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B cell-derived cfDNA after primary BNT162b2
MRNA vaccination anticipates memory B cells
and SARS-CoV-2 neutralizing antibodies
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Fox-Fisher and colleagues employed methylation-based cfDNA biomarkers to
assess immune cell turnover following SARS-CoV-2 vaccination. The primary
vaccination elicited elevated levels of B cell cfDNA, likely reflecting affinity
maturation, which correlated with neutralizing antibodies and memory B cells.

cfDNA biomarkers provide unique information on immune cell turnover in

response to vaccination.
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BNT162b2 mRNA vaccination anticipates memory
B cells and SARS-CoV-2 neutralizing antibodies

llana Fox-Fisher,! Sheina Piyanzin," Mayan Briller,” Esther Oiknine-Djian,> Or Alfi,> Roni Ben-Ami,’
Ayelet Peretz,! Daniel Neiman,' Bracha-Lea Ochana,’ Ori Fridlich,” Zeina Drawshy,’

Agnes Klochendler,! Judith Magenheim,’ Danielle Share,” Ran Avrahami,” Yaarit Ribak,* Aviv Talmon,*
Limor Rubin,* Neta Milman,” Meital Segev,” Erik Feldman,? Yuval Tal,” Shai S. Shen-Orr,?

Benjamin Glaser,” Ruth Shemer," Dana Wolf,* and Yuval Dor'-*

ABSTRACT

Background: Much remains unknown regarding the response of the
immune system to severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) vaccination.

Methods: We employed circulating cell-free DNA (cfDNA) to assess the
turnover of specific immune cell types following administration of the
Pfizer/BioNTech vaccine.

Findings: The levels of B cell cfDNA after the primary dose correlated
with development of neutralizing antibodies and memory B cells after
the booster, revealing a link between early B cell turnover—potentially
reflecting affinity maturation—and later development of effective hu-
moral response. We also observed co-elevation of B cell, T cell, and
monocyte cfDNA after the booster, underscoring the involvement of
innate immune cell turnover in the development of humoral and cellular
adaptive immunity. Actual cell counts remained largely stable following
vaccination, other than a previously demonstrated temporary reduction
in neutrophil and lymphocyte counts.

Conclusions: Immune cfDNA dynamics reveal the crucial role of the pri-
mary SARS-CoV-2 vaccine in shaping responses of the immune system
following the booster vaccine.

Funding: This work was supported by a generous gift from Shlomo
Kramer. Supported by grants from Human Islet Research Network
(HIRN UC4DK116274 and UC4DK104216 to R.S. and Y.D.), Ernest and
Bonnie Beutler Research Program of Excellence in Genomic Medicine,
The Alex U Soyka Pancreatic Cancer Fund, The Israel Science Founda-
tion, the Waldholtz/Pakula family, the Robert M. and Marilyn Sternberg
Family Charitable Foundation, the Helmsley Charitable Trust, Grail, and
the DON Foundation (to Y.D.). Y.D. holds the Walter and Greta Stiel
Chair and Research Grant in Heart Studies. I.F.-F. received a fellowship
from the Glassman Hebrew University Diabetes Center.

INTRODUCTION

mMRNA vaccines for severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
have shown a dramatic success in reducing infections and severe disease. Prime-
boost administration of vaccines containing spike mRNA within lipid nanoparticles
leads to massive production of anti-spike neutralizing antibodies in most individuals,

468 Med 3, 468-480, July 8, 2022 © 2022 Elsevier Inc.

Context and significance

To understand the turnover of
immune cells following SARS-
CoV-2 vaccination, Fox-Fisher

et al. analyzed fragments of cell-
free DNA (cfDNA) that are
released from dying immune cells
to blood. The levels of B cell
cfDNA after the primary dose
correlated with neutralizing
antibodies and memory B cells
after the booster, revealing that
early B cell turnover—potentially
reflecting affinity maturation—
affects later development of
effective antibodies. They also
observed co-elevation of
lymphocyte and monocyte cfDNA
after the booster, underscoring
the involvement of innate immune
cell turnover in the development
of humoral and cellular adaptive
immunity. cfDNA biomarkers
open a new window into human
immune cell dynamics in response
to perturbations.
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combined with a T cell response.” This results in ~90% reduction in the likelihood of
infection and 97% reduction in the likelihood to develop severe coronavirus disease
2019 (COVID-19),>* although certain mutations in the spike protein reduce effec-
tiveness of the vaccine.” Many open questions remain regarding the processes
underlying the response of the immune system to the vaccine, with important prac-
tical implications for current vaccine management and the development of future
vaccines. For example, considerable inter-individual variation is observed in the
quality of the response to the vaccine, with regard to titers of neutralizing antibodies
as well as their decline over time.®® At present, the mechanisms governing this het-
erogeneity are not clear.

Systems immunology analyses using immune cell counts, leukocyte transcriptomes,
and antibody measurement have begun to describe the immune processes and
circuits taking place following vaccination. Key findings so far are the enhancement
of an innate immune response after the booster, seen as elevated monocyte
counts and an increased anti-viral interferon response;” the induction of a persistent
germinal center B cell response;'® and the observation that elderly individuals elicit a
weaker response to the vaccine, including lower levels of neutralizing antibodies and
lower levels of spike-specific memory B cells.® While these studies provide critical
snapshots of the immune response to the vaccine, they have not addressed mecha-
nistic aspects of heterogeneity, and have not identified early individual responses
that predict the outcome of vaccination.

Dying cells release short-lived fragments of genomic DNA to the circulation. Circu-
lating cell-free DNA (cfDNA), the substrate of liquid biopsies, has been used exten-
sively to detect fetal chromosomal aberrations,’'~"® to monitor tumor dynamics,'
and to identify rejection of transplanted organs.’>'® More recently, tissue-specific
epigenetic marks have allowed use of liquid biopsies for the monitoring of tissue
turnover in genetically normal cell types.'’ 2> We and others have taken advantage
of DNA methylation patterns, which are stable and universal characteristics of
distinct cell types, and are retained on cfDNA. Tissue-specific DNA methylation pat-

17:23 5n massive

terns can inform on tissue turnover indicative of tumor development,
cell death (e.g., elevated cardiomyocyte cfDNA after myocardial infarction),?* and
on immune and inflammatory processes involving cell turnover.”>?® An important
feature of cfDNA is its short half-life, estimated at 15-120 min.?” This means that
cfDNA molecules represent cell death events that took place shortly before sam-
pling, and can open an early window into processes that manifest much later as

reduced cell counts or tissue mass.

To gain insight into the dynamics of the immune system following prime-boost
SARS-CoV-2 vaccination, we collected longitudinal blood counts and serology sam-
ples from 100 volunteers who received two doses of the Pfizer/BioNTech mRNA vac-
cine BNT162b, and characterized changes in immune-derived plasma cfDNA. Here
we describe the observed changes and their correlation to established measures of
the immune response to the vaccine.

RESULTS

Longitudinal monitoring of blood cells, immune cfDNA, and antibodies
following BNT162b2 vaccination

We recruited 100 healthy volunteers (aged 19-78 years, median 40 years) who had
received the BNT162b2 vaccine in late December 2020 at the Hadassah Medical
Center. Blood samples were drawn from each volunteer just prior to the primary vac-
cine, and on days 3, 7, 14, 21 (just prior to the booster vaccine), 24, 28, and 42
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Figure 1. Study design

We recruited 100 volunteers that received the BNT162b2 vaccination (60 females, 40 males, age
range 19-78 years, median age 40 years) and obtained blood samples at eight time points before
and after vaccination. All samples were assessed forimmune cell counts, anti-spike IgG antibodies,
and cfDNA markers. A subset of donors (N = 29) were more comprehensively characterized,
including neutralizing antibody assay and single-cell mass cytometry (CyTOF). All participants
received the booster 3 weeks after the primary vaccine.

(Figures Tand S1). We obtained complete blood counts (CBCs), measured anti-spike
antibodies, extracted DNA from whole blood as well as from plasma, and recorded
self-reports on adverse events (Figure S1; Data S1). On a subset of volunteers
(n = 29), we also measured SARS-CoV-2 neutralizing antibodies, which are key me-
diators of protection® and used single-cell mass cytometry (cytometry by time of
flight [CyTOF]) to assess the levels of dozens of cell surface markers (manuscript in
preparation).

We then treated the extracted DNA with bisulfite, amplified it using a cocktail of 12
immune-derived DNA methylation markers (Figure S2; Table $17¢), and sequenced
the products as described?® to quantify the presence of DNA from specific immune
cell types. The cocktail includes genomic loci, each of which is uniquely unmethy-
lated in DNA from a specific immune cell type: neutrophils, monocytes, B cells,
T cells, and CD8 T cells. When applied to genomic DNA extracted from whole blood,
these markers provide an accurate estimate of white blood cell (WBC) counts;?%??
indeed, we observed a good correlation between cell counts measured by CBC or
CyTOF, and cell counts defined by DNA methylation analysis of genomic DNA
from whole blood (Figure S2). Importantly, when applied to cfDNA, these methyl-
ation markers reflect immune cell type-specific turnover, which may anticipate

changes in total cell number of a given population.?*?

Second dose of vaccine elicits a dramatic elevation of cfDNA derived from
both adaptive and innate immune cells

Total counts of WBCs, as well as the numbers of B cells, T cells, monocytes, and neu-
trophils, assessed using either CBCs or methylation markers in genomic DNA from
whole blood, remained relatively stable during the 42 days that followed the primary
dose. We noticed a small and transient drop in total WBC counts as well as neutro-
phil, B, and T cell counts on day 24 (3 days after the booster), followed by elevated
T cell counts on day 28 (Figures 2A and S3A-S3C). Transient neutropenia has been
reported previously following administration of other vaccines,’® and BNT162b2 has
been reported to cause a transient reduction in lymphocyte counts, attributed to
interferon-induced redistribution of lymphocytes into lymphoid tissues.*'
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Figure 2. Temporal changes in innate and adaptive inmune cfDNA and cell counts following vaccination

(A) Total cfDNA (ng/mL), immune-derived cfDNA (GE/mL) (red lines), and circulating immune cells (107/ L) (light blue lines) following vaccination.
Immune cell counts were calculated using methylation marker analysis on genomic DNA extracted from whole blood. Statistical differences were tested
between each time point and baseline (D0), and between days 24-42 and day 21 (just prior to the second vaccination). p values calculated using mixed-
effects analysis. *p < 0.05, **p > 0.01, ***p < 0.001, ****p < 0.0001. Bars, median; error bars, 95% confidence interval (CI).

(B) A heatmap of the Spearman rank correlation of immune-derived cfDNA from each cell type and age (red, negative correlation; blue, positive
correlation). Numbers within boxes are correlation coefficients.

Interestingly, we observed that T cell-, B cell-, neutrophil-, and monocyte-derived
cfDNA concentrations (as well as total cfDNA levels) decreased transiently on
days 14 and 21 following the priming dose (Figure 2A). The change was more
evident when each sample was normalized to cfDNA levels of the same donor
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prior to vaccination (Figure S3D). These findings may result from more rapid
clearance of c¢fDNA, or alternatively from a hitherto-unrecognized process of
attenuated immune cell turnover in response to the priming vaccine dose. We
favor the latter explanation as it is consistent with, and can be the reason for,
the observed reduction in cell counts on day 24. Additional experiments will be
required to determine the basis for the transient decrease in cfDNA levels
following vaccination.

Strikingly, the concentrations of cfDNA derived from B cells, T cells, CD8 T cells, and
monocytes were co-elevated on after the booster (p < 0.0001, mixed-effects anal-
ysis), revealing a rapid, coordinated response of the adaptive and innate immune
systems to the second dose (Figures 2A, S3D, and S3E). B cell cfDNA was most
significantly increased (median change, 2.7-fold) followed by T cell cfDNA (median
change, 1.7-fold) and monocyte cfDNA (median change, 1.47-fold), and all peaked
on day 24 (3 days after the booster) and declined thereafter. Interestingly, CD8"
T cell cfDNA peaked later, on day 28 (Figures 2A and S4A). The elevation of cfDNA
levels after the booster was accompanied by a transient reduction in B cell, neutro-
phil, and total leukocyte counts.

We asked if changes of cfDNA levels derived from each cell type occur indepen-
dently (for example, B cell cfDNA levels fluctuating independently of the levels of
neutrophil cfDNA), or in a coordinated manner. A correlation matrix revealed that
immune-derived cfDNA levels were in fact highly correlated throughout the study
period. That is, when B cell cfDNA levels increased in an individual, the levels of
cfDNA from T cells, monocytes, and neutrophils were also likely to increase (Fig-
ure S4B). This suggests that vaccination results in a simultaneous, coordinated
turnover response of the innate and adaptive immune systems.

Last, we assessed cfDNA responses as a function of the age of vaccinees. Strikingly,
B cell cfDNA levels on day 7 were negatively correlated with age, while the levels of
monocyte cfDNA and total cfDNA on days 3 and 42 were positively correlated with
age (Figure 2B). This finding suggests that the process of aging attenuates the turn-
over of B cells in response to vaccination, potentially contributing to the weaker anti-

8,32

body response reported previously in the elderly, while it causes a stronger

response of the innate immune system to the vaccine.

Immune cfDNA levels anticipate antibody production
We next sought to correlate the profiles of cfDNA in response to vaccination to the
intended functional consequence, namely antibody production. Consistent with

previous reports,®’~**

primary vaccination led to a dramatic elevation in the concen-
tration of anti-spike antibodies, which was further elevated after the booster, and

started to plateau on day 42 (Figure 3A).

We observed that the levels of B cell-derived cfDNA on days 0 and 3 did not corre-
late with the levels of antibodies measured at any day (p > 0.29). However, B cell
cfDNA levels on days 7, 14, and 24 were weakly but significantly correlated (r =
0.28-0.47, p = 0.03-0.05 Spearman correlation; Benjamini-Hochberg [BH]adjusted
p value) to the levels of antibodies measured in the same individual 4-7 days later (on
days 14, 21, and 28, respectively) (Figure 3B). cfDNA from other immune cell types
did not correlate significantly with immunoglobulin (Ig) G levels, other than a weak
negative correlation between neutrophil cfDNA on days 0 and 3 and antibody levels
(Figure S5). Breaking down the cohort of vaccinees by age groups (above and below
40 years, a cutoff consistent with observations made in a previous study),”® we
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Figure 3. Correlation between B cell cfDNA dynamics and antibody production

(A) Measurements of anti-spike IgG antibody following administration of BNT162b2 (a.u./mL).

(B) Correlation between B cell-derived cfDNA (GE/mL) and anti-spike IgG (a.u./mL). Pink line shows simple linear regression, gray background Cl 95%.
Spearman correlation; Benjamini-Hochberg-adjusted p value to correct for multiple testing; false discovery rate (FDR) 5%. Red background shows
correlations that are statistically significant(p < 0.05).

(C) Levels of anti-spike IgG antibody as a function of time, divided into age groups (19-39 years, n = 47; 40-78 years, n = 48). Mann-Whitney U test.
*p < 0.05, **p > 0.01, ***p < 0.001, ****p < 0.0001. Bars, median; error bars, 95% confidence interval (Cl).

(D) A heatmap of Spearman'’s correlation between B cell-derived cfDNA (GE/mL) and anti-spike IgG (a.u./mL) in the two age groups. Benjamini-
Hochberg-adjusted p value; FDR 5%. Numbers are correlation coefficients.

observed that individuals above 40 years had, on average, a lower titer of anti-spike
IgG antibodies (p < 0.0018, Mann-Whitney test) (Figure 3C), as reported.s'32 We
measured how B cell cfDNA correlated with subsequent antibody production in
young and old donors. Interestingly, the young but not the older donors showed
a significant correlation between B cell cfDNA on day 7 and antibody titer on day
14 (Figure 3D), suggesting a faster functional response to the vaccine in younger in-
dividuals. In older (but not in young) individuals, B cell cfDNA levels on day 21 corre-
lated with subsequent antibody production, potentially reflecting a slower process
of affinity maturation in the old, even when productive (Figure 3D).
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Figure 4. Correlation between B cell cfDNA dynamics and day 28 neutralizing antibodies

(A) Spearman’s correlation between B cell-derived cfDNA and neutralizing antibodies on day 28 (NT50).

(B) Day 28 neutralizing antibodies divided by age (p = 0.06, Mann-Whitney U test).

(C) Age dependency of the Spearman’s correlation between B cell-derived cfDNA (GE/mL) and day 28 neutralizing antibodies (NT50). Red line shows
simple linear regression, gray background Cl 95%. Spearman correlation test, p value is corrected for multiple testing BH FDR 5%. Pink marks panels
with statistically significant correlations(p < 0.05).

We further determined the levels of neutralizing antibodies in a subset of 29 volun-
teers, on day 28 (7 days after the booster). As reported,’** IgG levels on day 14
and beyond were correlated with neutralizing antibodies (Figure Sé). The levels of
neutralizing antibodies on day 28 were positively correlated with B cell-derived cfDNA
levels a week earlier, on day 21 (r = 0.54, p = 0.02, Spearman correlation; BH-adjusted
p value), providing further evidence that changes in B cell turnover in a given individual
in response to the primary vaccination anticipate antibody production after the
booster (Figure 4A). The correlation was specific to B cell turnover, as the levels of
cfDNA derived from T cells, monocytes, and neutrophils did not correlate with neutral-
izing antibodies (Figure S6). Similar to the situation with the titer of anti-spike anti-
bodies, neutralizing antibody activity was lower in individuals older than 40 years
(Figure 4B). Interestingly, B cell cfDNA levels on days 3 and 21 anticipated neutralizing
antibodies on day 28, in the older group (r = 0.64-0.71, p = 0.01-0.02, Spearman cor-
relation; BH-adjusted p value) but not in the younger group (Figure 4C).

These findings provide the first evidence that measurable B cell turnover dynamics in
individuals are predictive of antibody production.

B cell cfDNA anticipates memory B cell production

Stimulation of B cells leads to differentiation of antibody-producing plasma cells, as
well as formation of memory B cells that account for long-lasting immune memory.
To assess the numbers of plasmablasts and memory B cells, we applied CyTOF to
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blood samples from 29 of the vaccinees, using antibodies against CD20, CD27, and
CD38 as surrogate markers (see STAR Methods). The total number of memory B cells
and plasmablasts did not change following vaccination (Figures S7A and S7B).

To understand the relationship between cfDNA changes and cell formation, we
tested the correlation of B cell cfDNA with the measured B cell subsets. We observed
that the number of plasmablasts did not correlate with measurements of B cell
cfDNA at any day. However, the concentration of B cell-derived cfDNA on day 14
did correlate with the number of memory B cells on days 21 and 28 (r = 0.59-0.6,
p = 0.02, Spearman correlation; BH-adjusted p value), suggesting that increased
cell turnover led to increased cell abundance (Figures 5A and 5B).

The concentration of B cell-derived cfDNA on day 14 was significantly correlated
with the number of memory B cells at later time points (day 14 to day 28) in vaccinees
of both age groups (above and below 40 years), and the correlation resisted a
correction for age (Figures 5C and 5D). In contrast, the well-established correlation
between memory B cells and the titer of neutralizing antibodies®*?*> was eliminated
when we corrected for age (Figures S7C-S7F). These findings suggest that the rela-
tionship between B cell cfDNA and subsequent memory B cell counts is not ex-
plained simply by an age confounder. Thus, the extent of B cell turnover 14 days
after the priming dose of vaccine, as reflected in B cell cflDNA, predicts the magni-
tude of memory B cell formation in the time that follows, regardless of variations in
the effect of the booster. Taken together, our findings show that an individual’s B cell
response to the priming vaccine dose is an important correlate of the formation of
both neutralizing antibodies and memory B cells.

DISCUSSION

The mRNA vaccine to SARS-CoV-2 elicits a robust immune response that provides
excellent, albeit temporary, protection from COVID-19. To understand the inter-in-
dividual variation in the response to the vaccine and predict its outcome, we em-
ployed a novel analyte: immune-derived cfDNA. Several features of this analyte
endow it with unique information regarding immune system dynamics. First, cfDNA
can be assigned to a specific cell type of origin using highly conserved DNA methyl-
ation patterns. Second, circulating fragments of genomic DNA are derived from
dying cells, and hence provide an insight into cell death dynamics, distinct from
the information present in cell counts, which reflect both cell death and cell produc-
tion. Third, cfDNA fragments reach systemic circulation even when their site of origin
is not within the circulation, and therefore can report on processes taking place in
remote locations (e.g., cell death within germinal centers). Fourth, cfDNA molecules
are cleared from blood within minutes,*® so their concentration reflects contem-
porary rather than historical cell death events. Last, changes in the rate of cell turn-
over as reflected by ¢cfDNA can anticipate slower dynamics occurring in cell number.
This principle is well established in cancer, where tumor growth can be anticipated
from elevated levels of tumor-derived cfDNA,"??* and is true also for immune cell
dynamics.?®

Based on these principles, we searched for post-vaccination processes that corre-
late with, and can be predicted by, immune-derived cfDNA dynamics. The key
finding is that elevated B cell-derived cfDNA after the priming vaccine dose corre-
lates with the efficiency of neutralizing antibody activity against SARS-CoV-2, as
well as the formation of memory B cells, both measured after the booster. This
suggests that an individual’s B cell turnover activity in response to the primary
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Figure 5. B cell cfDNA an early indicator of memory B cell production

(A) A heatmap of Spearman’s correlation between levels of B cell-derived cfDNA and memory B cells (top) or plasmablasts (bottom), as measured by
CyTOF (107/L).

(B) Detailed view of statistically significant correlations in the heatmap in (A).

(C) Spearman’s correlation between day 14 B cell-derived cfDNA (GE/mL) and memory B cells (107/L), divided by age groups. Red line, linear regression.
Gray background, Cl 95%. p value is corrected for multiple testing BH FDR 5%. Pink marks panels with statistically significant correlations(p<0.05).
(D) A heatmap of Spearman’s correlation between B cell cfDNA and memory B cells, corrected for age. Asterisks denote statistical significance.

*p < 0.05, **p > 0.01, ***p < 0.001, ****p < 0.0001.

vaccine (but not baseline B cell turnover) is crucial in shaping the quality of the hu-
moral response, as manifested after the booster. We hypothesize that the link be-
tween elevated B cell cfDNA, production of neutralizing antibodies, and formation
of memory B cells is affinity maturation, taking place in germinal centers. In this
process, antigen-binding B cells undergo rounds of proliferation, somatic hyper-
mutation, and clonal selection. Cells with improved affinity to the target epitope
are selected to become plasma cells or memory B cells, while other cells die off,
likely releasing to circulation DNA fragments that carry B cell methylation signa-
tures. The central role of affinity maturation is consistent with the recent

476 Med 3, 468-480, July 8, 2022



Med

observation that mutation burden in B cells from vaccinees is higher in clones with
higher affinity to the S protein, suggesting memory B cell origin rather than plasma
cells.' Thus, we propose that the levels of B cell cfDNA reflect the intensity of af-
finity maturation, which is causal in generating neutralizing antibodies and memory
B cells. Further studies are needed to examine this concept.

Notably, the correlation between the levels of B cell cfDNA and later production of
neutralizing antibodies and memory B cells is partial, suggesting that additional pre-
existing or vaccine-elicited parameters participate in shaping immune response to
the vaccine. Among these factors, age may play a role, as older individuals had a
weaker B cell turnover following vaccination, which correlated with lower titers of
neutralizing antibodies.

We acknowledge that the ability to predict vaccination outcome from B cell cfDNA
levels should be validated in independent experimental cohorts. Nonetheless,
several lines of evidence support validity of the proposed link between B cell cfDNA
and vaccination outcome. First, the correlation was specific to cfDNA derived from B
cells, the most biologically relevant cell type. Second, B cell cfDNA was correlated
with two independently measured parameters of vaccination outcome, namely
memory B cells and neutralizing antibodies. Third, we have observed a similar phe-
nomenon among individuals that received an influenza vaccine: people that failed to
elevate B cell cfDNA after vaccination were more likely to be non-responders and fail
to produce high titers of anti-hemagglutinin antibodies.”

Taken together, the findings suggest that the quality of the immune response to the
vaccine can, in principle, be predicted by measurements taken shortly after the pri-
mary vaccine, potentially adjusting vaccine regime in near real time to ensure a suc-
cessful response of all vaccinees.

T cells also undergo a process of maturation upon exposure to cells expressing the
introduced antigen, resulting in the formation of effector and effector memory
T cells.?” Although these responses are more difficult to measure than the humoral
response, the dynamics of T cell-derived cfDNA post vaccination suggest that
cfDNA can be informative regarding the development of cellular immunity as well.

Concerning the booster, we found that it elicited a concomitant elevation of cfDNA
derived from lymphocytes (T and B cells) and monocytes/macrophages. The most
likely interpretation is that the booster triggers massive proliferation of all immune
cell types, accompanied and balanced by massive cell death. Consequently, total
cell numbers do not change, although intra-population composition (e.g., sub-types
of neutrophils) may change. The nature of this process is not clear, but it is consistent
with a coordinated innate-adaptive immune response recorded after the booster in
the form of elevated interferon gamma in plasma, and an increase in inflammatory
monocytes.” We note that, even in response to the primary dose, changes in the
levels of cfDNA from differentimmune cell types were highly correlated, further sup-
porting the idea that innate and adaptive immune responses are tightly coordinated.

In summary, using cfDNA methylation markers, we infer immune cell turnover dy-
namics in response to BNT162b2. We detect a coordinated innate/adaptive immu-
nity response to the booster that involves massive cell turnover, and identify
elevated B cell turnover after the primary vaccine—likely a non-invasive reflection
of affinity maturation within germinal centers—as an important determinant of var-
ied quality of the eventual immune response.
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Limitations of the study

This study has several notable limitations. Most fundamentally, DNA methylation is a
characteristic of stable cell types, rather than dynamic cell states. The resolution of
methylation markers reflects this inherent biology of DNA methylation, although it
can certainly be increased to distinguish between more cell types than our current
crude definitions. Notably, other epigenetic marks can potentially report on gene
expression programs within cells that released cfDNA.”” Second, we recognize
that one of the major outcome measures used in this study—counting memory B
cells—used a proxy definition (cell surface expression of CD20/27/38) rather than
a true functional definition, which is not available at this time, and without demon-
stration of SARS-CoV-2 specificity. Third, the study was not designed to assess
cfDNA correlates of protection from infection or disease, forcing us to focus on
the available readout of antibodies and memory B cells. Follow-up studies are
needed to validate the findings described here and address limitations to achieve
a fuller understanding of individual heterogeneity in the response to COVID-19
vaccine.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Metal-111Cd CD4 clone-RPA-T4 Biolegend Cat# 300541; RRID:AB_2562809
Metal-112Cd CD3 clone-UCHT1 Biolegend Cat# 300443; RRID:AB_2562808
Metal-114Cd CD45 clone-HI30 Biolegend Cat# 304045; RRID:AB_2562821
Metal-115In HLADR clone-L243 Biolegend Cat# 307651; RRID:AB_2562826
Metal-116Cd CDé6b clone-6/40c Biolegend Cat# 392902; RRID:AB_2728422
Metal-148Nd CD20 clone-2H7 Biolegend Cat# 302343; RRID:AB_2562816
Metal-150Nd IgD clone-1A6-2 Biolegend Cat# 348235; RRID:AB_2563775
Metal-151Eu CD123 clone-6H6 Fluidigm Cat# 3151001; RRID:AB_2661794
Metal-159Tb CD33 clone-WM53 Biolegend Cat# 303419; RRID:AB_2562818
Metal-162Dy CD27 clone-0323 Biolegend Cat# 302839; RRID:AB_2562817
Metal-167Er CD38 clone-HIT2 Fluidigm Cat# 3167001B; RRID:AB_2802110
Metal-173Yb CD19 clone-HIB19 Biolegend Cat# 302247; RRID:AB_2562815
Metal-174Yb CD8 clone-SK1 Biolegend Cat# 344727, RRID:AB_2563762

Bacterial and virus strains

SARS-CoV-2 isolate BEI resources NR-52281
Biological samples

Human plasma samples obtained from This paper N/A
vaccinated healthy subjects

Human Serum samples obtained from This paper N/A
vaccinated healthy subjects

Human Whole blood samples obtained This paper N/A

from vaccinated healthy subjects

Critical commercial assays

EZ DNA Methylation-Gold Zymo-research CAT# D5006
QlAsymphony DNA Midi Kit (96) QIAGEN 931255
Qubit dsDNA HS Assay Kit Invitrogen Q32854
NextSeq 500/550 v2 Reagent Kit lllumina 20024904
Liaison SARS-CoV-2 $1/S2 IgG DiaSorin 311450
Architect SARS-CoV-2 IgG Il Quant assay Abbott N/A
Cell-ID™ 20-Plex Pd Barcoding Kit Fluidigm SKU 201060
Experimental models: Cell lines

VERO E6 cell ATCC CRL-1586
Oligonucleotides

Primers for neutrophils, see Table S1 This paper N/A

Primers for monocytes, see Table S1 This paper N/A

Primers for T-cells, see Table S1 This paper N/A

Primers for CD8, see Table S1 This paper N/A

Primers for B-cells, see Table S1 This paper N/A
Deposited data

Data S1. Data of characteristics, immune This paper Mendeley data: https://doi.org/
derived cfDNA, cell counts and antibodies. 10.17632/5bmb564d8t.1
Software and algorithms

GraphPad Prism 9.2.0. GraphPad N/A

Batch correction - ComBat() function from R [Version 4.2.1] N/A

the sva package [Version 3.40.0].

normalize.quantiles.use.target() function from the R [Version 4.2.1] N/A
preprocessCore package [Version 1.54.0]. 5)

the clean_flow_rate() function from the flowCut R [Version 4.2.1] N/A
package [Version 1.3.1], with an alpha set to 0.01; 4)

cytofCore.concatenateFiles() function from the R [Version 4.2.1] N/A

cytofCore package [Version 0.4].
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Yuval Dor (yuvald@ekmd.huji.ac.il).

Materials availability
Marker coordinates and primer sequences used in this study are listed in the Key re-
sources table.

Data and code availability

® All data reported in this paper is included in the Data ST and will be shared by the
lead contact upon request. Additional Supplemental Items are available from
Mendeley Data at: https://doi.org/10.17632/5bmb564d8t.1.

® This paper does not report original code.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The characteristics (age, gender and adverse events) of the participants in this study
are summarized in the Data S1 and Figure S1. Age, gender, and adverse events was
self-reported by the participants. We recruited 100 healthy volunteers who were
about to receive a first BNT162b2 vaccine, to participate in the study. Exclusion
criteria were an acute illness and a past Covid-19 infection. Volunteers were asked
to report any adverse effect following vaccination. Volunteers donated 10 mL of
blood ondays0, 3,7, 14, 21 after the primary dose and 3, 7, 14 days after the booster
dose. One volunteer was excluded due to abnormally high levels of B-cell derived
cfDNA before receiving the vaccination, potentially reflecting a hidden B-cell related
pathology. The study was approved by the institutional Review Board of Hadassah
Medical Center. Blood samples were obtained from participants who have provided
written informed consent. This study was conducted according to protocols
approved by the Institutional Review Board in Hadassah Medical Center: HMO-
14-0198. A Method to Diagnose Cell Death Based on Methylation Signature of
Circulating Cell-Free DNA. With procedures performed in accordance with the
Declaration of Helsinki.

METHOD DETAILS

Immune cell type methylation markers

We used a subset 12 markers out of the collection of immune-derived DNA methyl-
ation markers described recently.”® These included three neutrophil markers, two
monocyte markers, 3 B-cell markers, two general T cell markers, and two CD8"
T cell markers. Marker coordinates and primer sequences are provided in
Table S1. Briefly, immune-cell-specific methylation candidate biomarkers were
selected using comparative methylome analysis, based on publicly available data-
sets,”” to identify loci having more than five CpG sites within 150 bp, with an average
methylation value for a specific cytosine (present on lllumina 450K arrays) of less than
0.3 in the specific immune cell type of interest and greater than 0.8 in over 90% of
tissues and other immune cells. From our previously-described atlas of human tis-
sue-specific methylomes,'” we identified ~50 CpG sites that are unmethylated in
specific immune-cell types and methylated in all other major immune cells and tis-
sues. We selected two to three sites as markers for neutrophils, monocytes,
B-cells, T-cells and CD8" T-cells, and used primers that amplify ~100 bp fragments
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surrounding marker CpGs using a multiplex two-step PCR amplification method, as

described.?¢%®

Sample collection

Blood samples were collected by routine venipuncture in 10 mL EDTA Vacutainer®
tubes up to 4 hours before plasma separation and complete blood count analysis.
For cfDNA processing tubes were centrifuged at 1,500xg for 10 minutes at 4 °C.
The supernatant was transferred to a fresh 15 mL conical tube without disturbing
the cellular layer, and centrifuged again for 10 min at 3000Xg. The supernatant
was collected and stored at —80°C.

cfDNA was extracted from 2 to 4 mL of plasma using the QlAsymphony liquid
handling robot (Qiagen). cfDNA concentration was determined using Qubit dou-
ble-strand molecular probes kit (Invitrogen).

DNA derived from all samples was treated with bisulfite using EZ DNA Methylation-
Gold (Zymo Research) and eluted in 24 pL elution buffer. gDNA was extracted
directly from whole blood using the QlAsymphony DNA Midi Kit (Qiagen). Note
that gDNA content in such preparations is similar to the gDNA content of white
blood cells, since the other components of whole blood - erythrocytes and platelets
- contain negligible amounts of DNA.

Next generation sequencing

Pooled PCR products were subjected to multiplex next-generation sequencing
(NGS) using the NextSeq 500/550 v2 Reagent Kit (lllumina). Sequenced reads
were separated by barcode, aligned to the target sequence, and analyzed using
custom scripts written and implemented in R. Reads were quality filtered based on
lllumina quality scores. Reads were identified as having at least 80% similarity to
the target sequences and containing all the expected CpGs. CpGs were considered
methylated if “CG" was read and unmethylated if “TG" was read. Proper bisulfite
conversion was assessed by analyzing methylation of non-CpG cytosines. We then
determined the fraction of molecules in which all CpG sites were unmethylated.
The fraction obtained was multiplied by the concentration of cfDNA measured in
each sample, to obtain the concentration of tissue-specific cfDNA from each donor.

Antibody measurements

The levels of specific anti- SARS-CoV-2 spike IgG (Liaison SARS-CoV-2 S1/S2 IgG,
DiaSorin, Saluggia, Italy) and receptor binding domain (RBD) IgG (Architect SARS-
CoV-2 IgG Il Quant assay, Abbott Diagnostics, Chicago, USA) were assessed in
serum specimens, and expressed as arbitrary units (AU)/mL. Neutralizing antibody
titers against SARS-CoV-2 were measured using a wild-type SARS-CoV-2 virus mi-
croneutralization assay as previously described,*® with minor modifications. Briefly,
serial two-fold dilutions of heat inactivated serum samples (starting from 1:10;
diluted in DMEM in a total volume of 50 pul) were incubated with an equal volume
of viral solution, containing 100 tissue culture infectious dose (TCID50) of SARS-
CoV-2 isolate USA-WA1/2020 (NR-52281; obtained from BEI resources) for 1 h in
a 96-well plate, at 37 °C in humidified atmosphere with 5% CO,. The serum-virus
mixtures (100 pL; eight replicates of each serum dilution) were then added to a
96-well plate containing a semi-confluent VERO Eé cell monolayer (ATCC CRL-
1586; maintained as described.?” Following 3 days of incubation at 37°C in a humid-
ified atmosphere with 5% CO,, the cells in each well were scored for viral cytopathic
effect (CPE). The neutralization (NT)50 titer was defined as the reciprocal of the high-
est serum dilution that protected 50% of culture wells from CPE. Positive and
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negative serum controls, cell control, and a viral back-titration control were included
in each assay.

Mass cytometry

Sample processing. Heparin tubes were incubated at room temperature for 1 h af-
ter collection, and 2.5 mL of blood was then transferred to 3 mL of PROT1 stabilizer
(SmartTube Inc. San Carlos, CA, USA). After incubation at room temperature for
10 min, the samples were transferred to —80°c for shipment and long-term storage.
In addition, several heparin tubes were collected from a 47-year-old healthy female
as a control. The samples were aliquoted and stored similarly in PROT1 buffer.
Samples were subsequently thawed using Thaw Lyse X1000 concentrate using the
manufacturer’s instructions and three million cells were prepared in 15 mL tubes.
To facilitate sample acquisition and minimize batch effects, samples were barcoded
using a Cell-ID™ 20-Plex Pd Barcoding Kit (Fluidigm Inc, San Francisco, CA, USA),
washed and pooled. Cells were then stained for extracellular markers (see Key re-
sources table), washed, and fixed in 1.6% paraformaldehyde overnight in 4°c. Prior
to data acquisition, samples were incubated at RT in 0.3% Saponin (Sigma) in PBS,
with Ir-intercalator (Fluidigm, 1:2000), washed once in cell staining buffer and cell
acquisition solution. Cells were diluted to 0.5 million per 1 mL with cell acquisition
solution and acquired by CyTOF Helios machine (Fluidigm). Each of the 13 batches
contained 19-20 samples, including one control sample. Internal metal isotope
bead standards were added for sample normalization to account for decline in
mean marker intensity over time, and normalized using CyTOF-build in function.

Batch correction of raw CyTOF data

During our analysis, we discovered a decline in signal intensity over time in four
channels. To account for this decline, we performed the following steps, per batch:
1) removed files with significant differences in intensities to the other files within the
same batch; 2) removed files with less than 0.5 million cells; 3) Performed a QC anal-
ysis using the clean_flow_rate() function from the flowCut package [Version 1.3.1],
with an alpha set to 0.01; 4) Quantile normalization was performed for the four aber-
rant channels (141Pr—CD57, 157Gd - CD45RA, 165Ho - CD28, 174Yb — CD8) in the
following manner: for each file in each batch, the first 20 min of the acquisition were
determined to be stable and were used as a reference for quantile normalization.
Quantile normalization was performed for every 5 min separately using the normal-
ize.quantiles.use.target() function from the preprocessCore package [Version
1.54.0]. 5) The normalized files were concatenated using the cytofCore.concatena-
teFiles() function from the cytofCore package [Version 0.4].

Data post-processing

Data were uploaded to a Cytobank web server for processing and gating of dead
cells and normalization beads. Each batch was gated on separately and manually.
Cell frequencies were calculated as a percentage of the parent population and
Absolute immune cell number was calculated using % of the specific immune cell
subset population out of CD45" cells multiplied by the white blood cell count
measured in the CBC.

Data was imported into R for further analysis. When a duplicate sample ran at two
different batches, the sample from the first batch was used. Batch correction was

performed using the ComBat() function from the sva package [Version 3.40.0].

All pre- and post-processing steps were performed in R [Version 4.2.1] and RStudio
[Version 1.4.1717].
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Statistical analysis

To assess correlation between groups we used Spearman’s ranked correlation test.
To validate the correlation between CyTOF, CBC and methylation markers we used
Pearson'’s correlation. Adjustment for age was done using a simple linear regression
model, with age as the independent variable and neutralizing antibodies, memory
B-cells and B-cell derived cfDNA as the dependent variable. Residuals were corre-
lated after regression. For multiple testing we corrected p value with Benjamini
Hochberg (FDR 5%). To determine significance of differences between groups we
used a non-parametric two-tailed Mann-Whitney test. For multiple comparisons, a
mixed-effects analysis of repeated measures data was used. P-value was considered
significant when <0.05. Statistical analyses performed with GraphPad Prism 9.2.0.
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