,, Lee, J., Kim, Y 1., Seo, J.M., Kim,
Y.G., Jeong, J.H., Kim, M., Kim, J.I., Kim, P., et al.
(2021a). A therapeutic neutralizing antibody
targeting receptor binding domain of SARS-CoV-
2 spike protein. Nat. Commun. 12, 288. https://
doi.org/10.1038/s41467-020-20602-5.

Kim, J.Y., Lim, S.Y., Park, S., Kwon, J.S., Bae, S.,
Park, J.Y., Cha, H.H., Seo, M.H., Lee, HJ., Lee, N.,
etal. (2021b). Immune responses to the ChAdOx1
nCoV-19 and BNT162b2 vaccines and to natural
coronavirus disease 2019 infections over a
3-month period. J. Infect. Dis. 225, 777-784.
https://doi.org/10.1093/infdis/jiab579.

Knabl, L., Lee, H.K., Wieser, M., Mur, A.,
Zabernigg, A., Knabl, L., Rauch, S., Bock, M.,
Schumacher, J., Kaiser, N., et al. (2022).
BNT162b2 vaccination enhances interferon-JAK-
STAT-regulated antiviral programs in COVID-19
patients infected with the SARS-CoV-2 Beta
variant. Commun. Med. 2, 17. https://doi.org/10.
1038/543856-022-00083-x.

Laing, A.G., Lorenc, A., Del Molino Del Barrio, .,
Das, A., Fish, M., Monin, L., Mufoz-Ruiz, M.,
McKenzie, D.R., Hayday, T.S., Francos-Quijorna,
., et al. (2020). A dynamic COVID-19 immune
signature includes associations with poor prog-
nosis. Nat. Med. 26, 1623-1635. https://doi.org/
10.1038/541591-020-1038-6.

Lee, H.K., Jung, O., and Hennighausen, L. (2021a).
JAK inhibitors dampen activation of interferon-
stimulated transcription of ACE2 isoforms in
human airway epithelial cells. Commun. Biol. 4,
654. https://doi.org/10.1038/s42003-021-02167-1.

Lee, H.K., Knabl, L., Knabl, L., Sr., Wieser, M., Mur,
A., Zabernigg, A., Schumacher, J., Kapferer, S.,
Kaiser, N., et al. (2022a). Immune transcriptome
analysis of COVID-19 patients infected with
SARS-CoV-2 variants carrying the E484K escape
mutation identifies a distinct gene module. Sci.
Rep. 12, 2784. https://doi.org/10.1038/s41598-
022-06752-0.

Lee, HK., Knabl, L., Moliva, J.I., Knabl, L., Sr.,
Werner, A.P., Boyoglu-Barnum, S., Kapferer, S.,
Pateter, B., Walter, M., et al. (2022b). mRNA
vaccination in octogenarians 15 and 20 months
after recovery from COVID-19 elicits robust im-
mune and antibody responses that include
Omicron. Cell Rep. 39, 110680. https://doi.org/
10.1016/j.celrep.2022.110680.

Lee, H.K,, Knabl, L., Pipperger, L., Volland, A.,
Furth, P.A., Kang, K., Smith, H.E., Knabl, L., Sr.,
Bellmann, R., et al. (2021b). Immune
transcriptomes of highly exposed SARS-CoV-2
asymptomatic seropositive versus seronegative
individuals from the Ischgl community. Sci. Rep.
11, 4243. https://doi.org/10.1038/s41598-021-
83110-6.

Lim, S.H., Choi, S.H., Kim, B., Kim, J.Y., Ji, Y.S.,
Kim, S.H., Kim, C.K,, Kim, T., Choo, E.J., Moon,
J.E., et al. (2021a). Serum Antibody Response
Comparison and Adverse Reaction Analysis in
Healthcare Workers Vaccinated with the
BNT162b2 or ChAdOx1 COVID-19 Vaccine.
Vaccines (Basel) 9, 1379. https://doi.org/10.3390/
vaccines9121379.

Lim, S.Y., Kim, J.Y., Park, S., Kwon, J.S., Park, J.Y.,
Cha, H.H., Suh, M.H,, Lee, H.J., Lim, J.S., Bae, S.,
etal. (2021b). Correlation between reactogenicity
and immunogenicity after the ChAdOx1 nCoV-19
and BNT162b2 mRNA vaccination. Immune
Netw. 21, e41. https://doi.org/10.4110/in.2021.
21.e41.

Liu, J., Wang, J., Xu, J., Xia, H., Wang, Y.,
Zhang, C., Chen, W., Zhang, H., Liu, Q., Zhu, R.,
et al. (2021a). Comprehensive investigations
revealed consistent pathophysiological
alterations after vaccination with COVID-19
vaccines. Cell Discov. 7, 99. https://doi.org/10.
1038/s41421-021-00329-3.

Liu, X., Shaw, R.H., Stuart, A.S.V., Greenland, M.,
Aley, P.K., Andrews, N.J., Cameron, J.C.,
Charlton, S., Clutterbuck, E.A., Collins, A.M., et al.
(2021b). Safety and immunogenicity of
heterologous versus homologous prime-boost
schedules with an adenoviral vectored and mRNA
COVID-19 vaccine (Com-COV): a single-blind,
randomised, non-inferiority trial. Lancet 398,
856-869. https://doi.org/10.1016/S0140-6736(21)
01694-9.

Love, M.I., Huber, W., and Anders, S. (2014).
Moderated estimation of fold change and

¢? CellPress

OPEN ACCESS

dispersion for RNA-seq data with DESeq?2.
Genome Biol. 15, 550. https://doi.org/10.1186/
$13059-014-0550-8.

Pérez-Then, E., Lucas, C., Monteiro, V.S., Miric,
M., Brache, V., Cochon, L., Vogels, C.B.F., Malik,
AA., De la Cruz, E., Jorge, A., et al. (2022).
Neutralizing antibodies against the SARS-CoV-2
Delta and Omicron variants following
heterologous CoronaVac plus BNT162b2 booster
vaccination. Nat. Med. 28, 481-485. https://doi.
0rg/10.1038/s41591-022-01705-6.

Pozzetto, B., Legros, V., Djebali, S., Barateau, V.,
Guibert, N., Villard, M., Peyrot, L., Allatif, O.,
Fassier, J.B., Massardier-Pilonchery, A., et al.
(2021). Immunogenicity and efficacy of
heterologous ChAdOx1-BNT162b2 vaccination.
Nature 600, 701-706. https://doi.org/10.1038/
s41586-021-04120-y.

Risso, D., Ngai, J., Speed, T.P., and Dudoit, S.
(2014). Normalization of RNA-seq data using
factor analysis of control genes or samples. Nat.
Biotechnol. 32, 896-902. https://doi.org/10.1038/
nbt.2931.

Schmidt, F., Weisblum, Y., Rutkowska, M., Poston,
D., Da Silva, J., Zhang, F., Bednarski, E., Cho, A,,
Schaefer-Babajew, D.J., Gaebler, C., et al.
(2021a). High genetic barrier to SARS-CoV-2
polyclonal neutralizing antibody escape. Nature
600, 512-516. https://doi.org/10.1038/s41586-
021-04005-0.

Schmidt, T., Klemis, V., Schub, D., Mihm, J.,
Hielscher, F., Marx, S., Abu-Omar, A., Ziegler, L.,
Guckelmus, C., Urschel, R, et al. (2021b).
Immunogenicity and reactogenicity of
heterologous ChAdOx1 nCoV-19/mRNA vacci-
nation. Nat. Med. 27, 1530-1535. https://doi.org/
10.1038/s41591-021-01464-w.

Sobolev, O., Binda, E., O'Farrell, S., Lorenc, A,,
Pradines, J., Huang, Y., Duffner, J., Schulz, R.,
Cason, J., Zambon, M., et al. (2016). Adjuvanted
influenza-H1N1 vaccination reveals lymphoid
signatures of age-dependent early responses
and of clinical adverse events. Nat. Immunol. 17,
204-213. https://doi.org/10.1038/ni.3328.

Sokal, A., Barba-Spaeth, G., Fernandez, |.,
Broketa, M., Azzaoui, |., de La Selle, A.,
Vandenberghe, A., Fourati, S., Roeser, A., Meola,
A., et al. (2021). mRNA vaccination of naive and
COVID-19-recovered individuals elicits potent
memory B cells that recognize SARS-CoV-2 vari-
ants. Immunity 54, 2893-2907.e5. https://doi.org/
10.1016/j.immuni.2021.09.011.

Sureshchandra, S., Lewis, S.A., Doratt, B.M.,
Jankeel, A., Coimbra lbraim, I., and Messaoudi, I.
(2021). Single-cell profiling of T and B cell
repertoires following SARS-CoV-2 mRNA
vaccine. JCI Insight 6, €153201. https://doi.org/
10.1172/jci.insight.153201.

Tian, Y., Carpp, L.N., Miller, H.E.R., Zager, M.,
Newell, EW., and Gottardo, R. (2022). Single-cell
immunology of SARS-CoV-2 infection. Nat.
Biotechnol. 40, 30-41. https://doi.org/10.1038/
s41587-021-01131-y.

Wickham, H. (2009). Ggplot2 : Elegant Graphics
for Data Analysis (Springer).

Zhang, Q., Ju, B., Ge, J., Chan, J.FW., Cheng,

L., Wang, R., Huang, W., Fang, M., Chen, P.,
Zhou, B., et al. (2021). Potent and protective

iScience 25, 104473, June 17, 2022 1"


https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/d41586-022-00079-6
https://doi.org/10.1016/j.ebiom.2021.103761
https://doi.org/10.1016/j.ebiom.2021.103761
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1002/jmv.20255
https://doi.org/10.1002/jmv.20255
https://doi.org/10.1093/eurheartj/ehab592
https://doi.org/10.1093/eurheartj/ehab592
https://doi.org/10.1016/j.vaccine.2021.12.044
https://doi.org/10.1016/j.vaccine.2021.12.044
https://doi.org/10.3346/jkms.2021.36.e311
https://doi.org/10.3346/jkms.2021.36.e311
https://doi.org/10.1038/s41467-020-20602-5
https://doi.org/10.1038/s41467-020-20602-5
https://doi.org/10.1093/infdis/jiab579
https://doi.org/10.1038/s43856-022-00083-x
https://doi.org/10.1038/s43856-022-00083-x
https://doi.org/10.1038/s41591-020-1038-6
https://doi.org/10.1038/s41591-020-1038-6
https://doi.org/10.1038/s42003-021-02167-1
https://doi.org/10.1038/s41598-022-06752-0
https://doi.org/10.1038/s41598-022-06752-0
https://doi.org/10.1016/j.celrep.2022.110680
https://doi.org/10.1016/j.celrep.2022.110680
https://doi.org/10.1038/s41598-021-83110-6
https://doi.org/10.1038/s41598-021-83110-6
https://doi.org/10.3390/vaccines9121379
https://doi.org/10.3390/vaccines9121379
https://doi.org/10.4110/in.2021.21.e41
https://doi.org/10.4110/in.2021.21.e41
https://doi.org/10.1038/s41421-021-00329-3
https://doi.org/10.1038/s41421-021-00329-3
https://doi.org/10.1016/S0140-6736(21)01694-9
https://doi.org/10.1016/S0140-6736(21)01694-9
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41591-022-01705-6
https://doi.org/10.1038/s41591-022-01705-6
https://doi.org/10.1038/s41586-021-04120-y
https://doi.org/10.1038/s41586-021-04120-y
https://doi.org/10.1038/nbt.2931
https://doi.org/10.1038/nbt.2931
https://doi.org/10.1038/s41586-021-04005-0
https://doi.org/10.1038/s41586-021-04005-0
https://doi.org/10.1038/s41591-021-01464-w
https://doi.org/10.1038/s41591-021-01464-w
https://doi.org/10.1038/ni.3328
https://doi.org/10.1016/j.immuni.2021.09.011
https://doi.org/10.1016/j.immuni.2021.09.011
https://doi.org/10.1172/jci.insight.153201
https://doi.org/10.1172/jci.insight.153201
https://doi.org/10.1038/s41587-021-01131-y
https://doi.org/10.1038/s41587-021-01131-y
http://refhub.elsevier.com/S2589-0042(22)00744-1/sref43
http://refhub.elsevier.com/S2589-0042(22)00744-1/sref43

¢? CellPress

OPEN ACCESS

IGHV3-53/3-66 public antibodies and their
shared escape mutant on the spike of SARS-
CoV-2. Nat. Commun. 12, 4210. https://doi.org/
10.1038/s41467-021-24514-w.

12 iScience 25, 104473, June 17, 2022

Zost, S.J., Gilchuk, P., Chen, R.E., Case, J.B.,
Reidy, J.X., Trivette, A., Nargi, R.S., Sutton, R.E.,
Suryadevara, N., Chen, E.C., et al. (2020).
Rapid isolation and profiling of a diverse

iScience

panel of human monoclonal antibodies
targeting the SARS-CoV-2 spike protein. Nat.
Med. 26, 1422-1427. https://doi.org/10.1038/
s41591-020-0998-x.


https://doi.org/10.1038/s41467-021-24514-w
https://doi.org/10.1038/s41467-021-24514-w
https://doi.org/10.1038/s41591-020-0998-x
https://doi.org/10.1038/s41591-020-0998-x

iScience

STARXMETHODS

KEY RESOURCES TABLE

¢? CellPress

OPEN ACCESS

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Human serum Seoul, Korea N/A

Human immune cells Seoul, Korea N/A

Human immune cells Austria, Tyrol N/A

Critical commercial assays

RNeasy Mini Kit Qiagen Cati# 74104

Human XL Cytokine Luminex Performance
Panel

V-PLEX SARS-CoV-2 Panel 17 (IgG) Kit
V-PLEX SARS-CoV-2 Panel 23 (IgG) Kit
V-PLEX SARS-CoV-2 Panel 18 (ACE2) Kit
V-PLEX SARS-CoV-2 Panel 23 (ACE2) Kit

R&D systems

Meso Scale Discovery
Meso Scale Discovery
Meso Scale Discovery

Meso Scale Discovery

Cat# FCSTM18

Cat# K15429U
Cat# K15567U
Cat# K15535U
Cat# K15570U

TruSeq Stranded mRNA Library Prep Kit lllumina, Cat# RS-20020595
Deposited data
Raw and analyzed data This paper GEO: GSE201535

BNT162b2 homologous vaccination data

Human reference genome UCSC, hg19

Lee et al., 2021b

UCSC Genome Browser

GEO: GSE190747

http://hgdownload.soe.ucsc.edu/downloads.html#mouse

Software and algorithms

MSD DISCOVERY WORKBENCH
analysis software

Trimmomatic (version 0.36)
STAR (2.5.4a)
HTSeq

R (3.6.3)
Bioconductor
DESeq2
RUVSeq

dplyr

ggplot2

GSEA

MiXCR

Cell Ranger (5.0)

Seurat (4.0)
PRISM GraphPad (9.0.0)

Bolger et al., 2014
Dobin et al., 2013
Anders et al., 2015

Love et al., 2014

Risso et al., 2014

Wickham, 2009

Bolotin et al., 2015

10x Genomics

Hao et al., 2021

https://www.mesoscale.com/en/products_and_services/software

http://www.usadellab.org/cms/?page=trimmomatic
https://anaconda.org/bioconda/star/files?version=2.5.4a
https://htseq.readthedocs.io/en/master/
https://www.R-project.org/

https://www.bioconductor.org/
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/RUVSeq.html
https://CRAN.R-project.org/package=dplyr
https://ggplot2.tidyverse.org/
https://www.gsea-msigdb.org/gsea/msigdb
https://mixcr.readthedocs.io/en/master/

https://support.10xgenomics.com/single-cell-gene-expression/

software/pipelines/latest/what-is-cell-ranger
https://satijalab.org/seurat/index.html

https://www.graphpad.com/scientific-software/prism/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact Lothar Hennighausen (lotharh@nih.gov).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

® RNA-seq and scRNA-seq data generated from this study were deposited under the accession
GSE201535 in the Gene Expression Omnibus (GEO).

® RNA-seq data of two-dose BNT162b2 vaccination were obtained under GSE GSE190747.
® This paper does not report original code.

e Additional Supplemental Items are available from Mendeley Data at https://data.mendeley.com/
datasets/j7pbcbytgd/1.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study population, study design, recruitment and Ethics statement

46 SARS-CoV-2 naive healthy volunteers (Table S1) were recruited for the study under informed consent.
Recruitment and blood sample collection took place between June and September 2021. This study was
approved (IRB No 2021-0898) by the Institutional Review Board (IRB) of Asan medical center in Korea. Writ-
ten informed consent was obtained from all subjects. Participant information was coded and anonymized.
This study was determined to impose minimal risk on participants. All methods were carried out in accor-
dance with relevant guidelines and regulations. All research has been have been performed in accordance
with the Declaration of Helsinki (https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-
principles-for-medical-research-involving-human-subjects/). In addition, we followed the ‘Sex and Gender
Equity in Research — SAGER — guidelines’ and included sex and gender considerations where relevant.

METHOD DETAILS

Quantification of immunoproteins

Plasma samples from all participants were collected from their blood. After thawing, the samples were
centrifuged for 3 min at 2000 g to remove particulates prior to sample preparation and analysis. Human
XL Cytokine Luminex Performance Panel Premixed Kit (R&D systems, #FCSTM18) was used to measure
proinflammatory proteins (IFN-a, IFN-y, IL-1e, IL-1B, IL-1Re, IL-2, IL-3, IL-4, IL-6, IL-7, IL-8, IL-10 and TNF-
a), cytokines (IL-12p70, IL-13, IL-15, IL1-7A and VEGF) and chemokine (CCL2, CCL3, CCL4, CCL11 and
CXCL10). The analysis was performed according to the manufacturers’ protocols.

COVID-19 serology and ACE2-neutralization assay

A multiplexed solid-phase chemiluminescence assay (Meso Scale Discovery, MD) was evaluated for the
detection of 1gG binding to various SARS-CoV-2-derived antigens (V-PLEX SARS-CoV-2 Panel 17 (IgG)
Kit, K15524U, and Panel 23 (IgG) Kit, K15567U) and the quantification of antibody-induced ACE-2 binding
inhibition to various variants’ spike antigens (pseudo-neutralization assay) (V-PLEX SARS-CoV-2 Panel 18
(ACE2) Kit, K15535U, and Panel 23 (ACE2) Kit, K15570U). Plates were coated with the specific antigen on
spots in the 96 well plate and the bound antibodies in the samples were then detected by anti-human
IgG antibodies or ACE2 conjugated with the MSD SULPHO-TAG which is then read on the MSD instrument
which measures the light emitted from the tag.

Extraction of the PBMC and purification of RNA

Whole blood was collected, PBMCs were isolated using density gradient medium, and total RNA was ex-
tracted from PBMC and purified using the RNeasy Mini Kit (Qiagen, #74104) according to the manufac-
turer’s instructions. The concentration and quality of RNA were assessed by an Agilent Bioanalyzer 2100
(Agilent Technologies, CA).

mRNA sequencing (nRNA-seq) and data analysis

The Poly-A containing mRNA was purified by poly-T oligo hybridization from 1 mg of total RNA and cDNA
was synthesized using Super-Script lll (Invitrogen, MA). Libraries for sequencing were prepared according
to the manufacturer’s instructions with TruSeq Stranded mRNA Library Prep Kit (lllumina, CA, RS-20020595)
and paired-end sequencing was done with a NovaSeq 6000 instrument (Illumina) yielding 200-350 million
reads per sample.
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The raw data were subjected to QC analyses using the FastQC tool (version 0.11.9) (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). mRNA-seq read quality control was done using Trimmo-
matic (Bolger et al., 2014) (version 0.36) and STAR RNA-seq (Dobin et al., 2013) (version STAR 2.5.4a) using
150 bp paired-end mode was used to align the reads (hg19). HTSeq (Anders et al., 2015) (version 0.9.1) was
to retrieve the raw counts and subsequently, Bioconductor package DESeq2 (Love et al., 2014) in R (https://
www.R-project.org/) was used to normalize the counts across samples and perform differential expression
gene analysis. Additionally, the RUVSeq (Risso et al., 2014) package was applied to remove confounding
factors. The data were pre-filtered keeping only genes with at least ten reads in total. The visualization
was done using dplyr (https://CRAN.R-project.org/package=dplyr) and ggplot2 (Wickham, 2009). The
genes with log2 fold change >1 or < -1 and adjusted p value (pAdj)) < 0.05 corrected for multiple testing
using the Benjamini-Hochberg method were considered significant and then conducted gene enrichment
analysis (GSEA, https://www.gsea-msigdb.org/gsea/msigdb).

For T- or B-cell receptor repertoire sequencing analysis, trimmed fastq files from bulk RNA-seq were
aligned against human V, D and J gene sequences using the default settings with MiXCR (Bolotin et al.,
2015, 2017). CDR3 sequence and the rearranged BCR/TCR genes were identified. The diversity of BCR/
TCR genes was investigated by the Chao1 index (Chao, 1984).

Single-cell RNA sequencing (scRNA-seq) and data analysis

The isolated PBMCs were frozen in freezing media (Thermofisher) and stored at —80°C until use. Single-cell
suspensions were then immediately loaded on the 10X Genomics Chromium Controller with a loading
target of 20,000 cells. Libraries were generated using the Chromium Next GEM Single Cell 3’ Kit v3.1
(Dual Index) according to the manufacturer’s instructions. Libraries were sequenced using the NovaSeq
6000 instrument (lllumina).

The raw reads were aligned and quantified using the Cell Ranger with Feature Barcode addition (version
5.0, 10X Genomics) against the GRCh38 human reference genome. The quality control, normalization,
dimension reduction, cell clusters, UMAP projection, and cell type annotation were performed using Seurat
(version 4.0) (Hao et al., 2021).

Statistical analysis

Differential expression gene (DEG) identification used Bioconductor package DESeg2 in R. P-values were
calculated using a paired, two-side Wilcoxon test and adjusted p value (pAdj) corrected using the
Benjamini-Hochberg method. Genes with log2 fold change >1 or < -1, pAdj <0.05 and without O value
from all sample were considered significant. For significance of each GSEA category, significantly regu-
lated gene sets were evaluated with the Kolmogorov-Smirnov statistic. p-values of cytokines were calcu-
lated using two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli on GraphPad Prism
software (version 9.0.0). For comparison of RNA expression levels, antibody levels or cytokine levels be-
tween two groups, data were presented as SD in each group and were evaluated with a two-way
ANOVA followed by Tukey’'s multiple comparisons test using GraphPad PRISM (version 9.0). A value of
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 was considered statistically significant.
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