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Systems vaccinology of the BNT162b2 mRNA 
vaccine in humans

   
Prabhu S. Arunachalam1,14, Madeleine K. D. Scott1,2,14, Thomas Hagan3,4,14, Chunfeng Li1, 
Yupeng Feng1, Florian Wimmers1, Lilit Grigoryan1, Meera Trisal1, Venkata Viswanadh Edara5, 
Lilin Lai5, Sarah Esther Chang1,6, Allan Feng1,6, Shaurya Dhingra1,6, Mihir Shah7, Allie Skye Lee7, 
Sharon Chinthrajah7, Sayantani B. Sindher7, Vamsee Mallajosyula1, Fei Gao1, Natalia Sigal1, 
Sangeeta Kowli1, Sheena Gupta1, Kathryn Pellegrini5, Gregory Tharp5, Sofia Maysel-Auslender1,  
Sydney Hamilton5, Hadj Aoued5, Kevin Hrusovsky8, Mark Roskey8, Steven E. Bosinger4,9, 
Holden T. Maecker1, Scott D. Boyd7,10, Mark M. Davis1,10,11, Paul J. Utz1,6, Mehul S. Suthar5, 
Purvesh Khatri1,2 ✉, Kari C. Nadeau7,12,13 ✉ & Bali Pulendran1,10,11 ✉

The emergency use authorization of two mRNA vaccines in less than a year since the 
emergence of SARS-CoV-2 represents a landmark in vaccinology1,2. Yet, how mRNA 
vaccines stimulate the immune system to elicit protective immune responses is 
unknown. Here we used a systems vaccinology approach to comprehensively profile 
the innate and adaptive immune responses of 56 healthy volunteers vaccinated with 
the Pfizer-BioNTech mRNA vaccine. Vaccination resulted in robust production of 
neutralizing antibodies (nAbs) against the parent Wuhan strain and, to a lesser extent, 
the B.1.351 strain, and significant increases in antigen-specific polyfunctional CD4 and 
CD8 T cells after the second dose. Booster vaccination stimulated a strikingly 
enhanced innate immune response compared to primary vaccination, evidenced by a 
greater: (i) frequency of CD14+CD16+ inflammatory monocytes; (ii) concentration of 
plasma IFN-g; (iii) transcriptional signature of innate antiviral immunity. Consistent 
with these observations, single-cell transcriptomics analysis demonstrated a 
~100-fold increase in the frequency of a myeloid cell cluster, enriched in 
interferon-response transcription factors (TFs) and reduced in AP-1 TFs, following 
secondary immunization. Finally, we identified distinct innate pathways associated 
with CD8 T cell and nAb responses, and show that a monocyte-related signature 
correlates with the nAb response against the B.1.351 variant strain. Collectively, these 
data provide insights into immune responses induced by mRNA vaccination and 
demonstrate its capacity to prime the innate immune system to mount a more potent 
response following booster immunization.

The Pfizer-BioNTech vaccine, BNT162b2, demonstrated 95% efficacy in 
preventing severe COVID-191. Although adaptive immunity to BNT162b2 
has been characterized in humans2,3, little is known about the innate 
immunity to this vaccine, or to any mRNA vaccine. Systems immunol-
ogy enables comprehensive characterization of cellular and molecular 
networks driving innate and adaptive immunity to vaccines and infec-
tions4–8. Here, we used systems tools to analyze immune responses in 56 
volunteers (Extended Data Table 1) who received two doses of BNT162b2 
(Extended Data Fig. 1a). More volunteers reported mild side-effects 
after secondary than primary vaccination (Extended Data Table 2).

 
Antibody and T cell responses
Primary vaccination induced binding antibody (bAb) and nAb 
responses in all but three individuals, which were boosted significantly 
after the secondary vaccination (Fig. 1a, b, Extended Data Fig. 1b - d). 
The nAb response reduced ~2-fold by day 90-120, the kinetics of which 
is comparable to the Moderna mRNA-1273 vaccine response9 (Fig. 1b, 
Extended Data Fig. 1c). There was no gender-associated difference in 
antibody responses; however, the nAb response inversely correlated 
with age (Extended Data Fig. 1e). Four participants with prior confirmed 
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SARS-CoV-2 infection did not have high baseline titers but three of 
them showed titers >30-fold in comparison to the geometric mean 
titers of uninfected individuals after the first dose, and did not increase 
further after the boost10 (filled black circles in Extended Data Fig. 1b, c). 
BNT162b2 vaccination also induced nAb response against the variant of 
concern, B.1.351, albeit at a 10-fold lower magnitude (Fig. 1c, Extended 
Data Fig. 1f), consistent with previous studies11. The cross-neutralization 
potential, calculated as a ratio of nAb responses between B.1.351 and 
WA1 strains, also showed a negative association with age (Extended Data 
Fig. 1g). Vaccination also stimulated Spike-specific T cell responses, 
more readily detectable 7 days after the secondary immunization 
(Fig. 1d, e, Extended Data Fig. 2a-e). Consistent with previous studies3, 
the CD4 T cell responses were primarily Th1-type although there was a 
low-level Th2 (IL-4) response (Extended Data Fig. 2b). IFN-γ and TNF-α 
were the dominant responses in CD8 T cells with three individuals with 
no known exposure to SARS-CoV-2 responding at baseline suggestive 
of CD8 T cells cross-reactive to related viruses as shown previously12 
(Extended Data Fig. 2d). There was no significant correlation between 
T cell responses and age or nAbs (Extended Data Fig. 2f-k).

Absence of autoantibodies or anti-cytokine antibodies
Multiple studies have demonstrated the presence of serum autoanti-
bodies13,14 and anti-cytokine antibodies (ACA)15 in SARS-CoV-2-infected 
individuals, and development of new-onset antibodies in a subset of 
hospitalized COVID-19 patients16. We screened sera of 31 vaccinees for 
IgG autoantibodies and ACA on days 0, 21, and 42 using a 55-plex anti-
gen and 58-plex cytokine arrays. We included sera of 17 patients with 
autoimmune and immunodeficiency disorders as positive controls. 
Five vaccinated subjects had preexisting autoantibodies (suggestive 
of autoimmune thyroiditis, primary biliary cirrhosis, or connective 
tissue disease), (Extended Data Fig. 3a). ACA were largely absent or 
were observed at low MFI with no significant changes (Extended Data 
Fig. 3b). Two subjects had anti-IL-21 autoantibodies, and two additional 
subjects had anti-IL-1 antibodies (Extended Data Fig. 4). Importantly, 
in subjects with pre-existing autoantibodies or ACA, none had adverse 
events, nor did levels of pre-existing autoantibodies or ACA change in 
response to vaccination.

Innate immune responses
We first assessed whole blood samples of 27 individuals using CyTOF 
(Cytometry by Time of Flight). Unsupervised clustering identified 14 
major cell types (Fig. 2a and Extended Data Fig. 5a, b) which were further 
subtyped manually (Extended Data Fig. 5c). The frequency of interme-
diate monocytes (CD14+CD16+ monocytes) increased significantly 2 
days post-primary vaccination, and were substantially higher 2 days  
post-secondary vaccination (Fig. 2b, Extended Data Fig. 5d and 6).  
In addition, there was enhanced levels of pSTAT3 and pSTAT1 in mul-
tiple cell types on day 1 after secondary vaccination, relative to day 
1 post-primary vaccination (Fig. 2c, d). These data suggested that 
BNT162b2 vaccination induced a heightened innate immune response 
following secondary immunization relative to primary immunization.

To further investigate this phenomenon, we measured plasma 
cytokines in 31 vaccinees using Olink. Of the 67 cytokines detected, 
concentration of two cytokines, IFN-γ and CXCL-10, were increased 
significantly on days 1 and 2 after primary vaccination (Fig. 2e, left 
panel). Similar to the observations on intermediate monocytes and 
pSTAT1/3, concentrations of these cytokines were increased even fur-
ther after the secondary immunization (Fig. 2e, right panel). IFN-γ 
increased 11.3-fold between day 1 and 22 (Fig. 2f). CXCL-10 peaked on 
day 2 suggesting a response driven by IFN-γ (Extended Data Fig. 7a). 
The anti-inflammatory cytokine IL-10 also showed a similar response 
although this trend did not reach statistical significance (Extended Data 
Fig. 7b). Concentration of IFN-α2 (type-I IFN) was modestly increased 

on day 1 and 2 post-vaccination but the responses were just over the 
assay limit of the highly sensitive Single-molecule array (16 fg/ml by 
SIMOA, Extended Data Fig. 7c, d). Furthermore, there was a correlation 
between plasma IFN-γ levels and pSTAT1/3 expression levels across 
several cell types (Fig. 2g, h and Extended Data Fig. 7e). Collectively, 
these data demonstrate that vaccination with BNT162b2 stimulates 
modest innate immune responses after primary immunization, which 
increase strikingly after the secondary immunization.

Transcriptional signatures of vaccination
Next, we performed bulk mRNA sequencing of whole blood from 31 
participants. Six of 185 samples did not pass quality control (QC) and 
were removed from the analysis (Extended Data Fig. 8a, b). Second-
ary vaccination generated a greater transcriptional response, as was 
seen in a recent study of adjuvanted Hepatitis-B vaccine17, with nearly 
a 4-fold increase of DEGs at day 22 compared to day 1 (Fig. 3a), consist-
ent with the increased markers of innate immunity detected by both 
CyTOF and Olink (Fig. 2). Both doses of BNT162b2 stimulated antivi-
ral and interferon response modules following gene-set enrichment 
analysis (GSEA)18 (Fig. 3b). However, the booster immunization led 
to a significantly broader innate response. In addition to induction of 
antiviral pathways, secondary vaccination led to increases in dendritic 
cell (DC) activation and upregulation of TLR-signaling, monocyte, and 
neutrophil modules on days 22-23 (Fig. 3b, Extended Data Fig. 8c, d). 
The results were consistent regardless of the baseline timepoint used 
(Extended Data Fig. 8e, f, and Supplementary Table 1).

As mortality to COVID-19 is highest among the elderly, and older pop-
ulations are known to mount suboptimal responses to many vaccines19, 
we examined if there were age-associated differences in response to 
mRNA vaccination. On day 22, younger participants tended to have 
greater changes in monocyte and inflammatory modules, whereas older 
subjects had increased expression of B and T cell modules (Extended 
Data Fig. 8g). Given that the plasma IFN-γ response was significantly 
higher following secondary vaccination, we asked whether there was 
an association between IFN-γ and the elevated innate responses fol-
lowing the boost. Both interferon and inflammatory modules were 
significantly enriched by GSEA when using genes ranked by correla-
tion with IFN-γ on day 22 (Fig. 3c). The average fold changes of these 
modules also correlated with IFN-γ (Extended Data Fig. 8h, i), suggest-
ing that IFN-γ may play a role in driving enhanced innate and antiviral 
responses post-boost.

Single-cell transcriptional response
Bulk transcriptomics analyses reflects changes in cell composition 
as well as alterations in transcriptional activity within cells. We per-
formed cellular indexing of transcriptomes and epitopes by sequenc-
ing (CITE-seq) of 45 PBMC samples from 6 individuals (Extended Data 
Fig. 1a) to dissociate these two effects and to examine transcriptional 
changes at single-cell level. We enriched DCs and mixed with total 
PBMCs at a ratio of 1:2 to capture minor DC subsets sufficiently4. After 
QC, we obtained 242,479 high-quality transcriptomes which segregated 
into 18 cell clusters (Fig. 4a, Extended Data Fig. 9a-c). Strikingly, the 
cluster C8, expressing CD14, VNN, CD1C, FCGRIA, and CD274 emerged on 
day 22, 1-day after secondary vaccination (Fig. 4b). These cells uniquely 
expressed interferon-stimulated genes (ISGs) including WARS, GBP1, 
IFI30 and IFITM3 (Extended Data Fig. 9d) and constituted ~0.01% of 
the Lin- HLA-DR+ population on day 1 after primary vaccination but 
increased almost 100-fold to ~1% one day after secondary vaccination 
(Fig. 4c). Iterative removal of each cluster from a pseudobulk score 
showed that C8 contributed to increased interferon as well as monocyte 
BTMs observed in the bulk transcriptomics data on day 22 (Extended 
Data Fig. 9e). To examine if these cells uniquely emerge in response to 
mRNA vaccination, or are they seen in natural SARS-CoV-2 infection 
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because they expressed CD14, CD1c and CD274 known to be expressed 
by myeloid-derived suppressor cells (MDSCs)4,20–22, we combined and 
analyzed innate immune cells (myeloid cells and pDCs) from this study 
with two previous studies4,23 after batch correction using Harmony24. 
Well-annotated cell types such as monocytes and DCs overlapped 
between the datasets, but the C8 was non-overlapping (Extended 
Data Fig. 10a, b). The cluster closest to C8 was IFN-experienced CD14+ 
monocytes we previously defined in COVID-19 patients (Extended Data 
Fig. 10b). While the partial overlap was due to expression of ISGs in both 
clusters, the C8 expressed higher levels of HLA-DR and other activation 
molecules and lower levels of S100 genes known to be expressed in 
MDSCs induced in COVID-19 patients (Extended Data Fig. 10c). These 
data suggest that the cluster C8 is not present in COVID-19 infection, 
and are not MDSCs.

To further delineate the cellular composition of C8, we re-embedded 
C8 with UMAP using participant-corrected PCAs. Using Louvain com-
munity detection, we resolved seven distinct clusters within the original 
C8 cluster (Fig. 4d). C8 was a heterogeneous mix of classical mono-
cytes (C8_0, C8_1 and C8_3), cDC2 (C8_2) and intermediate monocytes 
(C8_4) as evidenced by proximity to the original clusters calculated 
by Euclidean distance (Fig. 4e and Extended Data Fig. 10d - f). We 
analyzed two sub clusters, C8_1 and C8_2, closer to CD14+ monocytes 
and cDC2, respectively. In addition to expressing significantly higher 
ISGs compared to their parent clusters, they had a reduced expres-
sion of AP-1 transcription factors FOS and JUN (Fig. 4f). Wimmers et al. 
recently described an epigenetically-remodeled monocyte population 
enriched in humans 21 days post-vaccination with two doses of H5N1/
AS03. These monocytes demonstrated an enhanced chromatin acces-
sibility of ISGs and reduced accessibility of AP-1 transcription factors 
(TFs), and importantly, showed heightened resistance to infection with 
blood-borne viruses25. We asked if C8 represents an analogous cell type 
at the transcriptional level. Indeed, C8 had a relatively higher expres-
sion of IRF1, STAT1, STAT2, STAT3, IRF8 and reduced levels of FOS, JUNB, 
JUND and ATF3, the same TFs that defined the monocyte population 
in our previous study (Fig. 4g). We confirmed this using an extended 
set of genes for which the chromatin accessibility profile was higher 
21 days after H5N1/AS03 vaccination (Fig. 4h). Notably, the emergence 
of C8 correlated with plasma IFN-γ levels (Extended Data Fig. 10g, h). 
In vitro stimulation of purified healthy monocytes with IFN-γ or day 22 
plasma also induced a C8 signature suggesting that IFN-γ plays a key 
role in inducing cluster C8 (Extended Data Fig. 10i, j).

In addition to the emergence of C8, CITE-seq analysis demonstrated 
that the IFN signature was broadly induced across cell types on day 1 
and day 22, and the higher magnitude of response on day 22 was more 
evident (Fig. 4i). Furthermore, there was activation of NK cells on day 
22, as observed by downregulation of NK-cell associated gene modules, 
and upregulation of AP-1 transcription factors26 on day 22 (Extended 
Data Fig. 10k, l).

Comparison of transcriptional responses with other 
vaccines
As mRNA vaccines have only recently received approval for use in 
humans, the degree to which these vaccines induce similar or distinct 
immune responses compared to other vaccine types such as inacti-
vated or live-attenuated vaccines, is unknown. To address this, we per-
formed a comparative analysis of a set of published vaccine trials with 
BNT162b2 (Extended Data Table. 3) by generating similarity matrices 
through pairwise correlations of mean gene fold changes between vac-
cines at days 1 and 7 post-vaccination. While the day 1 response to the 
first dose of BNT162b2 showed little overlap with other vaccines, the 
response at day 1 following boost was broadly similar to the response 
induced by vaccination with adjuvanted vaccines (H5N1+AS03), live 
viral vectors (Ebola and HIV), or inactivated influenza (which stimu-
lates a recall response) (Extended Data Fig. 11a). At the BTM-level, the 

shared signature consisted of robust innate immunity modules includ-
ing interferon-signaling, DC activation and inflammatory responses 
(Fig. 4). Meanwhile, day 7 responses to both the prime and boost doses 
of BNT162b2 exhibited weak correlation both between themselves and 
with other vaccines (Extended Data Fig. 11b), with cell cycle-related 
transcriptional modules after prime being the signature shared with 
many vaccines (Extended Data Fig. 11c). With most vaccines, however, 
this cell cycle signature is also associated with upregulation of B and 
plasma cell modules, reflecting the expansion of antibody-secreting 
cells18,27. This induction of B and plasma cell modules was absent in 
BNT162b2 (Extended Data Fig. 11d, e). Given that BNT162b2 success-
fully promoted a robust antibody response (Fig. 1), the lack of detect-
able plasma cell or B cell signature on day 7, particularly post-boost, 
was surprising. Consistent with this, we observed <2-fold increase in 
plasmablast responses by CyTOF (Extended Data Fig. 11f), in contrast 
to seasonal flu and other vaccines which induce higher frequency of 
plasmablasts27.

Transcriptional correlates of adaptive immunity
As cellular and humoral immunity are the chief functional components 
mediating protection from infection, we used GSEA to identify early 
transcriptional responses correlated with day 42 nAb or day 28 CD8+ 
IFN-γ+ T cell responses. On day 22 (1-day post-boost), monocyte-related 
modules correlated with nAb responses whereas interferon and antivi-
ral signatures were associated with the CD8 T cell response (Extended 
Data Fig. 12a, b). The emergence of SARS-CoV-2 variants pose a serious 
challenge for the success of ongoing vaccination efforts. We asked if 
there are early transcriptional correlates of the cross-neutralization 
potential induced by BNT162b2. We defined cross-neutralization 
index, a ratio of variant to WA1 nAb titers, and using GSEA, found that 
monocyte and inflammatory modules were highly associated with 
cross-neutralization index (Extended Data Fig. 12c). Additionally, the 
peak frequency of classical monocytes at 2 days post-boost correlated 
with cross-neutralization index (Extended Data Fig. 12d, e). Consistent 
with this, a gene score that defines C3, the classical monocyte cluster in 
the CITE-seq data, also correlated with cross-neutralization (Extended 
Data Fig. 12f) Fig. 5.

Discussion
Our study represents the first systems-level analysis of innate and adap-
tive immunity to an mRNA vaccine. In contrast to the dysregulated 
innate immune responses to SARS-CoV-2 infection4,20,28,29, BNT162b2 
vaccination stimulated antiviral immunity with little type I IFN response 
after the first dose, but a strikingly enhanced innate response following 
the secondary immunization. The cluster C8 defined by single-cell tran-
scriptional profiling is a mixture of heterologous myeloid cells uniquely 
induced by mRNA vaccination and are distinct from IFN-experienced 
HLA-DRlo myeloid cells observed in natural infection4,20. Our recent 
study reveals that vaccination with H5N1+AS03 induces a similar tran-
scriptional signature (enriched ISGs and diminished AP-1 TF expres-
sion) in monocytes and myeloid DCs25. In that study, vaccination was 
observed to induce epigenetic reprogramming of such myeloid cells, 
leading to enhanced resistance against heterologous viruses such as 
Dengue and Zika, even several weeks later25. In the case of BNT162b2, 
whether epigenetic reprogramming underlies the enhanced ISG 
response in C8 following secondary immunization, and whether this 
confers enhanced resistance to viruses remains an open question. 
Alternatively, it is conceivable that the enhanced myeloid cell response 
following secondary immunization reflects the response of such cells 
to a systemic cytokine response. Consistent with this, plasma IFN-γ 
concentration was significantly higher one day following second-
ary immunization and associated with the emergence of C8. Thus, 
these data provide a model in which a “cytokine feedback” regulates 
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the enhanced innate immune responses to secondary vaccination 
(Extended Data Fig. 10h – j). Whether or not T cells provide this feed-
back warrants further investigation, but we did not detect IFN-γ within 
PBMCs (Data not shown). NK cells, tissue-resident T cells or innate 
lymphoid cells at the site of vaccination or draining lymphoid tissues 
could be potential sources of circulating IFN-γ. This model does not 
preclude complementary mechanisms such as persistent epigenetic 
changes mentioned above25,30. Finally, our analysis of transcriptional 
signatures of BNT162b2 vaccination relative to those induced by six 
other vaccines provides a useful benchmark to assess human immunity 
to mRNA vaccination in the broader context of immune responses to 
an array of other vaccines.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-021-03791-x.

1. Polack, F. P. et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N Engl J 
Med 383, 2603-2615, https://doi.org/10.1056/NEJMoa2034577 (2020).

2. Mulligan, M. J. et al. Phase I/II study of COVID-19 RNA vaccine BNT162b1 in adults. Nature 
586, 589-593, https://doi.org/10.1038/s41586-020-2639-4 (2020).

3. Sahin, U. et al. COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T-cell 
responses. Nature, https://doi.org/10.1038/s41586-020-2814-7 (2020).

4. Arunachalam, P. S. et al. Systems biological assessment of immunity to mild versus 
severe COVID-19 infection in humans. Science 369, 1210-1220, https://doi.org/10.1126/
science.abc6261 (2020).

5. Nakaya, H. I. et al. Systems biology of vaccination for seasonal influenza in humans.  
Nat Immunol 12, 786-795, https://doi.org/10.1038/ni.2067 (2011).

6. Querec, T. D. et al. Systems biology approach predicts immunogenicity of the yellow 
fever vaccine in humans. Nat Immunol 10, 116-125, https://doi.org/10.1038/ni.1688 (2009).

7. Gaucher, D. et al. Yellow fever vaccine induces integrated multilineage and 
polyfunctional immune responses. J Exp Med 205, 3119-3131, https://doi.org/10.1084/
jem.20082292 (2008).

8. Tsang, J. S. et al. Global analyses of human immune variation reveal baseline predictors of 
postvaccination responses. Cell 157, 499-513, https://doi.org/10.1016/j.cell.2014.03.031 
(2014).

9. Doria-Rose, N. et al. Antibody Persistence through 6 Months after the Second Dose of 
mRNA-1273 Vaccine for Covid-19. N Engl J Med, https://doi.org/10.1056/NEJMc2103916 
(2021).

10. Samanovic, M. I. et al. Poor antigen-specific responses to the second BNT162b2 mRNA 
vaccine dose in SARS-CoV-2-experienced individuals. medRxiv, https://doi.
org/10.1101/2021.02.07.21251311 (2021).

11. Liu, Y. et al. Neutralizing Activity of BNT162b2-Elicited Serum. N Engl J Med, https://doi.
org/10.1056/NEJMc2102017 (2021).

12. Sette, A. & Crotty, S. Pre-existing immunity to SARS-CoV-2: the knowns and unknowns. 
Nat Rev Immunol 20, 457-458, https://doi.org/10.1038/s41577-020-0389-z (2020).

13. Woodruff, M. C., Ramonell, R. P., Lee, F. E. & Sanz, I. Broadly-targeted autoreactivity is 
common in severe SARS-CoV-2 Infection. medRxiv, https://doi.
org/10.1101/2020.10.21.20216192 (2020).

14. Zuo, Y. et al. Prothrombotic autoantibodies in serum from patients hospitalized with 
COVID-19. Sci Transl Med 12, https://doi.org/10.1126/scitranslmed.abd3876 (2020).

15. Wang, E. Y. et al. Diverse Functional Autoantibodies in Patients with COVID-19. medRxiv, 
2020.2012.2010.20247205, https://doi.org/10.1101/2020.12.10.20247205 (2020).

16. Chang, S. E. et al. New-Onset IgG Autoantibodies in Hospitalized Patients with COVID-19. 
medRxiv, https://doi.org/10.1101/2021.01.27.21250559 (2021).

17. De Mot, L. et al. Transcriptional profiles of adjuvanted hepatitis B vaccines display 
variable interindividual homogeneity but a shared core signature. Sci Transl Med 12, 
https://doi.org/10.1126/scitranslmed.aay8618 (2020).

18. Li, S. et al. Molecular signatures of antibody responses derived from a systems biology 
study of five human vaccines. Nat Immunol 15, 195-204, https://doi.org/10.1038/ni.2789 
(2014).

19. Boraschi, D. & Italiani, P. Immunosenescence and vaccine failure in the elderly: strategies 
for improving response. Immunol Lett 162, 346-353, https://doi.org/10.1016/j.
imlet.2014.06.006 (2014).

20. Schulte-Schrepping, J. et al. Severe COVID-19 Is Marked by a Dysregulated Myeloid Cell 
Compartment. Cell 182, 1419-1440 e1423, https://doi.org/10.1016/j.cell.2020.08.001 (2020).

21. Wilk, A. J. et al. A single-cell atlas of the peripheral immune response in patients with 
severe COVID-19. Nat Med, https://doi.org/10.1038/s41591-020-0944-y (2020).

22. Bakdash, G. et al. Expansion of a BDCA1+CD14+ Myeloid Cell Population in Melanoma 
Patients May Attenuate the Efficacy of Dendritic Cell Vaccines. Cancer Res 76,  
4332-4346, https://doi.org/10.1158/0008-5472.CAN-15-1695 (2016).

23. Stephenson, E. et al. Single-cell multi-omics analysis of the immune response in 
COVID-19. Nat Med 27, 904-916, https://doi.org/10.1038/s41591-021-01329-2 (2021).

24. Korsunsky, I. et al. Fast, sensitive and accurate integration of single-cell data with 
Harmony. Nat Methods 16, 1289-1296, https://doi.org/10.1038/s41592-019-0619-0 (2019).

25. Wimmers, F. et al. Single-cell analysis of the epigenomic and transcriptional landscape of 
innate immunity to seasonal and adjuvanted pandemic influenza vaccination in humans. 
Cell 184, 21 (2021).

26. Ponti, C. et al. Role of CREB transcription factor in c-fos activation in natural killer cells. 
Eur J Immunol 32, 3358-3365, 10.1002/1521-4141(200212)32:12<3358::AID-IMMU3358> 
3.0.CO;2-Q (2002).

27. Nakaya, H. I. et al. Systems Analysis of Immunity to Influenza Vaccination across Multiple 
Years and in Diverse Populations Reveals Shared Molecular Signatures. Immunity 43, 
1186-1198, https://doi.org/10.1016/j.immuni.2015.11.012 (2015).

28. Hadjadj, J. et al. Impaired type I interferon activity and inflammatory responses in severe 
COVID-19 patients. Science, https://doi.org/10.1126/science.abc6027 (2020).

29. Mathew, D. et al. Deep immune profiling of COVID-19 patients reveals distinct 
immunotypes with therapeutic implications. Science, https://doi.org/10.1126/science.
abc8511 (2020).

30. Dominguez-Andres, J. & Netea, M. G. The specifics of innate immune memory. Science 
368, 1052-1053, https://doi.org/10.1126/science.abc2660 (2020).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021

4 | Nature | www.nature.com

Article

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

https://doi.org/10.1038/s41586-021-03791-x
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1038/s41586-020-2639-4
https://doi.org/10.1038/s41586-020-2814-7
https://doi.org/10.1126/science.abc6261
https://doi.org/10.1126/science.abc6261
https://doi.org/10.1038/ni.2067
https://doi.org/10.1038/ni.1688
https://doi.org/10.1084/jem.20082292
https://doi.org/10.1084/jem.20082292
https://doi.org/10.1016/j.cell.2014.03.031
https://doi.org/10.1056/NEJMc2103916
https://doi.org/10.1101/2021.02.07.21251311
https://doi.org/10.1101/2021.02.07.21251311
https://doi.org/10.1056/NEJMc2102017
https://doi.org/10.1056/NEJMc2102017
https://doi.org/10.1038/s41577-020-0389-z
https://doi.org/10.1101/2020.10.21.20216192
https://doi.org/10.1101/2020.10.21.20216192
https://doi.org/10.1126/scitranslmed.abd3876
https://doi.org/10.1101/2020.12.10.20247205
https://doi.org/10.1101/2021.01.27.21250559
https://doi.org/10.1126/scitranslmed.aay8618
https://doi.org/10.1038/ni.2789
https://doi.org/10.1016/j.imlet.2014.06.006
https://doi.org/10.1016/j.imlet.2014.06.006
https://doi.org/10.1016/j.cell.2020.08.001
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1158/0008-5472.CAN-15-1695
https://doi.org/10.1038/s41591-021-01329-2
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1016/j.immuni.2015.11.012
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc2660


Fig. 1 | BNT162b2 vaccination induces robust antibody and T cell responses. 
a - b, Serum anti-S IgG titers (a) and live-virus nAb titers (b) measured by ELISA 
and FRNT assays, respectively. c, Live-virus nAb response against the wild-type 
(WA1) or B.1.351 variant measured in day 42 sera. d, e, Spike-specific CD4 (d) 
and CD8 (f) T cell IFN-γ response in blood. Each dot represents a participant  

(N = 56 for a-c and 38 d-e). Statistical differences were calculated using two-sided  
Wilcoxon matched-pairs signed-rank test (*p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001). Boxes show median, 25th and 75th percentiles and whiskers 
show the range.
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Fig. 2 | Innate immune responses induced by BNT162b2 vaccination.  
a, CyTOF-identified cell clusters visualized by UMAP. b, Frequency of 
inflammatory monocytes (CD14+CD16+ monocytes) as a proportion of live 
CD45+ cells. Boxes show median, 25th and 75th percentiles and whiskers show 
the range. c, Heatmap representing fold change (FC) of pSTAT3 and pSTAT1 
levels in comparison to baseline in cell types indicated on Y-axis. Only 
statistically significant changes between the increase on day 1 after primary, 
and day 1 after secondary immunizations, as measured using two-sided 
Mann-Whitney rank-sum test (p < 0.05), were plotted. d, FC in pSTAT3 levels on 
days 1 and 22, compared to primary and secondary baselines, respectively.  
e, Volcano plots showing plasma cytokines significantly increased after 
primary (left panel) and secondary (right panel) vaccinations. f, Plasma IFN-γ 

levels measured by Olink. g, Heatmap representation of two-sided Spearman’s 
correlation between increase in plasma IFN-γ and pSTAT3 or pSTAT1 levels in 
different cell types, shown on the Y-axis, on day 1 post-secondary vaccination. 
The p-values were corrected for multiple testing. h, Spearman’s correlation 
between pSTAT3 levels in CD4 T cells and plasma IFN-γ levels. The error bands 
represent 95% confidence limits. In b and f, statistical difference between the 
peak and baseline time points were measured using two-sided Wilcoxon 
matched-pairs signed-rank test. The difference between peak time points were 
measuring using two-sided Mann-Whitney rank-sum test (*p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001). Blue and red dots indicate female and male 
participants, respectively. N = 27 and 31 participants for CyTOF and Olink.
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Fig. 3 | Transcriptional signatures of BNT162b2 vaccination. a, Number of 
genes differentially expressed (absolute log2 FC>0.2 and Wald p<0.01) at each 
timepoint. b, Interferon and innate BTMs that were significantly enriched (false 
discovery rate [FDR]< 0.05, absolute normalized enrichment score [NES]>2) 
after vaccination. Days 1, 2, and 7 were compared against day 0; days 22, 23, and 

28 were compared against day 21 in a and b. c, BTMs on day 22 that were 
significantly associated with plasma IFN-γ. GSEA was used to identify 
enrichment of BTMs within gene lists ranked by correlation with IFN-γ day 
22/21-fold change.
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Fig. 4 | Single-cell transcriptional response to BNT162b2 vaccination.  
a, UMAP representation of cell types identified by single-cell transcriptional 
profiling. b, Feature plots across time points showing cluster C8 in red.  
c, Frequency of C8 as a proportion of Lin- HLA-DR+ cell clusters (C3, C4, C7, C8, 
C11 and C13). Each dot/line represents an individual. Blue and red indicate 
female and male participants. d, UMAP representation of subclusters within C8 
resolved using Louvain clustering. e, Heatmap showing Euclidean distance 
between C8 subclusters and the rest of the cell types identified by single-cell 
profiling. f, DEGs determined between C8_2 or C8_1 and their closest cell 
clusters ranked by FC between C8 and their parental clusters are plotted. Genes 

in red, green, and blue fonts represent genes upregulated, unchanged or 
downregulated in C8 subcluster compared to its closest parental cluster.  
g, Heatmap showing scaled expression of key interferon-response and AP-1 
TFs. h, Heatmap showing an extended set of genes from Wimmers, et al.25 that 
showed enhanced accessibility on day 42 following H5N1/AS03 vaccination.  
i, Significantly enriched interferon BTMs (false discovery rate [FDR]< 0.05, 
absolute normalized enrichment score [NES]> 2) across clusters over time. 
Days 1 and 7 were compared against day 0; days 22 and 28 were compared 
against day 21.
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Fig. 5 | Comparison of transcriptional responses with other vaccines. Circos 
plot of the overlap across vaccines in BTMs enriched on day 1. GSEA was 
performed on genes ranked by day 1 versus baseline t-statistic in each vaccine. 
Each segment of the circle represents one vaccine, and each point in a segment 
represents a single BTM. Bars in outer circle represent the NES of significantly 
enriched BTMs (FDR<0.05). Lines connect BTMs with a significant positive 
enrichment shared between vaccines. Inner circle boxes and line colors 
represent the functional groups of the BTMs.
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Methods

Human subjects and experimentation
Fifty-six healthy volunteers were recruited for the study under informed 
consent. The study was approved by Stanford University Institutional 
Review Board (IRB 8269) and was conducted within full compliance 
of Good Clinical Practice as per the Code of Federal Regulations. The 
demographics of all participants were provided in Extended Data 
Table 1.

Anti-S binding ELISA
SARS-CoV-2 Spike protein was purchased from Sino Biologicals. 96-well 
high binding plates were coated with 100 ng of S protein diluted at a 
concentration of 2 μg/ml in PBS. Next morning, the plates were washed 
once, blocked with 3% non-fat milk in PBS containing 0.1% Tween 20 
(PBST) for 1 h at room temperature. Sera samples serially diluted in 1% 
non-fat milk containing PBST was added to the plates and incubated at 
37 °C for 1 h. The plates were washed 3X with PBST, horseradish peroxi-
dase conjugated goat anti-monkey IgG (γ-chain specific, Alpha Diagnos-
tics, 1:4,000 dilution), in PBS-T containing 1% non-fat milk was added 
and incubated for 1 hour at RT. Wells were washed 3x with PBST before 
addition of 3,3',5,5'-Tetramethylbenzidine (TMB) substrate solution. 
The reaction was stopped after 12 minutes by addition of 0.16 M sulfuric 
or 1 M hydrochloric acid. The optical density (OD) at 450 nanometers 
was measured with a Biorad microplate reader.

Focus Reduction Neutralization Titer assay
Neutralization assays with authentic SARS-CoV-2 virus were performed 
as previously described31. Sera samples were serially diluted (three-fold) 
in serum-free Dulbecco’s modified Eagle’s medium (DMEM) in dupli-
cate wells and incubated with 100–200 FFU infectious clone derived 
SARS-CoV-2-mNG virus32 at 37 °C for 1 h. The Ab-virus mixture was 
added to VeroE6 cell (C1008, ATCC, #CRL-1586) monolayers seeded in 
96-well blackout plates and incubated at 37 °C for 1 h. Post-incubation, 
the inoculum was removed and replaced with pre-warmed complete 
DMEM containing 0.85% methylcellulose. Plates were incubated at 37 °C 
for 24 h. After 24 h, methylcellulose overlay was removed, cells were 
washed twice with PBS and fixed with 2% paraformaldehyde in PBS for 
30 min at room temperature. Following fixation, plates were washed 
twice with PBS and foci were visualized on a fluorescence ELISPOT 
reader (CTL ImmunoSpot S6 Universal Analyzer) and enumerated 
using Viridot33. The neutralization titers were calculated as follows: 
1 - (ratio of the mean number of foci in the presence of sera and foci 
at the highest dilution of respective sera sample). Each specimen was 
tested in two independent assays performed at different times. The 
FRNT-mNG50 titers were interpolated using a 4-parameter nonlinear 
regression in GraphPad Prism 8.4.3. Samples with an FRNT-mNG50 value 
that was below the limit of detection were plotted at 10. For these sam-
ples, this value was used in fold reduction calculations.

Focus Reduction Neutralization Titer assay against the variants 
of concern
The wildtype infectious clone SARS-CoV-2 (icSARS-CoV-2), derived 
from the 2019-nCoV/USA_WA1/2020 strain, was propagated in VeroE6 
cells (ATCC) and sequenced32. The RSA B.1.351 variant was isolated as 
previously described34. Our laboratory plaque-isolated the virus on 
VeroE6 cells followed by a single round of propagation on VeroE6 cells 
(MOI 0.05), aliquoted to generate a working stock and sequenced. Viral 
titers were determined by focus-forming assay on VeroE6 cells. Viral 
stocks were stored at -80 °C until use.

FRNT assays were performed as previously described for the WT 
FRNT assay. The assay with each variant was performed simultane-
ously with WT controls. The samples were diluted at 3-fold in 8 serial 
dilutions using DMEM in duplicates with an initial dilution of 1:10 in 
a total volume of 60 μl. Serially diluted samples were incubated with 

an equal volume of SARS-CoV-2, WT or the variant, (100-200 foci per 
well) at 37 °C for 1 hour in a round-bottomed 96-well culture plate. 
The Ab-virus mixture was then added to Vero cells and incubated at 
37 °C for 1 hour. Post-incubation, the Ab-virus mixture was removed 
and 100 μl of prewarmed 0.85% overlay was added to each well. Plates 
were incubated at 37 °C for 24 hours. After 24 hours, methylcellulose 
overlay was removed, and cells were washed three times with PBS. Cells 
were then fixed with 2% paraformaldehyde in PBS (Electron Microscopy 
Sciences) for 30 minutes. Following fixation, plates were washed twice 
with PBS and 100 μl of permeabilization buffer (0.1% BSA, Saponin in 
PBS), was added to the fixed Vero cells for 20 minutes. Cells were incu-
bated with an anti-SARS-CoV spike primary Ab directly conjugated to 
biotin (CR3022-biotin) for 1 hour at room temperature. Next, the cells 
were washed three times in PBS and avidin-HRP was added for 1 hour at 
room temperature followed by three washes in PBS. Foci were visual-
ized using TrueBlue HRP substrate (KPL, # 5510-0050) and imaged on 
an ELISPOT reader (CTL).

Intracellular cytokine staining assay
Antigen-specific T cell responses were measured using the ICS assay 
as described previously35. Live frozen PBMCs were revived, counted, 
and resuspended at a density of 2 million live cells/ml in complete RPMI 
(RPMI supplemented with 10% FBS and antibiotics). The cells were 
rested overnight at 37 °C in CO2 incubator. Next morning, the cells were 
counted again, resuspended at a density of 15 million/ml in complete 
RPMI and 100 μl of cell suspension containing 1.5 million cells was added 
to each well of a 96-well round-bottomed tissue culture plate. Each sam-
ple was treated with two conditions, no stimulation, and a peptide pool 
spanning the S protein at a concentration of 1 μg/ml of each peptide in 
the presence of 1 μg/ml of anti-CD28 (clone CD28.2, BD Biosciences) 
and anti-CD49d (clone 9F10, BD Biosciences) as well as anti-CXCR3 and 
anti-CXCR5. The peptides were custom synthesized to 90% purity using 
GenScript, a commercial vendor. All samples contained 0.5% v/v DMSO 
in total volume of 200 μl per well. The samples were incubated at 37 °C 
in CO2 incubators for 2 h before addition of 10 μg/ml Brefeldin-A. The 
cells were incubated for an additional 4 h. The cells were washed with 
PBS and stained with Zombie UV fixable viability dye (Biolegend). The 
cells were washed with PBS containing 5% FCS, before the addition of 
surface Ab cocktail. The cells were stained for 20 min at 4 °C in 100 μl 
volume. Subsequently, the cells were washed, fixed and permeabi-
lized with cytofix/cytoperm buffer (BD Biosciences) for 20 minutes. 
The permeabilized cells were stained with ICS antibodies for 20 min 
at room temperature in 1X-perm/wash buffer (BD Biosciences). Cells 
were then washed twice with perm/wash buffer and once with staining 
buffer before acquisition using the BD Symphony Flow Cytometer and 
the associated BD FACS Diva software. All flow cytometry data were 
analyzed using Flowjo software v10 (TreeStar Inc.).

Bead-based antigen arrays
We used an existing bead-based autoantigen array, and a cytokine 
array with expanded content that was based on our recent COVID-19 
studies16. A complete list of all antigens, vendors, and catalogue num-
bers can be found in Supplementary Tables 2 and 3. The “COVID-19 
Autoantigen Array” included 55 commercial protein antigens associated 
with connective tissue diseases (CTDs) (Supplementary Table 2). The 
“COVID-19 Cytokine Array” comprised 58 proteins including cytokines, 
chemokines, growth factors, acute phase proteins, and cell surface pro-
teins (Supplementary Table 3). Antigens were coupled to carboxylated 
magnetic beads (MagPlex-C, Luminex Corp.) such that each antigen was 
linked to beads with unique barcodes, as previously described16,36,37. 
Prototype human plasma samples derived from participants with 
autoimmune diseases with known reactivity patterns were purchased 
from ImmunoVision or were obtained from Stanford rheumatology 
clinics and had been characterized previously16. APS-1, PAP, or AMI 
serum samples were used for validation of ACA16. Serum samples were 
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tested at 1:100 dilution in 0.05% PBS-Tween supplemented with 1% 
(w/v) bovine serum albumin (BSA). Bound antibody was detected using 
R-phycoerythrin (R-PE) conjugated Fcγ-specific goat anti-human IgG 
F(ab')2 fragment ( Jackson ImmunoResearch) prior to analysis using a 
FlexMap3DTM instrument (Luminex Corp.). A minimum of 100 events 
per bead ID were counted, and samples were studied in duplicate. Bind-
ing events were displayed as Mean Fluorescence Intensity (MFI). All 
data analysis and statistics were performed using R and various R pack-
ages38. For normalization, average MFI values for “bare bead” IDs were 
subtracted from average MFI values for antigen-conjugated bead IDs.

CyTOF analysis of whole blood samples
Fresh whole blood samples collected in sodium citrate cell prepara-
tion tubes (CPT) were fixed in proteomic stabilizer buffer. 270 μl of 
whole blood samples were mixed with 420 μl of smart buffer, mixed 
and incubated at room temperature for 12 min and frozen at -80 °C until 
processing. Fixed frozen cells were thawed by gentle resuspension in 
CSM (PBS supplemented with 2% BSA, 2 mM EDTA, and 0.1% sodium 
azide), washed twice with CSM and counted. Cells were permeabilized 
and barcoded using Cell-IDTM 20-Plex Pd Barcoding Kit (Fluidigm). 
The samples were washed with CSM, pooled, and counted. One pooled 
sample containing a mix of all barcoded PBMC samples were stained for 
30 min with surface antibody cocktail at room temperature. The sample 
was then fixed with 4% freshly prepared paraformaldehyde (Alfa Aesar) 
for 10 min at room temperature, washed with CSM, permeabilized 
with 100% methanol (Sigma) and kept at -80 °C overnight. Next day, 
the cells were washed with CSM, counted and stained with pre-titrated 
intracellular antibody cocktail for 30 min at room temperature. Cells 
were then washed with CSM, stained with iridium-containing DNA 
intercalator (Fluidigm), washed with MilliQ water and acquired on 
Helios mass cytometer (Fluidigm) in MilliQ water supplemented with 
1x EQ four element calibration beads (Fluidigm).

The FCS files were bead-normalized before data export. The data 
were processed for debarcoding in Flowjo software v10 (TreeStar Inc.). 
Briefly, the bead-normalized file was used to gate single cells based 
on DNA content and event length using FlowJo. The single cells were 
reimported and debarcoded using Helios software version 7.0.5189. The 
debarcoded samples were analyzed using FlowJo or R version 1.2.1335 
for downstream tSNE analysis and visualization.

CyTOF data analysis
High-dimensional analysis of phospho-CyTOF data was performed 
using an R based pipeline described in39. Briefly, the raw fcs files were 
imported into R and the data were transformed to normalize marker 
intensities using arcsinh with a cofactor of 5. For visualization, another 
transformation was applied that scales the expression of all values 
between 0 and 1 using percentiles as the boundary. Cell clustering was 
performed with 4,000 cells randomly selected from each sample using 
FlowSom and ConsensusClusterPlus. The transformed matrix was used 
as an input for FlowSom and cells were separated into 20 clusters. To 
obtain reproducible results (avoid random start), a seed was set for each 
clustering. The 20 clusters were manually annotated based on the line-
age marker expression and were merged to produce the final clusters. 
The clusters were visualized in two-dimensional space using UMAP. 
The abundance of cell populations was determined using Plotabun-
dance function. In parallel, the data were manually gated to identify 
25 immune cell subpopulations that were not well-distinguished in 
UMAP and used for all quantitation purposes.

Plasma protein profiling using multiplex Olink panel
We measured cytokines in plasma using Olink multiplex proximity exten-
sion assay (PEA) inflammation panel (Olink proteomics: www.olink.
com) according to the manufacturer’s instructions and as described 
before (41). The PEA is a dual-recognition immunoassay, where two 
matched antibodies labelled with unique DNA oligonucleotides 

simultaneously bind to a target protein in solution. This brings the 
two antibodies into proximity, allowing their DNA oligonucleotides 
to hybridize, serving as template for a DNA polymerase- dependent 
extension step. This creates a double-stranded DNA “barcode” which is 
unique for the specific antigen and quantitatively proportional to the 
initial concentration of target protein. The hybridization and extension 
are immediately followed by PCR amplification and the amplicon is 
then finally quantified by microfluidic qPCR using Fluidigm BioMark 
HD system (Fluidigm Corporation. South San Francisco, California).

Bulk Transcriptomics
RNA was isolated from blood samples stored in Paxgene tubes at the 
Yerkes Genomics Core (http://www.yerkes.emory.edu/nhp_genom-
ics_core/). RNA quality was assessed using an Agilent 4200 TapeStation 
and concentration via the RNA HS assay on the Qubit. Globin transcripts 
in blood RNA were blocked with the FastSelect Globin Reagent (Qiagen) 
prior to library preparation. Libraries were prepared using the Clontech 
SMART-Seq v4 Ultra Low Input RNA kit (Takara Bio) in combination with 
the NexteraXT DNA Library Preparation kit to append dual-indexed 
adapter sequences (Illumina). Libraries were validated by capillary 
electrophoresis on an Agilent 4200 TapeStation, pooled at equimolar 
concentrations, and sequenced on an Illumina NovaSeq6000 at 100SR, 
yielding 25-30 million reads per sample.

Bulk Transcriptomics analysis
Gene-level counts were filtered to remove those with a median expres-
sion less than 32. PCA was performed on baseline samples to identify 
outliers. Three samples were more than 1.5 standard deviations away 
from the mean and were removed from the analysis. RLE plots were 
generated with EDAseq40; samples with an RLE > 0.6 were removed from 
the analysis. Differential gene analysis was performed using DESeq241 
(v 1.26.0), incorporating participant id into the model to account 
for inter-participant bias. Genes were ranked by the Wald statistic as 
reported by DESeq2 for GSEA using the BTMs18. Per-participant fold 
changes were computed by dividing the DESeq2 normalized expres-
sion data for the day of interest by either day 0 (for day 1, day2, and 
day 7) or day 21 (for day 22, 28, and 42). The age of each participant 
was compared against the per-participant fold changes for day 22. The 
resulting correlation values were ranked by t-statistic and analyzed with 
GSEA using the BTMs to obtain the BTM correlates with age. The same 
method was employed to obtain BTM correlates with IFN-γ. IFN scores 
were computed by taking the per-participant mean fold change on day 
22 of the unique set of genes present in the 5 interferon BTMs (M75, 
M111.1, M150, M127 and M68) that significantly correlated with day 22 
IFN-γ fold change. Similarly, the per-participant M16 gene score was com-
puted using average fold change on day 22 of the genes present in M16.

Vaccine dataset meta-analysis
Datasets were obtained from GEO via the accession IDs in Supplemen-
tary Table 4. CEL files of all the samples belonging to the same trial were 
grouped and normalized in Bioconductor by RMA42, which includes 
global background adjustment and quantile normalization. Probes 
mapping to multiple genes were discarded, and the remaining probes 
were collapsed to gene level in each dataset by selecting the probe for 
each gene with the highest mean expression across all subjects in. The 
only non-microarray dataset was GSE97590, for which the normalized 
count matrix from GEO was used. Genes not present in all datasets 
were removed. Baseline normalized log2 fold changes were then com-
puted per subject for all genes. GSEA was then performed to identify 
enriched BTMs using gene lists for each dataset ranked by t-statistic from 
two-sided Student’s t-tests on the post-vaccination log2 fold changes.

CITE-seq
CITE-seq analysis of PBMCs were assayed exactly as described previ-
ously4. Briefly, live frozen PBMCs were thawed and 2x washed with RPMI 
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supplemented with 10% FBS and 20 μg/mL DNAse I (Sigma Aldrich). DCs 
were enriched using the Dynabeads TM DC Enrichment Kit (Invitrogen, 
11308D) according to manufacturer’s instructions with 3 – 4 million 
PBMCs as starting material. The enriched cells were mixed with total 
PBMCs at a ratio of 1:2 and mixed cells were stained with a cocktail of 
TotalSeq-A antibodies in PBS supplemented with 5% FBS, 2 mM EDTA, 
and 5 mg/mL human IgG, washed twice with PBS supplemented with 
5% FBS, and 2 mM EDTA, and resuspended in PBS supplemented with 
1% BSA (Miltenyi), and 0.5 U/μL RNase Inhibitor (Sigma Aldrich). About 
9,000 cells were targeted for each experiment.

Cells were mixed with the reverse transcription mix and subjected to 
partitioning along with the Chromium gel-beads using the 10X Chro-
mium system to generate the Gel-Bead in Emulsions (GEMs) using the 
3' V3 chemistry (10X Genomics, Pleasanton, CA). The RT reaction was 
conducted in the C1000 touch PCR instrument (BioRad). Barcoded 
cDNA was extracted from the GEMs by Post-GEM RT-cleanup and ampli-
fied for 12 cycles. Prior to amplification the cDNA amplification mix 
was spiked in with ADT additive primer (0.2 μM stock) to amplify the 
antibody barcodes. Amplified cDNA was subjected to 0.6x SPRI beads 
cleanup (Beckman, B23318). Amplified antibody barcodes were recov-
ered from the supernatant and were processed to generate TotalSeq-A 
libraries as instructed by the manufacturer (BioLegend, TotalSeq-A 
antibodies with 10x Single Cell 3' Reagent Kit v3 3.1 protocol). The rest 
of the amplified cDNA was subjected to enzymatic fragmentation, 
end-repair, A tailing, adapter ligation and 10X specific sample index-
ing as per manufacturer’s protocol. Libraries were quantified using 
Bioanalyzer (Agilent) analysis.

10x Genomics scRNA-Seq and TotalSeq-A libraries were pooled 
and sequenced on an Illumina HiSeq 4000 using the recommended 
sequencing read lengths of 28 bp (Read 1), 8 bp (i7IndexRead), and 
91bp (Read2). CellRangerv3.1.0 (10xGenomics) was used to demultiplex 
raw sequencing data and quantitate transcript levels against the 10x 
Genomics GRCh38 reference v3.0.0.

CITE-Seq analysis
10x Genomics scRNA-Seq and TotalSeq-A libraries were pooled and 
sequenced on a Novaseq S4. Cell Ranger v3.1.0 (10x Genomics) was 
used to quantitate transcript levels against the 10x Genomics GRCh38 
reference (v3.0.0.) Raw count data was filtered to remove cells with a 
mitochondrial RNA fraction greater than 20% of total RNA counts per 
cell, cells with fewer than 100 unique features, or cells with fewer than 
200 total reads. The filtered count matrix was used to create a Seurat43 
(v 3.1.4) object. Filtered read counts were scaled by a factor of 10,000 
and log transformed. The antibody-derived tag matrix was normalized 
per feature using center log normalization. Doublets were identified 
with scds44 (v 1.2.0); cells with a doublet score in the top decile were 
removed. The remaining 242,479 cells were processed with the default 
Seurat pipeline. Specifically, the most variable 2000 RNA features 
were used to perform PCA on the log-transformed counts. The first 
25 principal components were used further downstream analyses, 
including clustering and UMAP projections. Clusters were identified 
with Seurat SNN graph construction followed by Louvain community 
detection on the resultant graph with a resolution of 0.2, yielding 18 
clusters. Differential expression across timepoints was calculated with 
MAST45 (v 1.12.0) to account for inter-participant heterogeneity.

Pseudobulk profiles were constructed by taking the average expres-
sion across all cells in each participant, per day. When computing fold 
changes across timepoints, each participant’s pseudobulk profile was 
compared to their baseline profile to reduce participant-specific biases. 
To calculate the impact of removing a cluster, each cluster across all 
timepoints was iteratively removed and resulting fold-changes were 
recomputed.

C8 was re-embedded and reclustered with UMAP and Louvain com-
munity detection, respectively. Distances from each sub-cluster to the 
other clusters was calculated as the Euclidean distance between the 

average expression of all genes of each cluster. The Euclidean distances 
were calculated in the original data space as the reviewer indicated. 
In specific, the Euclidean distance was calculated using all genes as 
input to the dist function in R. The dist function calculates Euclidean 
distance d(x, y) as:

∑d x y y x( , ) = ( − )
i

n

i i
=1

2

Where x is the value for gene i in cluster A and y is the value for gene i 
in cluster B.

Complexheatmap (v. 2.2.0) was used for all heatmaps. All analysis 
was performed in R (v 3.6.3)

Combined analysis of single-cell RNAseq
Data from Stephenson, et al.23 was downloaded from https://covid19cel-
latlas.org/ as an h5ad file and converted to a Seurat object in R. Both the 
resulting Seurat object and the vaccine data were subsetted to include 
only myeloid cells and combined using Harmony. Similarly, the data 
from Arunachalam, et al.4 was integrated with the myeloid cells from 
the vaccine study using Harmony24. Lymphoid cells from Arunachalam 
et al. were removed after integration. For both integrations, UMAP was 
performed on the harmony-corrected embeddings.

Monocyte purification and stimulation
Monocytes were negatively enriched from healthy PBMCs using Dyna-
beads Untouched Human Monocyte kit (Invitrogen, Cat #11350D) fol-
lowing manufacturer’s instructions. Briefly, 50 million live PBMCs were 
stained with the antibody cocktail for 20 min at 4 °C. The cells were 
washed and mixed with 0.5 ml of premixed dynabeads. The samples 
were incubated in a hulamixer for 15 min at 4 °C. The tubes were placed 
on the magnet and the unbound fraction containing purified CD14+ 
monocytes was aspirated using a pipette. The purified monocytes were 
washed thoroughly and resuspended at a density of 5 million per ml for 
stimulation. The purity of monocytes was estimated by flow cytometry 
and was >95% in all the samples.

Monocytes (0.5 mi) were stimulated per condition in 96 w 
round-bottomed plate for 24 h in 100 μl complete RPMI. Different con-
centrations of IFN-g, as shown in Extended Data Fig. 7j, were added in 
100 μl complete RPMI. Day 0, 1 or 22 plasma samples were from the par-
ticipant 2055 with <10 pg/ml, <10/pg/ml and 300 pg/ml IFN-g, respec-
tively, as measured by ELISA. 50 μl of plasma samples were added to 
appropriate wells. 50 μl of complete medium was added to make up 
the volume to 0.2 ml in total. The plates were incubated at 37 °C, 5% 
CO2 cell culture incubators.

RNA isolation and qPCR
RNA was isolated using Aurum Total RNA minikit (Biorad, Cat #7326820) 
following manufacturer’s protocol. cDNA was synthesized using iScript 
Advanced cDNA synthesis kit (Biorad, Cat #1725038) using 150 ng total 
RNA in 20 μl volume. The cDNA samples were diluted 5-fold by adding 
80 μl sterile nuclease-free water and 5 μl of cDNA was used for PCR  
reaction. The PCRs were carried out using Biorad Prime PCR reagents 
and SYBR green chemistry (SsoAdvanced Universal SYBR Green Super-
mix (Cat #1725272) in Biorad CFX384 real-time PCR.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
CITE-seq and bulk RNA data are publicly accessible in the Gene Expres-
sion Omnibus under accession numbers GSE171964 and GSE169159, 
respectively. Source data are provided with this paper.
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Code availability
The codes used in the study are available in Github (https://github.com/
scottmk777/PfizerCovid). Some codes used for meta-analysis can be 
obtained upon reasonable request.
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Extended Data Fig. 1 | Antibody responses to BNT162b2 vaccination.  
a, A schematic representation of the study design and the number of 
participants used in various assays. b, c, Binding (b) and neutralizing (c) 
antibody responses to BNT162b2 vaccination in female and male participants 
(N=56). d, e, Correlation between binding antibody and nAb titers (d) and nAb 
responses and age (e). f, Neutralizing antibody response to B.1.351 variant of 
concern in female and male participants (N=30). g, Correlation between age 
and cross-neutralization index, defined as the ratio of neutralizing antibody 

response to WA1 vs. B.1.351 strains. Each dot represents an individual in all 
plots. Blue and red color denote female and male participants, respectively. 
Boxes show median, 25th and 75th percentiles and whiskers show the range in 
all box plots. All correlations are two-sided Spearman’s correlations. The error 
bands represent 95% confidence limits. The statistical difference between time 
points is calculated using two-sided Wilcoxon matched-pairs signed-rank test 
and the statistical differences between groups were calculated using two-sided 
Mann-Whitney rank-sum test (***p < 0.001 and **** p < 0.0001).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | T cell responses to BNT162b2 vaccination.  
a, Frequency of Spike-specific CD4 T cell responses measured in blood at time 
points indicated on the X-axis. b, Polyfunctional profiles of CD4 T cells. 
 c, Frequency of Spike-specific CD8 T cell responses measured in blood at time 
points indicated on the X-axis. d, Polyfunctional profiles of CD8 T cells.  
e, Frequency of Spike-specific CD4 T cells secreting IL-21 and CD154 at time 
points indicated on X-axis. f, Correlation between Spike-specific CD4 (left 
panel) and CD8 (right panel) T cell frequencies and nAb responses.  
g, Correlation between cross-neutralization index, ratio between nAb 
responses against B.1.351 to WA1 strains, and Spike-specific CD4 T cell 
frequencies, IFN-γ+ (left panel) or polyfunctional CD4 T cells expressing IL-2, 
IFN-γ and TNF-a (right panel). h, Correlation of Spike-specific CD4 (left panel) 
and CD8 (right panel) T cell responses with age. i, Correlation of Spike-specific 
IL-21+ CD154+ Tfh-like cells on day 28 and neutralizing antibody response on 

day 42. j, Frequency of CXCR5+ CD4 T cells in PBMCs in DMSO stimulation 
condition. k, Correlation of peak (day 7) CXCR5+ CD4 T cells and neutralizing 
antibody response on day 42. Each dot represents an individual in all plots. Blue 
and red color denote female and male participants, respectively. Boxes show 
median, 25th and 75th percentiles and whiskers show the range in all box plots. 
The IFN- γ response plots in CD4 (a) and CD8 (b) T cells are from Fig. 1d, e 
repeated here for completeness. The pie charts in b and d represent the 
proportion of T cells expressing one, two or three cytokines as shown in the 
legend. All correlations are two-sided Spearman’s correlations. The error 
bands represent 95% confidence limits. The statistical difference between time 
points is calculated using two-sided Wilcoxon matched-pairs signed-rank test 
(*p < 0.05, **p < 0.01, ***p < 0.001 and **** p < 0.0001, N = 38). Number of 
samples differ between time points as shown in Extended Data Fig. 1a.
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Extended Data Fig. 3 | Autoantibodies and anti-cytokine antibodies in 
vaccinated subjects. a, Heatmap depicting serum IgG antibodies discovered 
using a 55-plex bead-based protein array containing the indicated autoantigens 
(Y-axis). Autoantigens are grouped based on disease (e.g., scleroderma, 
myositis and overlap syndromes such as mixed connective tissue disease 
(MCTD), SLE/Sjögren’s, and gastrointestinal and endocrine disorders), 
DNA-associated antigens, and antigens associated with tissue inflammation or 
stress responses. Vaccinated subjects are shown in the left panel (n=30 
subjects, on day 0, day 21, and day 42 and n=1 on day 0 and day 21), and eight 
prototype autoimmune disorders are shown on the (right panel). Colors 
correspond to the MFI values shown at far right. b, Heatmap using a 58-plex 

array of cytokines, chemokines, growth factors, and receptors. Cytokines are 
grouped on the y-axis by category (interferons, interleukins, and other 
cytokines/growth factors/receptors), while serum samples are shown on the 
x-axis. Vaccinated subjects are shown in the left panel (n=30 subjects, on day 0, 
day 21, and day 42 and n=1 on day 0 and day 21). Data are displayed as fold 
change over baseline. Prototype samples from patients with 
immunodeficiency disorders are shown in the right panel and include three 
patients with Atypical Mycobacterial Infections (AMI), three patients with 
Pulmonary Alveolar Proteinosis (PAP), and three patients with Autoimmune 
Polyendocrine Syndrome Type 1 (APS1). Colors for the prototype samples 
correspond to the MFI values shown at far right.
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Extended Data Fig. 4 | Pre-existing autoantibodies and auto-cytokine 
antibodies do not change in vaccinated subjects. a - f, Bar plots (mean of two 
technical replicates) of representative patients with high baseline MFI 
autoantibodies for select antigens a, Anti-RPP25 (Th/To); b, Anti-PM/Scl-75;  
c, Anti-SSB/La; d, Anti-PDC-E2; e, Anti-Thyroperoxidase, TPO; 
 f. Anti-Thyroglobulin, TG. g – j, Bar plots (mean of two technical replicates) of 

representative patients with high baseline MFI auto-cytokine antibodies. 
Group bars represent antigens for baseline (black), D21 (grey), and D42 (white) 
timepoints. a, Subject 2012 ACA measurements; b, Subject 2043 ACA 
measurements; c, Subject 2052 ACA measurements; d, Subject 2053 ACA 
measurements.
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Extended Data Fig. 5 | Innate immune responses to BNT162b2 vaccination. 
a, Representation of CyTOF-identified cell clusters in Lin- (CD3- CD20- CD66b-) 
HLA-DR+ cells visualized by UMAP in two-dimensional space. b, Heatmap 
showing expression of markers in the different cell clusters identified in the 

CyTOF dataset. c, Gating strategy identifying immune cell populations by the 
CyTOF panel. d, Mass cytometry plots showing CD14/CD16 expression of Lin- 
HLA-DR+ population. N = 27.ACCELE
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Extended Data Fig. 6 | Frequency of all cell types identified by CyTOF. 
Frequency of all major cell types measured in whole blood by CyTOF. Each dot 
represents an individual in all plots. Blue and red color denote female and male 

participants, respectively. Boxes show median, 25th and 75th percentiles and 
whiskers show the range in all box plots (N = 27, some time points have smaller N 
as in Extended Data Fig. 1a).
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Extended Data Fig. 7 | Plasma cytokine analysis. a – c, Plasma levels of 
CXCL-10 (a), IL-10 (b) determined by Olink and IFN-α2 measured by SIMOA (c). 
d, Kinetic plots of IFN-α2 in plasma of female or male participants measured by 
SIMOA. e, Scatter plots showing two-sided Spearman’s correlation between 
pSTAT3 level in intermediate monocytes and plasma IFN-γ levels. The error 
bands represent 95% confidence limits. Each dot represents an individual in all 
plots. Blue and red color denote female and male participants, respectively. 

Boxes show median, 25th and 75th percentiles and whiskers show the range in 
all box plots. The statistically significant differences between the peak and 
baseline time points were measured using two-sided Wilcoxon matched-pairs 
signed-rank test. The difference between peak time points were measuring 
using two-sided Mann-Whitney rank-sum test (*p < 0.05, **p < 0.01, ***p < 0.001 
and ****p < 0.0001). N = 31.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Transcriptional signatures induced by BNT162b2 
vaccination. a, PCA analysis of bulk RNAseq samples. b, RLE analysis of bulk 
RNAseq data. c, d, Temporal expression patterns of genes within modules 
M111.0 (c) or M16 (d). Black lines represent the median fold change of all genes. 
e, Number of genes differentially expressed (absolute log2 fold-change > 0.2 
and Wald p < 0.01) at each timepoint. All time points were compared to 
universal baseline, day 0. Number of upregulated and downregulated genes are 
shown in orange and green, respectively. f, BTMs that were significantly 
enriched (false discovery rate [FDR] < 0.05, absolute normalized enrichment 

score [NES] > 2) after vaccination. GSEA was used to identify increased (red) or 
decreased (blue) enrichment of BTMs within gene lists ranked by Wald statistic 
between pre- and post-vaccination at each timepoint. g, BTMs on day 22 
relative to day 21 that were significantly associated with age. h - i, Scatter plots 
showing two-sided Pearson correlation of the mean day 22/21-fold change of 
genes in interferon modules M127, M75, M150, M111.1 and M68 (h) or module 
M16 (i) with IFN-γ. Each dot represents an individual in all plots. Blue and red 
color denote female and male participants, respectively.
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Extended Data Fig. 9 | CITE-seq analysis of PBMCs. a - b, Fraction of cells in 
each cluster of CITE-seq data classified by subject (a) or time point (b), 
determined from all single cells that passed quality control. c, Proportion of 
cells in each cluster at different time points indicated on X-axis. d, Heatmap 

showing top 10 cluster-defining genes in each cluster. e, Pseudobulk gene 
expression score showing the contribution from each cluster after iterative 
removal of each cluster.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Analysis of gene expression within cluster C8.  
a - b, UMAP representation of 71,276 innate immune cells (myeloid cells + pDCs) 
from this study combined with innate cells from Stephenson et al.23 (a, 154,108 
cells) or Arunachalam et al.4 (b, 18,926 cells). Red and blue fonts on the legends 
denote cell clusters defined in the current study versus published studies.  
c, Rank plot showing genes over-expressed in cluster C8 from this study in 
comparison to IFN-experienced monocyte cluster (C11_C Mono_IFN). Genes 
expressed more in C8 are in red font while the genes in blue font are expressed 
higher in C11_C Mono_IFN. d, Heatmap showing genes in C3_CD14+ monocytes, 
C4_CD16+ monocytes, c7_cDC2, C13_cDC1, that are shared with C8 subclusters 
and are closest with the parental clusters based on Euclidean distance. 
 e, Feature plots showing expression of CD14, CD1c or CD16 within C8 
subclusters. f, Fraction of cells in each subcluster of C8 classified by subject. 
 g, Frequency of C8 as a proportion of Lin- HLA-DR+ population (bottom plot) 

or plasma IFN-γ levels (top plot) as measured in Olink. h, Correlation between 
C8 frequency and plasma IFN-γ levels measured by ELISA. i, A schematic 
representation of the experimental set up for in vitro stimulation of purified 
healthy monocytes with IFN-γ and Day 22 plasma from vaccinated participants. 
j, Heatmaps showing expression of genes measured by qRT-PCR relative to No 
stimulation condition. Each column shows the condition as shown on the top. 
Each row represents a gene quantified by qRT-PCR. 0.5 million PBMCs from 
four donors were treated with different concentration of IFN-γ, 1:4 diluted 
plasma sample from day 0, 1 or 22. j, Significantly enriched NK cell modules 
(FDR < 0.05, absolute NES > 2) within the NK cell cluster. Days 1 and 7 were 
compared against day 0; days 22 and 28 were compared against day 21. GSEA 
was used to identify increased (red) or decreased (blue) enrichment of 
interferon BTMs. k, Log2 fold change of top 50 DEGs between NK cells from day 
22 samples versus day 1 samples.
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Extended Data Fig. 11 | See next page for caption.
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Extended Data Fig. 11 | Comparison of transcriptional responses with other 
vaccines. a, Correlation matrix of vaccines on day 1. Spearman’s correlation 
was computed using mean fold changes over all genes between each pair of 
vaccines. Circle size and color represents the correlation coefficient.  
b, Correlation matrix of vaccines on day 7. c, Circos plot of the overlap across 
vaccines in enriched BTMs on day 7. GSEA was performed on genes ranked by 
day 7 versus baseline t-statistic in each vaccine. Each segment of the circle 
represents one vaccine, and each point in a segment represents a single BTM. 
Bars in outer circle represent the NES of significantly enriched BTMs 
(FDR<0.05). Lines connect BTMs with a significant positive enrichment shared 
between vaccines. Inner circle boxes and line colors represent the functional 
groups of the BTMs. d, Heatmap of cell cycle, B cell, and plasma cell BTMs on 
day 7. Cell cycle, B cell, and plasma cell BTMs that were significantly enriched 

(FDR<0.05) on day 7 after either dose of BNT162b2 are shown. Color represents 
significant NES. e, Expression of genes in the plasma cell module M156 across 
different vaccines on day 7 post vaccination. The asterisks denote statistical 
significance measured by two-sided Wilcoxon test between baseline and day 7 
samples within each vaccine group. f, Plasmablast frequencies measured by 
CyTOF in whole blood samples. The numbers within plots indicate geometric 
mean + SEM at the time points as indicated. Each dot represents an individual in 
all plots. Blue and red color denote female and male participants, respectively. 
Boxes show median, 25th and 75th percentiles and whiskers show the range in 
all box plots. The statistically significant differences between the peak and 
baseline time points were measured using two-sided Wilcoxon matched-pairs 
signed-rank test.
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Extended Data Fig. 12 | Transcriptional correlates of nAb and T cell 
responses. a, BTMs (day 22 relative to day 21) associated with the nAb or CD8 
IFNg T cell response to BNT162b2. GSEA was run using BTMs on gene lists 
ranked by correlation with either day 42 nAb titers or day 28 antigen-specific 
CD8+ IFN-γ+ T cell frequencies. Modules shown are those with NES > 2 and FDR 
< 0.05. b, Correlation of genes in M75, an antiviral BTM, on day 22 with the day 
42 nAb response (top) or day 28 antigen-specific CD8+ IFN-γ+ T cell frequencies 
(bottom). Color represents two-sided Pearson correlation coefficient. Each 
edge (gray line) represents a co-expression relationship, as described in Li 
et al18. c, BTMs correlated with cross-neutralization index, ratio of B.1.351:WA1 

nAb titers, analyzed as in (a). Modules shown are those with NES > 2 and FDR < 
0.05. d, Frequency of classical monocytes (Lin- HLA-DR+ CD14+ CD16- cells) in 
whole blood samples analyzed by CyTOF. e - f, Scatter plots of two-sided 
Spearman’s correlation between cross-neutralization index and peak (day 23) 
classical monocyte frequency (e) or a gene score created in the bulk RNAseq 
data using the cluster-defining genes of the classical monocyte cluster, C3, in 
CITE-seq. The error bands represent 95% confidence limits. Each dot 
represents an individual in all plots. Blue and red color denote female and male 
participants, respectively in d - f. Boxes show median, 25th and 75th percentiles 
and whiskers show the range in d.
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Extended Data Table 1 | Participant demographics
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Extended Data Table 2 | Vaccine side effects and symptoms

The statistical differences were determined using chi-squared test for categorical variables and two-sided t-test for continuous variable considering each parameter individually (no multiple 
corrections).
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Extended Data Table 3 | Vaccine meta-analysis datasets
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Data collection Flow cytometry data were collected using BD FACS Diva v.8.01 software associated with BD FACS Symphony. The number of foci in FRNT assay 
was acquired using CTL ImmunoSpot S6 Universal Analyzer. Luminescence was measured using a GloMax Navigator luminometer (Promega) 
for pseduovirus neutralization assay against B.1.1.7 variant. Mass cytometry data were collected using Helios, software 7.0.8493. 

Data analysis FlowJo software v.10.0 (Treestar Inc); GraphPad Prism version 8.4.3; RStudio Version 1.2.1335; Adobe Illustrator 25.0. All statistical analysis 
are two-sided. FRNT foci were counted using Viridot, Version 3.12. FlowSom V.2.0.0. was used for CyTOF analysis.
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- Accession codes, unique identifiers, or web links for publicly available datasets 
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- A description of any restrictions on data availability

CITE-seq and bulk RNA data are publicly accessible in the Gene Expression Omnibus under accession numbers GSE171964 and GSE169159, respectively. Codes are 
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical test was used to determine the number of samples. Sample sizes were determined as appropriate to evaluate detection of large 
vaccine effects based on several studies done by us and others. 

Data exclusions No data were excluded from any of the analysis. 

Replication All the assays were performed once in multiple biological replicates and all the biological replicates are presented. For antibody response 
assessment, the assays were run using two technical replicates and the average is plotted.

Randomization The study involved only one set of participants. No groups, and therefore, no randomization.

Blinding All the experiments were conducted in an unblinded way since the investigators were involved in overall conduct of the study.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Fluorochrome, Antibody,  Vendor,  Catalog#,  Clone, Lot#, Usage, Reaction Volume per reaction (ul) 

FITC, IL-2, Biolegend, 500304, MQ1-17H12, B268803, ICS, 2 
PerCP-eF710, CXCR5,  Invitrogen, 46-9185-42, MU5UBEE,2260300, Stimulation, 2.5 
PE, IL-4, BioLegend , 500810 , MP4-25D2, B267326, ICS, 1 
PE-CF594, CD45RA, BD Biosciences, 565419, 5H9,0135941, Surface, 2  
PE-Cy7, TNF-a, E-Bioscience, 25-7349-82, Mab11,  E07679-1634, ICS, 0.3 
BV421, CD40L, Biolegend, 310824, 24-31, B280078, ICS, 2 
BV506 ,TCR-gd, Biolegend, 331220, B1.1, B288554, Surface, 2.5 
BV605, CD4, Biolegend, 317438, OKT4,B289706, Surface, 1.5 
BV650, CD3, BD Biosciences,  563916, SP34-2, B301629, Surface, 2.5 
BV711, CCR7, Biolegend, 353228, G043H7, B284686, Surface, 2 
BV785, CD127, Biolegend, 351330, A019D5, B283993, Surface, 2.5 
APC , IL-21, BioLegend, 513008, 3A3-N2, B277959, ICS, 2.5 
A700,  IFN-g, Biolegend, 502520, 4S.B3,  B302043, ICS, 1 
APC-Cy7, CD25, Biolegend, 302614, BC96, B283801, Surface, 2 
BUV395, CXCR3, BD Biosciences, 565223, 1C6/CXCR3, 9351552, Stimulation, 2.5 
BUV563, CD8, BD Biosciences, 612914, RPA-T8, 0051261, Surface, 2 
BUV737, CCR6, BD Biosciences, 612780, 11A9, 0265647, Surface, 2 
BUV805,  CD69, BD Biosciences, 748763, FN50 , 0112825, Surface, 2 
Anti-monkey IgG HRP, Alpha Diagnostics, 1:4,000, Lot XR9341-L 
CITE-seq DNA_ID Description Clone Barcode. All antibodies used as per manufacturer's recommendations. 
A0006 anti-human CD86 IT2.2 GTCTTTGTCAGTGCA 
A0007 anti-human CD274 (B7-H1, PD-L1) 29E.2A3 GTTGTCCGACAATAC 
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A0020 anti-human CD270 (HVEM, TR2) 122 TGATAGAAACAGACC 
A0023 anti-human CD155 (PVR) SKII.4 ATCACATCGTTGCCA 
A0024 anti-human CD112 (Nectin-2) TX31 AACCTTCCGTCTAAG 
A0026 anti-human CD47 CC2C6 GCATTCTGTCACCTA 
A0029 anti-human CD48 BJ40 CTACGACGTAGAAGA 
A0031 anti-human CD40 5C3 CTCAGATGGAGTATG 
A0032 anti-human CD154 24-31 GCTAGATAGATGCAA 
A0033 anti-human CD52 HI186 CTTTGTACGAGCAAA 
A0034 anti-human CD3 UCHT1 CTCATTGTAACTCCT 
A0046 anti-human CD8 SK1 GCGCAACTTGATGAT 
A0047 anti-human CD56 (NCAM) 5.1H11 TCCTTTCCTGATAGG 
A0050 anti-human CD19 HIB19 CTGGGCAATTACTCG 
A0052 anti-human CD33 P67.6 TAACTCAGGGCCTAT 
A0053 anti-human CD11c S-HCL-3 TACGCCTATAACTTG 
A0058 anti-human HLA-A,B,C W6/32 TATGCGAGGCTTATC 
A0063 anti-human CD45RA HI100 TCAATCCTTCCGCTT 
A0064 anti-human CD123 6H6 CTTCACTCTGTCAGG 
A0066 anti-human CD7 CD7-6B7 TGGATTCCCGGACTT 
A0070 anti-human/mouse CD49f GoH3 TTCCGAGGATGATCT 
A0071 anti-human CD194 (CCR4) L291H4 AGCTTACCTGCACGA 
A0072 anti-human CD4 RPA-T4 TGTTCCCGCTCAACT 
A0073 anti-mouse/human CD44 IM7 TGGCTTCAGGTCCTA 
A0081 anti-human CD14 M5E2 TCTCAGACCTCCGTA 
A0083 anti-human CD16 3G8 AAGTTCACTCTTTGC 
A0085 anti-human CD25 BC96 TTTGTCCTGTACGCC 
A0087 anti-human CD45RO UCHL1 CTCCGAATCATGTTG 
A0088 anti-human CD279 (PD-1) EH12.2H7 ACAGCGCCGTATTTA 
A0089 anti-human TIGIT (VSTM3) A15153G TTGCTTACCGCCAGA 
A0090 Mouse IgG1, κ isotype Ctrl MOPC-21 GCCGGACGACATTAA 
A0091 Mouse IgG2a, κ isotype Ctrl MOPC-173 CTCCTACCTAAACTG 
A0092  Mouse IgG2b, κ isotype Ctrl MPC-11 ATATGTATCACGCGA 
A0095 Rat IgG2b, κ Isotype Ctrl RTK4530 GATTCTTGACGACCT 
A0100 anti-human CD20 2H7 TTCTGGGTCCCTAGA 
A0101 anti-human CD335 (NKp46) 9E2 ACAATTTGAACAGCG 
A0124 anti-human CD31 WM59 ACCTTTATGCCACGG 
A0127 anti-Human Podoplanin NC-08 GGTTACTCGTTGTGT 
A0134 anti-human CD146 P1H12 CCTTGGATAACATCA 
A0136 anti-human IgM MHM-88 TAGCGAGCCCGTATA 
A0138 anti-human CD5 UCHT2 CATTAACGGGATGCC 
A0140 anti-human CD183 (CXCR3) G025H7 GCGATGGTAGATTAT 
A0141 anti-human CD195 (CCR5) J418F1 CCAAAGTAAGAGCCA 
A0142 anti-human CD32 FUN-2 GCTTCCGAATTACCG 
A0143 anti-human CD196 (CCR6) G034E3 GATCCCTTTGTCACT 
A0144 anti-human CD185 (CXCR5) J252D4 AATTCAACCGTCGCC 
A0145 Hu CD103 (Integrin αE) Ber-ACT8 GACCTCATTGTGAAT 
A0146 anti-human CD69 FN50 GTCTCTTGGCTTAAA 
A0147 anti-human CD62L DREG-56 GTCCCTGCAACTTGA 
A0149 anti-human CD161 HP-3G10 GTACGCAGTCCTTCT 
A0151 anti-human CD152 (CTLA-4) BNI3 ATGGTTCACGTAATC 
A0152 anti-human CD223 (LAG-3) 11C3C65 CATTTGTCTGCCGGT 
A0153 anti-human KLRG1 (MAFA) SA231A2 CTTATTTCCTGCCCT 
A0154 anti-human CD27 O323 GCACTCCTGCATGTA 
A0155 anti-human CD107a (LAMP-1) H4A3 CAGCCCACTGCAATA 
A0156 anti-human CD95 (Fas) DX2 CCAGCTCATTAGAGC 
A0158 anti-human CD134 (OX40) Ber-ACT35 (ACT35) AACCCACCGTTGTTA 
A0159 anti-human HLA-DR L243 AATAGCGAGCAAGTA 
A0160 anti-human CD1c L161 GAGCTACTTCACTCG 
A0161 anti-human CD11b ICRF44 GACAAGTGATCTGCA 
A0162 anti-human CD64 10.1 AAGTATGCCCTACGA 
A0163 anti-human CD141 (Thrombomodulin) M80 GGATAACCGCGCTTT 
A0165 Hu CD314 (NKG2D) 1D11 CGTGTTTGTTCCTCA 
A0167 anti-human CD35 E11 ACTTCCGTCGATCTT 
A0168 anti-human CD57 Recombinant QA17A04 AACTCCCTATGGAGG 
A0170 anti-human CD272 (BTLA) MIH26 GTTATTGGACTAAGG 
A0171 anti-human/mouse/rat CD278 (ICOS) C398.4A CGCGCACCCATTAAA 
A0172 anti-human CD275 (B7-H2, B7-RP1, ICOSL) 9F.8A4 GTTAGTGTTAGCTTG 
A0174 anti-human CD58 (LFA-3) TS2/9 GTTCCTATGGACGAC 
A0176 anti-human CD39 A1 TTACCTGGTATCCGT 
A0179 anti-human CX3CR1 K0124E1 AGTATCGTCTCTGGG 
A0180 anti-human CD24 ML5 AGATTCCTTCGTGTT 
A0181 anti-human CD21 Bu32 AACCTAGTAGTTCGG 
A0185 anti-human CD11a TS2/4 TATATCCTTGTGAGC 
A0187 anti-human CD79b (Igβ) CB3-1 ATTCTTCAACCGAAG 
A0189 anti-human CD244 (2B4) C1.7 TCGCTTGGATGGTAG 
A0206 anti-human CD169 (Sialoadhesin, Siglec-1) 7-239 TACTCAGCGTGTTTG 
A0214 anti-human/mouse integrin β7 FIB504 TCCTTGGATGTACCG 
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A0215 anti-human CD268 (BAFF-R) 11C1 CGAAGTCGATCCGTA 
A0216 anti-human CD42b HIP1 TCCTAGTACCGAAGT 
A0217 anti-human CD54 HA58 CTGATAGACTTGAGT 
A0218 anti-human CD62P (P-Selectin) AK4 CCTTCCGTATCCCTT 
A0219 anti-human CD119 (IFN-γ R α chain) GIR-208 TGTGTATTCCCTTGT 
A0224 anti-human TCR α/β IP26 CGTAACGTAGAGCGA 
A0236 Rat IgG1, κ isotype Ctrl RTK2071 ATCAGATGCCCTCAT 
A0237 Rat IgG1, λ Isotype Ctrl G0114F7 GGGAGCGATTCAACT 
A0238 Rat IgG2a, κ Isotype Ctrl RTK2758 AAGTCAGGTTCGTTT 
A0240 Rat IgG2c, κ Isotype Ctrl RTK4174 TCCAGGCTAGTCATT 
A0241 Armenian Hamster IgG Isotype Ctrl HTK888 CCTGTCATTAAGACT 
A0242 anti-human CD192 (CCR2) K036C2 GAGTTCCCTTACCTG 
A0246 anti-human CD122 (IL-2Rβ) TU27 TCATTTCCTCCGATT 
A0247 anti-human CD267 (TACI) 1A1 AGTGATGGAGCGAAC 
A0352 anti-human FcεRIα AER-37 (CRA-1) CTCGTTTCCGTATCG 
A0353 anti-human CD41 HIP8 ACGTTGTGGCCTTGT 
A0355 anti-human CD137 (4-1BB) 4B4-1 CAGTAAGTTCGGGAC 
A0357 anti-human CD43 CD43-10G7 GATTAACCAGCTCAT 
A0358 anti-human CD163 GHI/61 GCTTCTCCTTCCTTA 
A0359 anti-human CD83 HB15e CCACTCATTTCCGGT 
A0364 anti-human CD13 WM15 TTTCAACGCCCTTTC 
A0367 anti-human CD2 TS1/8 TACGATTTGTCAGGG 
A0368 anti-human CD226 (DNAM-1) 11A8 TCTCAGTGTTTGTGG 
A0369 anti-human CD29 TS2/16 GTATTCCCTCAGTCA 
A0370 anti-human CD303 (BDCA-2) 201A GAGATGTCCGAATTT 
A0371 anti-human CD49b P1E6-C5 GCTTTCTTCAGTATG 
A0372 anti-human CD61 VI-PL2 AGGTTGGAGTAGACT 
A0373 anti-human CD81 (TAPA-1) 5A6 GTATCCTTCCTTGGC 
A0383 anti-human CD55 JS11 GCTCATTACCCATTA 
A0384 anti-human IgD IA6-2 CAGTCTCCGTAGAGT 
A0385 anti-human CD18 TS1/18 TATTGGGACACTTCT 
A0386 anti-human CD28 CD28.2 TGAGAACGACCCTAA 
A0389 anti-human CD38 HIT2 TGTACCCGCTTGTGA 
A0390 anti-human CD127 (IL-7Rα) A019D5 GTGTGTTGTCCTATG 
A0391 anti-human CD45 HI30 TGCAATTACCCGGAT 
A0393 anti-human CD22 S-HCL-1 GGGTTGTTGTCTTTG 
A0394 anti-human CD71 CY1G4 CCGTGTTCCTCATTA 
A0396 anti-human CD26 BA5b GGTGGCTAGATAATG 
A0398 anti-human CD115 (CSF-1R) 9-4D2-1E4 AATCACGGTCCTTGT 
A0404 anti-human CD63 H5C6 GAGATGTCTGCAACT 
A0406 anti-human CD304 (Neuropilin-1) 12C2 GGACTAAGTTTCGTT 
A0407 anti-human CD36 5-271 TTCTTTGCCTTGCCA 
A0408 anti-human CD172a (SIRPα) 15-414 CGTGTTTAACTTGAG 
A0419 anti-human CD72 3F3 CAGTCGTGGTAGATA 
A0420 anti-human CD158 (KIR2DL1/S1/S3/S5) HP-MA4 TATCAACCAACGCTT 
A0446 anti-human CD93 VIMD2 GCGCTACTTCCTTGA 
A0447 anti-human CD200 (OX2) OX-104 CACGTAGACCTTTGC 
A0575 anti-human CD49a TS2/7 ACTGATGGACTCAGA 
A0576 anti-human CD49d 9F10 CCATTCAACTTCCGG 
A0577 anti-human CD73 (Ecto-5'-nucleotidase) AD2 CAGTTCCTCAGTTCG 
A0579 anti-human CD9 HI9a GAGTCACCAATCTGC 
A0581 anti-human TCR Vα7.2 3C10 TACGAGCAGTATTCA 
A0582 anti-human TCR Vδ2 B6 TCAGTCAGATGGTAT 
A0586 anti-human CD354 (TREM-1) TREM-26 TAGCCGTTTCCTTTG 
A0590 anti-human CD305 (LAIR1) NKTA255 ATTTCCATTCCCTGT 
A0591 anti-human LOX-1 15C4 ACCCTTTACCGAATA 
A0599 anti-human CD158e1 (KIR3DL1, NKB1) DX9 GGACGCTTTCCTTGA 
A0817 anti-human CD109 W7C5 CACTTAACTCTGGGT 
A0822 anti-human CD142 NY2 CACTGCCGTCGATTA 
A0830 anti-human CD319 (CRACC) 162.1 AGTATGCCATGTCTT 
A0845 anti-human CD99 3B2/TA8 ACCCGTCCCTAAGAA 
A0853 anti-human CLEC12A 50C1 CATTAGAGTCTGCCA 
A0861 anti-human CD151 (PETA-3) 50-6 CTTACCTAGTCATTC 
A0864 anti-human CD352 (NTB-A) NT-7 AGTTTCCACTCAGGC 
A0866 anti-human CLEC1B (CLEC2) AYP1 TGCCAGTATCACGTA 
A0867 anti-human CD94 DX22 CTTTCCGGTCCTACA 
A0868 anti-human IgE MHE-18 GGATGTACCGCGTAT 
A0870 anti-human CD150 (SLAM) A12 (7D4) GTCATTGTATGTCTG 
A0871 anti-human CD162 KPL-1 ATATGTCAGAGCACC 
A0872 anti-human CD84 CD84.1.21 CTCCCTAGTTCCTTT 
A0894 anti-human Ig light chain κ MHK-49 AGCTCAGCCAGTATG 
A0896 anti-human CD85j (ILT2) GHI/75 CCTTGTGAGGCTATG 
A0897 anti-human CD23 EBVCS-5 TCTGTATAACCGTCT 
A0898 anti-human Ig light chain λ MHL-38 CAGCCAGTAAGTCAC 
A0902 anti-human CD328 (Siglec-7) 6-434 CTTAGCATTTCACTG 
A0912 anti-human GPR56 CG4 GCCTAGTTTCCGTTT 
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A0920 anti-human CD82 ASL-24 TCCCACTTCCGCTTT 
A0923 anti-human NKp80 5D12 TATAGTTCCTCTGTG 
A0931 anti-human CD131 1C1 CTGCATGAGACCAAA 
A0935 anti-human CD74 LN2 CTGTAGCATTTCCCT 
A0940 anti-human CD116 4H1 ATGGACAGTTCGTGT 
A0941 anti-human CD37 M-B371 ACAGTCACTGGGCAA 
A0944 anti-human CD101 (BB27) BB27 CTACTTCCCTGTCAA 
A1018 anti-human HLA-DR, DP, DQ Tü39 AGCTACGAGCAGTAG 
A1046 anti-human CD88 (C5aR) S5/1 GCCGCATGAGAAACA 
Mass cytometry: 
Metal, Antibody,  Vendor,  Catalog#,  Clone, Lot#, Usage, Reaction Volume per reaction (ul) 
142Nd CD19, Fluidigm, 3142001B, HIB19, 912004, surface, 1  
143Nd CD127, Fluidigm, 3143012B, A019D5, 2011186-13, surface, 1  
144Nd IL4, Fluidigm, 3144010B, MP4-25D2, 1641910, ICS, 1 
145Nd CD4, Fluidigm, 3145001B, RPA-T4, 652007, surface, 0.5  
146Nd IgD, Fluidigm, 3146005B, IA62, 2561908, surface, 0.5  
147Sm CD20, Fluidigm,3147001B, 2H7, 1322011, surface,1  
148Nd CD34, Fluidigm, 3148001B, 581, 3361909, surface, 1  
149Sm STAT6, Fluidigm, 3149004A, 18/P-Stat6, 2631806, ICS, 1 
150Nd pSTAT5, Fluidigm, 3150005A, 47, 2881904, ICS, 0.5 
151Eu CD123 Fluidigm, 3151001B, 6H6, 652008, surface, 0.5  
153Eu pSTAT1, Fluidigm, 3153005A, 4a, 572002, ICS, 0.5 
155Gd CD27, Fluidigm, 3155001B, L128, 3331901, surface, 0.5  
156Gd CD45, Fluidigm, 3154001B, HI30, 311703, surface, 0.25  
158Gd pSTAT3, Fluidigm, 3158005A, 4/P-Stat3, 132015, ICS, 0.5 
159Tb CD11c Fluidigm, 3159001B, Bu15, 622021, surface, 0.5  
160Gd CD14, Fluidigm, 3160001B, M5E2, 162001, surface, 1  
161Dy Ki-67, Fluidigm, 3161007B, B56, 641801, ICS, 1 
162Dy CD69, Fluidigm, 3162001B, FN50, 832006, ICS, 0.5 
164Dy Arginase-1, Fluidigm, 3164012B, 658922, 2191531, ICS, 0.1 
165Ho CD16, Fluidigm, 3165007B, B73.1, 2008551-26, surface, 1  
167Er CD38, Fluidigm, 3167001B, HIT2, 3321816, surface,0.5  
168Er CD8, Fluidigm, 3168002B, SK1, 1322024, surface, 0.25  
169Tm CD45RA, Fluidigm, 3169008B, HI100, 2601810, surface, 0.5  
170Er CD3, Fluidigm, 3170001B, UCHT1, 1691904, surface,0.5  
171Yb Granzyme B, Fluidigm, 3171002B, GB11, 162010, ICS, 1 
172Yb CD15, Fluidigm, 3172021B, W6D3, 132028, surface, 2  
175Lu pS6, Fluidigm, 3175009A, N7548, 3451912, ICS, 1 
176Yb CD56, Fluidigm, 3176008B, NCAM16.2, 212012, surface, 1  
173Yb Perforin, abcam, ab47225, B-D48, GR3278091-4, ICS, 0.5 
154Sm H3K27ac, Active Motif, 39685, MABI0309, 17014, ICS, 1 
174Yb IFN , BD Biosciences, 554549 4S.B3, 6308947, ICS, 0.25 
89Y CD66b, BioLegend, 305102, G10F5, B289360, surface, 0.5 
113In CD57, BioLegend, 359602, HNK-1, B256178, surface, 1 
141Pr HLA-DR, BioLegend, 307651, L243, B293412, surface, 0.5 
152Sm Siglec-9, BioLegend, 351502, K8, B291130surface, 0.25 
157Gd CD25, BioLegend, 356102, M-A251, B242195, surface, 0.5  
163Dy TCR / , BioLegend, 331202, B1, B271574, surface, 1  
166Er MS4A3, R&D Systems, MAB6247, 489433, CEAZ0119051, surface, 0.125 

Validation All antibodies used were evaluated by the manufacturers as provided in their websites. We did not perform any validation. All non 
Fluidigm antibodies were conjugated using Maxpar X8 Antibody Labeling Kits (Fluidigm), validated and titrated in house. 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HEK293T/17 is a female human embryonic kidney cell line (ATCC). The HEK-ACE2 adherent cell line was obtained through BEI 
Resources, NIAID, NIH: Human Embryonic Kidney Cells (HEK293T) Expressing Human Angiotensin-Converting Enzyme 2, 
HEK293T-hACE2 Cell Line, NR-52511. All adherent cells were cultured at 37°C with 8% CO2 in flasks with DMEM + 10% FBS 
(Hyclone) + 1% penicillin-streptomycin. Vero E6  and THP-1 cells were purchased from ATCC. 

Authentication Cell lines were not authenticated.

Mycoplasma contamination Cell lines were not tested for mycoplasma contamination nor authenticated.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell line was used in the study.
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Human research participants
Policy information about studies involving human research participants

Population characteristics The population characterisitics and demographics were provided in Extended Data Table 1.

Recruitment The participants were recruited via word of mouth. No self-selection conflicts were noted.

Ethics oversight The study was approved by Stanford University Institutional Review Board (IRB 8269) and was conducted within full 
compliance of Good Clinical Practice as per the Code of Federal Regulations. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Protocol for processing blood and aliquot storage for Pfizer vaccine study  
 
CPT processing: 
Before spinning the tubes: 
To prepare Smart tubes for CyTOF: 
                -Aliquot 270uL whole blood from a CPT tube into 2 labeled cryovials.  
                -Add 420uL PROT1 Proteomic Stabilizer (please pick up from Nadeau lab) per cryovial. 
                -Mix gently and leave at RT for 12min. immediately freeze at -80C. 
 
CPT PBMCs collection: 
        -Collect PBMC into 50 mL conical tube, Add PBS up to 50 mL, Spin 300g, 10min. 
        -Discard supernatant and resuspend in 30 mL PBS with 2% FBS. 
        -10uL Trypan Blue + 10uL PBMC aliquot, take 10uL onto slide, count cells. 
        -Spin the remaining PBMCs at 300g, 10min, RT. 
        -Freeze PBMCs freezing media (90% HI FBS + 10% DMSO). 1mL per vial (ideal range: 3-5 million/vial).  
        -Transfer labeleld cryovials in Mr.Frosty (freezer containers), Store immediately in -80C overnight. Transfer the vials to 
liquid nitrogen for long-term strorage. 
 
Detailed protocol for processing CPT tubes 
 Mix the samples by inverting 6 – 8 times. 
 Centrifuge at 1,700 g for 30 min at room temperature, brakes off. 
 Collect plasma and transfer to 1.5 ml screw cap tubes (freeze vials). 1 ml per tube. This leaves the plug with PBMCs on top. 
 Store the plasma samples at -80ºC freezers allotted for this work.  
 Collect the PBMCs using micropipettes and transfer into 50 ml centrifuge tubes containing 5 – 10 ml PBS. Combine samples 
from 2 – 3 tubes of each subject into 1 tube. Do not collect RBCs stuck to the plug. Be gentle. One can also use Pasteur 
pipettes or pour out after gentle mixing. 
 Wash the top of the plugs with PBS gently using micropipettes to collect as many cells as possible. Do not disturb the plug 
and do not collect RBCs.  
 Centrifuge at 300 g for 10 min at room temperature. All centrifugations in safety lock containers. 
 Discard the supernatant into a waste container.  
 Wash the cells in 30 ml of PBS-2% FBS. Centrifuge the samples at 300 g for 10 min at room temperature. 
 Resuspend the cells in 30 ml of PBS-2% FBS. Count. Add 10 l trypan blue + 10 l cell suspension, transfer 10 l to a slide and 
count using TC20. Set the size distribution to 5 – 14 m. 
 Centrifuge the cells at 300 g for 10 min.  
 Freeze ~ 5 million cells (as the numbers dictate) per tube in 90% FBS + 10% DMSO (freezing media). Resuspend the cells at a 
density of 10 million/ml in FBS. Add equal volume of FBS-20% DMSO and aliquot 1 ml per tube.  
 Make up to 8 aliquots even if the cell numbers are too high. 
 
Stimulation and staining 
Live frozen PBMCs were revived, counted and resuspended at a density of 2 million live cells/ml in complete RPMI (RPMI 
supplemented with 10% FBS and antibiotics). The cells were rested overnight at 37°C in CO2 incubator. Next morning, the 
cells were counted again, resuspended at a density of 15 million/ml in complete RPMI and 100 l of cell suspension 
containing 1.5 million cells was added to each well of a 96-well round-bottomed tissue culture plate. Each sample was 
treated with two conditions, no stimulation, and a peptide pool spanning the S protein at a concentration of 1 g/ml of each 
peptide in the presence of 1 g/ml of anti-CD28 (clone CD28.2, BD Biosciences) and anti-CD49d (clone 9F10, BD Biosciences) 
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as well as anti-CXCR3 and anti-CXCR5. The peptides were custom synthesized to 90% purity using GenScript, a commercial 
vendor.  All samples contained 0.5% v/v DMSO in total volume of 200 μl per well. The samples were incubated at 37°C in CO2 
incubators for 2 h before addition of 10 μg/ml Brefeldin-A. The cells were incubated for an additional 4 h. The cells were 
washed with PBS and stained with Zombie UV fixable viability dye (Biolegend). The cells were washed with PBS containing 5% 
FCS, before the addition of surface Ab cocktail. The cells were stained for 20 min at 4°C in 100 μl volume. Subsequently, the 
cells were washed, fixed and permeabilized with cytofix/cytoperm buffer (BD Biosciences) for 20 minutes. The permeabilized 
cells were stained with ICS antibodies for 20 min at room temperature in 1X-perm/wash buffer (BD Biosciences). Cells were 
then washed twice with perm/wash buffer and once with staining buffer before acquisition using the BD Symphony Flow 
Cytometer and the associated BD FACS Diva software. All flow cytometry data were analyzed using Flowjo software v10 
(TreeStar Inc.). 
 

Instrument BD FACS Symphony

Software Data were acquired using BD FACS Diva v.8.01 and the data were analyzed using FlowJo software v.10.0.

Cell population abundance No cell sorting procedure was used in the study.

Gating strategy Cells were selected based on FSC-A vs. SSC-A, singlets were selected using FSC-A vs. FSC-H. Live CD3 T cells were used for 
analysis of antigen-specific T cells. CD4 and CD8 T cells were selected as CD3+ CD4+ or CD3+ CD8+ after removal of gdT cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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