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Antigen-specific serum immunoglobulin (Ag-specific Ig) levels are broadly used as
correlates of protection. However, in several disease and vaccination models these fail
to predict immunity. In these models, in-depth knowledge of cellular processes
associated with protective versus poor responses may bring added value. We applied
high-throughput multicolor flow cytometry to track over-time changes in circulating
immune cells in 10 individuals following pertussis booster vaccination (Tdap, Boostrix®,
GlaxoSmithKline). Next, we applied correlation network analysis to extensively investigate
how changes in individual cell populations correlate with each other and with Ag-specific
Ig levels. We further determined the most informative cell subsets and analysis time points
for future studies. Expansion and maturation of total IgG1 plasma cells, which peaked at
day 7 post-vaccination, was the most prominent cellular change. Although these cells
preceded the increase in Ag-specific serum Ig levels, they did not correlate with the
increase of Ig levels. In contrast, strong correlation was observed between Ag-specific
IgGs and maximum expansion of total IgG1 and IgA1 memory B cells at days 7 to 28.
Changes in circulating T cells were limited, implying the need for a more sensitive
approach. Early changes in innate immune cells, i.e. expansion of neutrophils, and
expansion and maturation of monocytes up to day 5, most likely reflected their
responses to local damage and adjuvant. Here we show that simultaneous monitoring
of multiple circulating immune subsets in blood by flow cytometry is feasible. B cells seem
to be the best candidates for vaccine monitoring.
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INTRODUCTION

Determination of antigen-specific immunoglobulin (Ag-specific
Ig) levels in serum is routinely used as readout for vaccine
efficacy and/or protective immunity (1-3). Besides Ag-specific
Igs, immunological memory is preserved in the form of
circulating memory B and T cells, which are more difficult to
measure. These cells are preserved even when Ag-specific Ig
levels have waned. Therefore, the cellular compartment may
harbor potential for more accurate correlates of protection and
provide insights into the mechanism of protection. Whereas
serology provides insight in Ag-specific Ig levels and function,
analysis of circulating immune cells may result in a deeper
understanding of the processes induced by the vaccine and the
cellular changes preceding Ig production. These additional
insights can support the evaluation of novel vaccination
strategies, such as addition of new adjuvants, antigens or
changing the route of administration.

Cellular processes and their kinetics can be evaluated with
different methods, such as ELISpot, cytokine production,
tetramer staining or cell proliferation assays (4). These
techniques have resulted in identification of several cellular
correlates of protection. For example, Sridhar et al. reported
that for flu a higher frequency of (pre-existing) cross-reactive
IFNY'IL-2" CD8 T cells was associated with decreased disease
symptoms, and CD45RA"CCR7" late effector T cells within the
above-mentioned cross-reactive T cells were a cellular correlate
of protection (5). Furthermore, Wilkinson et al. showed
increased numbers of influenza-specific CD4 T cells before the
detectable increase in antibody levels (6). Despite their
(generally) high sensitivity, such approaches may be laborious
and require additional steps like pre-existing knowledge of HLA-
type, prolonged incubation with or without culturing and
stimulation, or isolation of cell subsets. Moreover, they mostly
focus on a small part of the immune system and are therefore less
suitable as an exploratory tool. Many of these limitations can be
overcome with the use of flow cytometry or mass cytometry.

However, conventional flow and mass cytometry do have
some limitations with regards to the monitoring of cellular
processes and their kinetics in the blood. First, cells of interest
can be present in low numbers in the peripheral blood (PB) [such
as plasma cells, <5 cells/uL (7)], which may hamper their
detection. This can be overcome by increasing sample volume,
as applied in minimal residual disease monitoring (8). With the
introduction of the new generation of high-speed flow
cytometers, measuring increased cell numbers is becoming less
of a hurdle. Second, cellular changes in PB may not directly
reflect cellular changes in specific tissues. However, the blood
stream is thought to be a ‘crossroad” for cell trafficking.
Leukocytes continuously circulate via blood through the body
in search of damage or infection (9-11). This implies that when
analyzed at the right time points, PB can contain valuable
information about processes ongoing in the body (11-14).
Flow cytometry can be an important tool in exploratory
research, because it allows in-depth phenotyping and
monitoring of millions of cells, while retaining information
about absolute cell numbers. Finally, Ag-specific approaches

are valuable tools, but not all antigens are commercially
available, and associated costs can be high. Thus, it can be of
interest to know which general changes can be observed
post-vaccination.

A deeper understanding of cellular processes associated with
vaccination may be of great value for pertussis research. The
current acellular pertussis vaccine (aP) is a combined multivalent
vaccine used to protect against tetanus, diphtheria and pertussis
(Tdap) and, in some cases, additional diseases such as polio, Hib
and hepatitis (15). It is mandatory or highly recommended in
many countries, including the Netherlands (16, 17). Despite
good vaccine coverage, the incidence of pertussis cases has
increased over the past decennia (18). Therefore, an improved
vaccination strategy or vaccine formulation based on in-depth
understanding of cellular processes is of a great interest.

In this study, we used a pertussis booster vaccine (Tdap,
Boostrix®, GlaxoSmithKline) as a model to extensively monitor
cellular kinetics in the immune system of 10 healthy adults.
Using high-dimensional flow cytometry, we investigated
longitudinal changes in PB immune cell subsets before and
after detectable increase in Ag-specific serum Igs. Moreover,
we tested for correlations between total population kinetics and
Ag-specific serum Ig levels. The exploratory nature of this study
generated a vast amount of complex data, which is challenging to
interpret without automated strategies. Therefore, we developed
a top-down approach which starts with correlation network
analysis to identify shared patterns between and within
different immune cell populations. As the use of correlation
network analysis yielded many correlations, we next evaluated
the fluctuations of individual populations. Using this two-step
approach, we assessed the complete dataset and identified most
informative cell populations and time points post-Tdap booster
vaccination. These can be further employed in larger scale
studies, in order to e.g. evaluate candidate correlates
of protection.

MATERIALS AND METHODS

Study Design and Sample Collection

This study was approved by the Medisch-Ethische
Toetsingscommissie Leiden-Den Haag-Delft (registration
number: P16-214 EUDRACT: 2016-002011-18) and performed
in competent adults after signing an informed consent form.
Only volunteers who were (1) healthy, as evaluated by a
questionnaire, (2) had blood hemoglobin levels and leukocyte
differential counts within normal range, (3) had no suspected
exposure to Bp in the past, (4) had a completed vaccination
scheme according to Dutch National Immunization Program
(www.rivm.nl/en/national-immunisation-programme) were
eligible. Exclusion criteria are listed in Supplementary Table 1.
Between June and December 2017, 10 individuals were included
(m/f ratio: 1/9; age range: 25-55y, mean age: 37y), and completed
the study. After initial blood collection (day 0), volunteers were
vaccinated intramuscularly with the Boostrix® vaccine
(GlaxoSmithKline). This reduced-antigen, combined Tdap
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booster vaccine contains diphtheria toxoid (Diph) [2.5Lf (limit of
flocculation)], tetanus toxoid (Tet) (5Lf), three Bp proteins -i.e.
pertussis toxoid (PT) (8ug), filamentous hemagglutinin (FHA)
(8ug), pertactin (Prn) (2.5pg) and aluminum hydroxide as
adjuvant (19). PB samples were collected in K2EDTA blood
collection tubes (BD Vacutainer, BD Biosciences, San Jose, CA,
USA) and serum collection tubes (BD Vacutainer, BD
Biosciences) at baseline (day 0) and subsequently at nine pre-
defined time points i.e. day 3, 5, 7, 10, 14, 21 (20-21), 28 (28-31),
90 (90-95) and 1 year (day 363-371) post-vaccination. One
donor was not eligible at the last time point.

Evaluation of Total and Ag-Specific Serum
Ig Levels

Serological analyses were performed in all collected samples.
Levels of the three major Ig classes (IgM, IgA and IgG) were
determined by turbidimetry, and IgG subclass (IgG1, IgG2, IgG3
and IgG4) levels were determined by nephelometry at the
certified Clinical Chemistry laboratory at LUMC. Levels of IgG
directed against Tet, Diph, PT, FHA, Prn and Fimbriae 2/3
(Fim2/3), and levels of IgA directed against PT, FHA, Prn and
Fim2/3 were determined by multiplex immune assay (MIA) at
the Dutch National Institute for Public Health and the
Environment (RIVM, The Netherlands) (20).

Longitudinal Flow Cytometric Analysis of
up to 250 Circulating Immune Cells
Subsets in Blood

All blood samples were subjected to high-throughput flow
cytometric immunophenotyping with a panel of four recently
developed multicolor immune monitoring antibody
combinations (or their prototypes). In brief, the dendritic cell-
monocyte panel (DC-Monocyte) allows analysis of up to 19
different (sub)populations within the myeloid compartment,
including several subsets of monocytes and dendritic cells (21)
(van der Pan et al., manuscript in preparation). The CD4 T-cell
tube (CD4T) allows identification of at least 89 (up to 161)
populations within the CD4 T-cell compartment with different
functionalities and maturation stages, and longitudinal use of
this tube may provide insight in the activation/maturation of T-
cell subsets (21, 22). The CD8 cytotoxic T-cell tube (CYTOX)
allows identification of up to 50 (sub)populations within the CD8
T-cell and the natural killer (NK) cell compartments (21). Lastly,
the B-cell and plasma cell tube (BIGH) allows identification of up
to 115 populations of B and plasma cells distinguished based on
their maturation stage-associated phenotypic profile and the
expressed Ig subclasses (7, 21).

Depending on the antibody combination, samples were either
processed according to the bulk lysis protocol, for staining of 10 x
10° cells (DC-Monocyte and BIGH) or prepared using the
EuroFlow stain-lyse-wash protocol (CD4T, CYTOX; both
protocols available on www.EuroFlow.org). For BIGH and
CYTOX tubes, surface staining was followed by intracellular
staining with the Fix & Perm reagent kit (Nordic MUbio,
Susteren, The Netherlands) according to manufacturer’s
protocol. In brief, 100pl of washed sample was fixed with 100ul

of Solution A (15min in the dark at RT), washed, and
permeabilized by adding 100ul of Solution B (15min in the
dark at RT) and antibodies against intracellular markers. Next,
samples were washed and re-suspended in PBS for immediate
acquisition (or stored for max ~3h at 4°C). Additionally, BD
TruCount tubes (BD Biosciences) were used according to
manufacturer’s protocol for precise enumeration of cell
subsets. By adding HLA-DR Pacific Blue, CD3 FITC, CD45
PerCP-Cy5.5, CD16 PE, CD56 PE, CD19 PE-Cy7, CD300e
(IREM2) APC and CD14 APC-H7, we could determine
absolute cell count of total leukocytes, eosinophils, neutrophils,
monocytes (including classical, intermediate and non-classical
monocytes [cMo, iMo and ncMo, respectively (23)], dendritic
cells, basophils, total lymphocytes, B cells, NK cells and T cells.
For each immune monitoring panel, a representative population
was selected (e.g. total B-cell count as reference point in the
BIGH panel) and used to determine absolute cell counts of all
other populations in that panel. Immune monitoring tubes were
measured on a BD FACS LSRFortessa 4L or BD FACS LSR
Fortessa x20 4L flow cytometer (BD Biosciences, San Jose, CA,
USA), while TruCount samples were measured on a BD FACS
Canto ™ 11 3L (BD Biosciences) instrument. Flow cytometers were
calibrated daily according to EuroFlow guidelines, as previously
described (24, 25). All data were analyzed manually with Infinicyt
software (InﬁnicytTM Software v2.0, Cytognos) according to the
gating strategies as proposed for these panels by EuroFlow (7, 22)
(van der Pan et al., manuscript in preparation).

Correlation Network Analysis

A sliding window of 3 time points was used to evaluate correlating
changes between and within all immune subsets and Ag-specific Ig
levels. To identify patterns shared by different individuals, the ratio
over baseline was used as input. Pearson correlations were
calculated using Hmisc library in R. The correlations were filtered
based on their presence in at least 8/10 donors and the edges >90%
positive and negative mean correlations were considered for
visualization. To approach the data in a completely unbiased
manner, we did not incorporate any adjustments or corrections
for expected or implied correlations (e.g. when population A-B and
B-C correlate strongly, a correlation between A-C is implied). For
initial interpretation, the correlations were visualized in the open
source software Cytoscape [version 3.7.1; Cytoscape Consortium
(26)] (Figure 1A). To select the most informative time points, each
timeframe was inspected individually (Figure 1B). The most
relevant networks were selected and dynamic networks were
generated using the open source Gephi software [version 0.9.2;
Gephi.org (27)] and are attached to this manuscript as
supplementary videos.

Statistical Analysis of

Independent Comparisons

Correlations of baseline levels of B cells, naive B cells, memory B
cells (total, IgG1 and IgAl), plasma cells (total, IgG1, IgG4 and
IgAl), total T cells, CD4 T cells, CD8 T cells, T follicular helper cells
(TFHs), TCRYS T cells, regulatory T cells (Tregs), naive CD4 T cells,
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FIGURE 1 | Example of Cytoscape network analysis between B-cell subsets and/or antigen-specific serum IgGs. In this example, correlations between and within
the B-cell compartment and Ag-specific serum IgGs are shown. All positive and negative correlations with an R>0.90 or R<-0.90 over 3 sequential time points and
present in at least 8/10 donors were visualized. Only subsets that had at least 1 correlation were shown in the network. For ease of interpretation, subset names
have been removed and group names have been added. Of note, the most informative correlation networks found in this study were visualized in the Gephi software
and are added as supplemental movies to this manuscript. MBC, Memory B cells (red); PC, plasma cells (orange); preGC B cells, pre-germinal center B cells (yellow);
Ag-specific serum IgG, antigen-specific serum IgG (blue); D, Days after vaccination. (A) All correlations found within and between the B-cell compartment and Ag-
specific serum IgGs at all time points. The table presents an overview of the 10 strongest correlations of the visualized network. (B) The most relevant correlations
visualized per timeframe.

NK cells, total leukocytes, neutrophils, monocytes, myeloid and
plasmacytoid DCs (mDCs and pDCs) with the level (IU/mL) of
vaccine-specific serum IgG at days 14, 21, 28, 90 and 365 were
calculated using Spearman’s rank correlation.

For other statistical analyses (indicated in figure legends) the
GraphPad Prism 8.1.1 software (GraphPad, San Diego, CA, USA),
was used. Correlation coefficients (Spearman r) >0.8 were classified
as strong correlations, and r-values <0.8 were classified as weak
correlations. When multiple correlations were tested between two
variables, but at several timepoints (e.g. maximum plasma cell
expansion (day 7) and the level of vaccine-specific IgG (“Boostrix-
IgG”) at days 14, 21 and 28), correction for multiple testing was
done using the false discovery rate (FDR) approach method of
Benjamini and Hochberg with an FDR of 5%.

RESULTS

All Donors Reached Protective Serum Ig
Levels 14 Days Post-Vaccination

Seven out of ten donors reported a painful/sore arm after
receiving the vaccine. One serious adverse event, unrelated to
this study, was reported.

Increase in Ag-specific serum Ig levels is the primary read-out
of vaccine efficacy. To follow changes in serum Ig levels post-
Boostrix® vaccination and determine whether and when study
participants reached protective levels, major Ig classes and IgG
subclasses were measured at baseline and at all consecutive time
points. In most donors, the levels of major Ig classes at baseline
were within the normal reference ranges and followed subtle
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changes upon Boostrix® vaccination (donor ranges: 1gG 7.95-
14.20 g/L, IgA 1.31-5.04 g/L, IgM 0.85-1.60 g/L, IgG1 4.35-8.87 g/
L, IgG2 1.95-5.40 g/L, IgG3 0.30-0.53 g/L, IgG4 0.15-3.15 g/L)
(Supplementary Figure 1) (28, 29).

Ag-specific responses were analyzed separately for serum
IgGs and IgAs (Figures 2A, B). Baseline serum IgGs directed
against Diph (median: 0.12 IU/mL, range: 0.007-0.65 IU/mL)
were above protective levels [0.01-0.1 TU/mL (30-32)] in 5/10
donors, while baseline serum IgGs directed against Tet (median:
2.07 IU/mL, range: 0.29-9.30 IU/mL) were above protective
levels (0.1 TU/mL (33)) in all donors. Baseline anti-PT serum
IgGs (median: 11 IU/mL, range: 1-121 IU/mL) were at arbitrary
protective levels of >20 IU/mL (34-36) in 3/10 donors. Baseline
anti-FHA, anti-Prn and anti-Fim2/3 IgG levels were highly
variable between donors (median anti-FHA: 33.5 1U/mL,
range: 8-188 IU/mL, median anti-Prn: 20.5 IU/mL, range: 2-
161 TU/mL, and lastly, median anti Fim2/3: 30 IU/mL, range: 1-
83 IU/mL).

Baseline anti-PT and anti-Prn IgA levels (median anti-PT
IgA: 0.56 IU/mL, range: 0.25-14.3 IU/mL, median anti-Prn IgA:
2.7 IU/mL, range: 0.67-12.7 IU/mL) were similar in most donors,
whereas baseline anti-FHA and anti-Fim2/3 IgAs were detected
at variable levels (median anti-FHA IgA: 4.0 IU/mL, range: 0.25-
94.4 TU/mL, median anti-Fim2/3 IgA: 31.7 IU/mL, range 0.37-
377.0 IU/mL). Elevated baseline levels of anti-PT IgG (121 IU/

mL) and anti-PT IgA (14.3 IU/mL) in donor BP07 were either
remaining high from previous vaccination or potential
(subclinical) infection (37). In donor BP09, elevated anti-Prn
and anti-Fim2/3, but no anti-PT IgAs were observed at baseline,
indicative of previous contact with another microorganism, for
example another Bordetella species (36).

In all donors, Ag-specific serum Ig levels started to rise
from ~day 7 post-vaccination. Among Bp antigens the IgG level
range at the peak was 79-847 IU/mL for anti-PT, 261-2688 IU/mL
for anti-FHA and 39-4928 IU/mL for anti-Prn. For IgA the level
range at the peak was 4-50 IU/mL for anti-PT, 14-693 IU/mL for
anti-FHA and 6-3421 IU/mL for anti-Prn. As expected, for both Ig
isotypes serum levels of anti-Fim2/3 Igs showed limited variation
over time (max. ratio of 3x over baseline), since Fim2/3 was not a
component of this vaccine. Although both Ig responses showed
some heterogeneity in-between donors with regards to magnitude
and number of targeted antigens, all donors reached arbitrary
protective anti-PT IgG levels at day 14 post-vaccination the latest
(>20 TU/mL). For diphtheria, all donors reached 0.01 IU/mL IgG
levels (basic protection) the latest at day 7, and 0.1 IU/mL IgG levels
(full protection) at day 10 (30-32). Waning was observed after 1
year for all vaccine-specific Ig responses. Nevertheless, 8/10 donors
maintained protective anti-PT (>20 IU/mL) IgG and anti-Diph IgG
(>0.1 TU/ml) serum levels at 1 year post-vaccination. All donors
maintained protective anti-Tet IgG levels (>0.1 IU/ml) (33).
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FIGURE 2 | Ag-specific serum Ig levels prior to and post-aP booster vaccination. (A) Ag-specific serum IgG levels (IU/mL) directed against the 5 vaccine
components (Diphtheria toxoid (Diph), tetanus toxoid (Tet), PT, FHA and Prn). Fim2/3 was not present in the vaccine and considered a negative control in (A, B).
(B) Ag-specific serum IgA levels (IU/mL) directed against the Bp vaccine components (PT, FHA, Prn). For Diph and Tet no quantitative read-out was available. D,
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Early Expansion of Plasma Cells Preceded
the Increase in Vaccine-Specific Serum
Ig Levels

All donors responded to vaccination by reaching protective IgG
levels. To determine whether vaccination also triggered cellular
changes which could be traced in circulation, we monitored the
kinetics of over 250 immune cell populations in blood.
Thereafter, we used correlation networks to investigate which
cellular changes were associated with the change in Ag-specific Ig
levels. Since not all identified correlations were biologically
relevant (e.g. between two populations constant over time), we

critically assessed these networks and used observed correlations
as a guide to interpret the data.

Igs are the secretory product of terminally differentiated B cells
(plasma cells). Therefore, we first focused on B-cell and plasma cell
subsets and compared their kinetics with Ag-specific Igs within any
3-visit timeframes (Dynamic network video: B-serology). Plasma
cells and Ag-specific serum Igs at multiple timeframes followed
similar kinetics, as reflected by positive correlations between them.
These correlations were the strongest between IgGl and IgAl
plasma cells, and vaccine-specific Igs at day 3-5-7 (Dynamic
network video: B-serology) due to the simultaneous rise of both
Ig and plasma cell levels (Figures 2, 3A). Interestingly, the more
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FIGURE 3 | Kinetics in the plasma cell compartment upon immunization with aP booster. (A) Maximum expansion of plasma cells at day 7 (up to 156 cells/ul).
Expansion started at day 5, peaked at day 7 and returned to baseline afterwards. (B) Heatmap representing the expansion of plasma cells in ratio over baseline.
(C) Heatmaps representing the expansion of different plasma cell subsets. Only the most prominent expansions were visualized: IgG1 plasma cells (11-236x), IgG4
plasma cells (2-27x), IgA1 plasma cells (1.6-10.4x) and IgG2 plasma cells (1.3-4.6x). (D) Fluctuations in the distribution of the plasma cell compartment over time.
One representative donor is shown. Majority of the expanded plasma cells was of IgG1 phenotype (min-max in donors: 44% -76%). (E) Correlation between
maximum plasma cell expansion (day 7) and the level of vaccine-specific IgG (“Boostrix-IgG”) at days 14, 21 and 28 as determined by Spearman’s rank correlation.
An FDR-corrected p-value of <0.0075 was considered significant. D, Days after vaccination.
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mature IgG1 plasma cells (CD20°'CD138) and IgA1l plasma cells
(CD20°CD138" and CD20°CD138") showed stronger correlations
with serum IgGs (anti-Tet, anti-Diph) and serum IgAs (anti-PT,
anti-Prn and anti-FHA) (Dynamic network video: B-Serology)
than their less mature counterparts. Furthermore, strong positive
correlations were found between IgG4 plasma cells and Ag-specific
serum IgGs (anti-Tet, anti-Diph, anti-Prn and anti-FHA) and IgAs
(anti-FHA and anti-PT). At day 7-10-14, a negative correlation was
observed between decreasing plasma cell numbers and increasing
serum Ig levels (Dynamic network video: B-Serology). No
correlations between plasma cells and Ag-specific Igs were
observed at later time points ie. day 21-365. Thus, correlations
between kinetics of IgG1, IgA1 and IgG4 plasma cells and vaccine-
specific serum Igs were not restricted to one particular vaccine
antigen, but mainly limited to early timeframes post-vaccination.

Based on the change in the direction of correlation, we
hypothesized that changes in plasma cell numbers precede
changes in Ag-specific serum Igs. To test this hypothesis, we
shifted the timeframes in Ag-specific Ig kinetics by 1, 2 or 3 time
points later and earlier as compared to the plasma cells
(Supplementary Figure 2). By shifting one timeframe later for
serum Ig levels, strong positive correlations were found between
IgGl plasma cells (day 0-3-5) and vaccine-specific serum Ig
levels (day 3-5-7), and between IgA1, IgG1 and IgG4 plasma cells
(day 3-5-7) and vaccine-specific serum Ig levels (day 5-7-10),
respectively (Dynamic network video: B-Serology+1). The
number of edges and the correlation strength were similar as
found when correlating within the same timeframes (B-serology
+1 versus B-serology network). Shifting the timeframe later by 2
visits resulted in fewer correlations. A strong positive correlation
was observed between IgG1 plasma cells (day 0-3-5) and serum
IgAs (anti-Prn and anti-PT; day 5-7-10), and between IgG4
plasma cells (day 7-10-14) and serum IgAs (anti-FHA; day 14-
21-28), respectively (Dynamic network video: B-Serology +2).
Other timeframe comparisons i.e. 3 later and 1, 2 and 3 earlier
timeframes did not reveal any relevant correlations. Thus,
increasing plasma cell levels preceded for most of antigens the
increase in serum Ig levels by 1-2 time points.

Strong Increase in IgG1 Plasma Cell
Levels did Not Explain Quantitative
Changes in Ag-Specific Ig Levels

Strong correlations between plasma cell levels and Ag-specific Igs
implied dynamic changes in the plasma cell compartment.
Indeed, plasma cells showed a clear expansion from day 5 to
day 14 post-vaccination, with a sharp peak at day 7 (ratio over
baseline: 2.5-25x) (Figures 3A, B). This was predominantly due
to expansion of IgG1 plasma cells (ratio over baseline: 11-236x),
followed by IgG4 plasma cells (ratio over baseline: 2-27x), IgA1l
plasma cells (ratio over baseline: 1.6-9.4x), and IgG2 plasma cells
(ratio over baseline: 1.3-4.6x) (Figure 3C). Expansion in other
plasma cell subclasses was limited and restricted to individual
donors (Supplementary Figure 3). Irrespective of the magnitude
of changes, the distribution of plasma cells at day 7 was strongly
skewed towards IgG1, which constituted 44%-76% of all plasma
cells at the peak of expansion (Figure 3D).

Increase in plasma cell numbers in blood preceded and strongly
correlated with an increase in Ag-specific serum Ig levels. Still, it
remains unclear to what extent these circulating plasma cells are
responsible for the entire vaccine-specific Ig production. To address
this issue, we correlated the maximum IgG1 plasma cell expansion
(day 7) with the vaccine-specific IgG levels measured at later time
points (Figure 3E). Although donors with higher changes (ratio) in
IgG1 plasma cells showed somewhat greater vaccine-specific IgG
levels, no significant (strong) correlation was observed. Similarly, no
statistical significance was reached between IgAl or IgG4 plasma
cell expansion (day 7) and vaccine-specific IgG levels (data not
shown), or between any of the plasma cell subsets and vaccine-
specific IgA levels.

Circulating Plasma Cells Matured in Time
Upon Immunization

Although plasma cell expansion preceded the increase in Ag-
specific serum Ig levels, the magnitude of this expansion failed to
explain quantitative changes in vaccine-specific serum Igs. This
suggested that expanding plasma cells may be newly generated cells
on their way to bone marrow or tissues (e.g. mucosal tissues). Newly
generated plasma cells have high expression of CD20 and lack
CD138. During maturation, CD20 is downregulated, which is
followed by upregulation of CD138 at later stages (38)
(Figure 4A). To investigate which other markers change their
expression during plasma cell maturation, we drew a maturation
pathway with the Inﬁnicy‘[TM software maturation tool (21).
Downregulation of CD20 was accompanied by milder
downregulation of CD19 and CD62L, while upregulation of
CD138 was preceded by increase in expression of CD38 and
CD27 (Figure 4B). We used this information about the
expression of all six markers to draw a new maturation pathway
for IgG1 plasma cells and distinguished 6 consecutive maturation
stages (S1-S6). Finally, the distribution of IgG1 plasma cells over the
maturation stages was analyzed for samples collected at all 10 time
points. At baseline and at day 3, IgG1 plasma cells were low in
number, and relatively evenly distributed over all maturation stages
(Figure 4C). From day 5 onwards, plasma cells expanded in
numbers and more frequently belonged to more mature stages
(S3-S6). At day 7, the peak of plasma cell expansion, the majority of
IgG1 plasma cells reached the most mature phenotypes (~70% in S5
+56). In principle, the higher expansion of plasma cells, the more
cells belonged to the most mature stages (Supplementary Figure 4).
After day 7, plasma cell numbers and their distribution over
maturation stages were gradually returning to baseline, which for
individual donors was reached between days 14-28. The same
phenomenon was observed in multiple other plasma cell subsets
despite their overall lower expansion (IgG2, IgG3, IgG4, IgA1) (data
not shown). Therefore, expanding plasma cells seem to be newly
generated cells on their way to bone marrow, and this maturation
observed in the periphery may be a hallmark of recent antigen
encountering, such as vaccination. We further investigated this by
correlating the absolute increase (cell count day 7 - baseline cell
count) in IgGl and IgAl plasma cells (using the classical 3
maturation stages based on CD20 and CDI138 expression) with
the levels of Ag-specific Igs from day 7 onwards. In general, no
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FIGURE 4 | Maturation of IgG1 plasma cells was observed upon
immunization with aP booster. (A) Flow cytometry files containing the plasma
cells of all donors at all time points were merged in the Infinicyt software to
visualize plasma cell maturation. The plasma cell maturation, defined by
downregulation of CD20 and upregulation of CD138, is shown in the dot plot.
The arrow indicates the direction of the maturation pathway. (B) Based on
this CD20-CD138 maturation pathway, the Infinicyt software maturation tool
identified 4 additional markers in the flow cytometry panel that were up- or
downregulated upon plasma cell maturation. Based on the 6 identified
markers (CD19, CD20, CD27, CD62L, CD38, CD138), 6 maturation stages
were defined. (C) Per time point the percentage of plasma cells in each
maturation stage was plotted (total IgG1 plasma cells of all donors, grouped
per time point). The size of the dot indicates the percentage of plasma cells in
a given maturation stage (average of 10 donors). Cell count is shown at the
right side of the plot (average of 10 donors). The bubble plot was generated
using plotly python graphing library. D, Days after vaccination.

strong correlations were found, with exception of the
correlation between the absolute increase in CD20°'CD138 IgAl
plasma cells and the vaccine-specific IgG levels at day 7
(Supplementary Figure 5).

Longitudinal Changes in Serum Ig

Levels did Not Correlate With

Longitudinal Changes in the Memory
B-Cell Compartment

Despite clear expansion and maturation of circulating plasma
cells, these failed to quantitatively explain expansion in Ag-
specific Ig levels (Figure 3E), suggesting that most of the Ag-
specific Igs are derived from memory responses (represented by
long-lived plasma cells in bone marrow and memory B cells in
periphery). Overall, fluctuations of memory B-cell numbers
were limited over the time of analysis (ratio over baseline:
0.36-1.75x), as were fluctuations of total B cells and naive B

cells (Supplementary Figure 6). In contrast to the plasma cell
compartment, no skewing towards a particular memory B-cell
subset was observed (data not shown).

Kinetics of IgGl and IgAl memory B-cell subsets strongly
correlated with each other and, to a lesser extent, with IgG3
memory B-cell subsets. In contrast to plasma cells, correlations
between Ag-specific Ig levels and memory B cells were absent both
within and in-between timeframes (Dynamic network videos: B-
Serology, B-Serology +1, B-Serology +2). Lastly, no correlation of
baseline values of major B-cell populations and the vaccine-specific
IgG levels at days 14, 21, 28, 90 or 365 was found (data not shown).

Maximum Expansion of lgG1 and IgA1
Memory B Cells Correlated Strongly With
the Increase in Ag-Specific Serum IgG

Lack of correlations between Ag-specific serum Ig kinetics and
memory B-cell kinetics is likely a consequence of the low frequency
of expanding Ag-specific memory B cells in blood (39, 40).
Furthermore, memory B-cell expansion may be less unified in
time than plasma cell expansion. To address this second
possibility, we correlated the levels of Ag-specific serum Igs at
days 14-365 with the maximum observed expansion of total and
individual memory B-cell subsets between days 7 and 28 (in
majority of donors this maximum expansion was reached
between days 7 and 14). In donors with a higher memory B-cell
expansion there was a trend towards higher Ag-specific serum Ig,
but no strong positive correlation (r>0.8) was found (data not
shown). However, further investigation of memory B-cell subsets
confirmed a strong positive correlation between IgG1 and IgAl
memory B-cell expansion (max. expansion days 7-28) and Ag-
specific serum Ig. After correction for multiple testing, we found a
strong positive correlation between total Ag-specific serum IgG
levels at day 21 and maximum expansion of IgG1 memory B cells
(r=0.8061, p=0.0072) (Figure 5A). Furthermore, the maximum
expansion of IgAl memory B cells strongly correlated with serum
IgG levels at days 14 and 21 (r=0.8303, p=0.0047 and r=0.8788,
p=0.0016, respectively) (Figure 5B). These strong correlations
between IgGl and IgAl memory B-cell expansions and the
increased Ag-specific serum IgG levels could not simply be
explained by changes in total B-cell or leukocyte numbers
(Supplementary Figure 7) and were stronger than any
correlation between serum IgG levels and the day 7 IgG1 plasma
cell peak (Figure 3E). As the rise in Ag-specific Igs was mostly
caused by Bp-specific Igs, the abovementioned correlations held true
when correlating only to Bp-specific Ig levels, but not for Diph-
specific or Tet-specific serology (data not shown).

Minor Changes in Circulating T Cells
Showed Limited Correlations With B Cells
and Ag-Specific Igs

T-cell help in the germinal centers results in the generation of high
affinity B cells (41). For Tdap vaccination, polarization of CD4 T-
cell responses towards Th2 has been described (42). However,
recent studies indicated that in donors who were wP-primed, T-
cell responses upon aP booster vaccinations were skewed towards a
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and 28. (B) Correlation between the maximum expansion of IgA1 memory B cells (ratio over baseline at days 7-28) and vaccine-specific IgGs at days 14, 21 and 28.
An FDR-corrected p-value of <0.0075 was considered significant. D, Days after vaccination.

Th1/Th17 response (43, 44). Within CD4 T cells, we evaluated both
kinetics of different T-helper cell types (including TFHs and Tregs)
and of different effector stages within these subsets (e.g. naive,
central-, transitional-, peripheral- and effector memory).

Analysis of correlation networks revealed multiple correlations
in-between CD4 T-cell subsets within the same timeframes. These
correlations were especially prominent between T helper and TFH
cells of the TH17, TH1/17 and CXCR3"CCR4"CCR6'CCRI10"
phenotype. At the same time, no consistent strong correlations
were found between CD4 T cells and Ag-specific Igs, and
correlations between CD4 T cells and B cells were limited and
restricted to minor populations (Dynamic network video: B-CD4).
Despite several correlations, changes in absolute T-cell subset
numbers over time were limited (Supplementary Table 2).
Likewise, no consistent changes were observed in maturation of T
helper subsets. Thus, in this case, monitoring of T-cell kinetics in the
periphery may require an Ag-specific approach.

Additionally, we correlated CD8 T-cell and NK-cell kinetics with
changes in B cells and Ag-specific Ig levels. Within the CD8 T-cell
and NK-cell compartments correlations were limited and
inconsistent, suggesting no shared response pattern. Likewise,
hardly any correlations were observed between both Ag-specific
Igs and NK or CD8 T cells, and between B cells and NK or CD8 T
cells (mostly restricted to CD8 or TCRYd T-cell subsets). When
comparing CD4 T-cell kinetics with NK and CD8 T-cell kinetics,
very limited or no correlations were observed. Lastly, no correlation
of baseline values of major cell populations and the vaccine-specific
IgG levels at days 14, 21, 28, 90 or 365 was found (data not shown).

Changes in Innate Immune Cells
Preceded, but Poorly Correlated With
Changes in the T- or B-Cell Compartments

So far, post-vaccination kinetics of serum Igs, B cells and T cells
were evaluated over time, but not the kinetics of innate immune
cells. Local damage, antigens and adjuvant introduced by the
vaccine lead to the recruitment of innate immune cells, which
serve an important role in initiating the immune response by
means of local inflammation and antigen presentation (45-48).

Overall, correlations between kinetics of innate immune cells
and the change in Ag-specific serum Ig levels were limited and
mostly restricted to monocyte subsets [cMo, iMo and ncMo, further
subdivided into different functional subsets/activation stages, e.g.
based on expression of CD62L, FCER1, CD36 or SLAN (49, 50) (van
den Bossche & Damasceno et al, manuscript in preparation)].
Likewise, correlations between kinetics in the innate immune cell
compartment and the B-compartment were sparse, both within and
in-between timeframes. No correlations were found between T-cell
and innate immune cell fluctuations within the same timeframes
(Dynamic network video: CD4- DC Monocyte), and only limited
correlations were present upon shifting timeframes (early monocyte
changes with later Treg changes). Lastly, no correlations between
baseline values of major innate immune cell populations and the
vaccine-specific IgG levels at days 14, 21, 28, 90 or 365 were found
(data not shown).

In terms of absolute cell counts, in approximately half of the
donors, an increase in total leukocyte count was observed at the
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earliest evaluated time points post-vaccination (days 3-5,
Supplementary Figure 8A). This was mainly due to an increase
in both mature and immature neutrophils (total neutrophils: max.
ratio over baseline: 2.6x) (Supplementary Figure 8B). At the same
time — mostly in donors that showed neutrophil expansion - total
monocyte numbers showed a max. ratio over baseline of 2x and at
day 3 predominantly belonged to the more mature iMos and
ncMos. No increase was observed for cMos.

DISCUSSION

In this study we showed that flow cytometry is a sensitive tool to
monitor cellular changes upon vaccination. Although most of
these changes occur locally in the tissue, many cells can be traced
during their passage in PB, if sufficiently sensitive methods are
applied. Up to 5 days post-Tdap-vaccination, fluctuations were
predominantly found in the levels of neutrophils and monocytes
and were associated with gradual maturation of monocytes.
Afterwards, plasma cells started expanding from day 5

onwards with a sharp peak in (predominantly IgG1) plasma
cell levels at day 7, simultaneously with plasma cell maturation.
Despite limited changes in memory B-cell numbers, these
changes strongly correlated with increase in Ag-specific serum
IgG levels, which occurred from day 7 onwards. Although
memory B cells seem better correlated with serological
responses, strong homogenous plasma cell increase and clear
plasma cell maturation over time can play a valuable role in
immune response timing. Despite in-depth analysis, no uniform
changes were detected in circulating T-cell subsets. We
summarize our findings and their potential role in immune
monitoring in Figure 6.

Correlation networks are frequently used in systems biology
to model kinetic relationships between different types of omics
data (51-53). Analysis of correlation networks is suited for large,
multidimensional datasets, and can aid in finding shared or
correlating patterns in exploratory studies. Such results should be
analyzed cautiously as two interacting pairs that remain constant
over time will correlate as well, which may be irrelevant for the
posed research question. Therefore, identified correlations
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FIGURE 6 | Overview of changes detected in human peripheral blood post-Boostrix vaccination in this study. Created with BioRender.com. Up to 5 days post-
vaccination, fluctuations were found in the levels of circulating neutrophils and monocytes, with a change in total monocyte composition (based on expression of CD14
and CD16, with increased levels of intermediate and non-classical monocytes). Circulating plasma cells started expanding from day 5 onwards with a sharp peak in
(predominantly IgG1) plasma cell levels at day 7 simultaneous with plasma cell maturation. Changes in circulating memory B-cell numbers were limited. Increase in Ag-
specific IgG serum levels occurred from day 7 onwards and only showed signs of waning at day 365. Despite in-depth analysis, no uniform changes were detected in
circulating T-cell subsets. Baseline cell count and Ag-specific serum Ig levels did not seem to influence the levels of Ag-specific IgGs.
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should be confirmed by experimental data or in another group of
samples. In our study, we correlated longitudinal changes in
circulating immune cells and serology readouts over a 3 time
point window.

Increase in number of neutrophils, iMo and ncMo was the
earliest signs of immune response to Boostrix. In fact, innate
immune cell kinetics might be even more prominent than
observed as we did not study cellular changes before day 3.
Mouse models have shown increased numbers of neutrophils
and monocytes at the site of vaccination already within hours
(54). Moreover, upon Ebola vaccination, a significant increase in
frequency and activation state of DCs and monocyte subsets was
observed after 1 and 3 days, and a gene enrichment set analysis
after flu vaccination pointed towards gene signatures from innate
immunity modules after 1 day (55, 56). The changes observed in
our study may not be vaccine specific, but rather related to the
local damage or adjuvant (11). It has been shown in man and
mouse that the type of adjuvant used and the route of
administration can influence the innate response (54, 57).
Lastly, Rechtien et al. showed a correlation between innate
markers and post-vaccination antibody levels (days 28 and
later) (55). Therefore, flow cytometric analysis of innate
immune cells at early time points (days 1-3) may be a valuable
tool to evaluate different adjuvants as well as different routes of
vaccine administration.

Increase in plasma cell numbers started at day 5 and peaked at
day 7 post-vaccination. In steady state, numbers of circulating
plasma cells in blood are low, with median values in adults of <5
cells/uL (7), in contrast, plasma cell counts expand rapidly upon
infection or vaccination. This highly dynamic behavior brings
both challenges and opportunities. Because of low baseline
numbers, reliable detection of circulating plasma cells has only
become possible upon introduction of high-throughput flow
cytometry. In turn, the system is relatively ‘clean’ and easy to
study without the need of introducing an antigen-specific
approach. It has been shown in an influenza model that at the
peak of expansion up to 80% of the generated IgG plasma cell
peak can be antigen specific (12, 58). The same is likely to be true
in our Tdap booster study. This is in contrast to memory B cells,
where cells raised in response to the vaccine or infection may
constitute <0.1% of all B cells (59, 60). Currently, we are
evaluating which of the components of the multivalent
Boostrix vaccine are recognized by most Ag-specific B cells,
and whether there are phenotypical differences in-between
plasma cells with different specificities.

At the peak of expansion majority of plasma cells was of the
IgG1 phenotype. Ag-specific serum Igs were mostly IgGs and
correlated well with the max. expansion of IgG1 memory B cells
(max. ratio over baseline between days 7-28). In fact, IgGs (mainly
IgG1l) are the most frequently raised in response to vaccination
and for many vaccines Ag-specific serum IgGs are considered
correlates of protection (61, 62). IgG1 plays an important role in
complement activation and antibody dependent cell-mediated
cytotoxicity (63). Moreover, IgGl can be transferred to the
placenta to protect fetus and newborns, which can be highly
relevant for maternal vaccination programs (64, 65).

Increase in Ag-specific serum IgA levels and IgA B cells was
less pronounced. This can be related to the fact that -in contrast
to IgG- IgA responses are mostly associated with natural
infections and occur locally in the mucosa-associated lymphoid
tissue. Moreover, the monomeric serum IgAs -generated upon
vaccination- are metabolized at a faster rate than serum IgGs
(66). Therefore, serum IgA levels are rarely considered a read-out
of vaccine efficacy, i.e. in case of rotavirus (67). The volunteers in
this study were adults. As Bp carriership within the population is
high, it is likely that they have encountered Bp earlier in life and
had pre-existing IgA memory B cells which became activated
upon antigen encounter (68, 69). Indeed, several studies showed
an age-dependent increase in Bp-specific serum IgA levels (70,
71). Alternative vaccine administration routes, such as the
intranasal delivery of a life-attenuated bacterium in the BPZE1
vaccine, can also result in robust Ag-specific IgA responses (57).

The composition of the plasma cell compartment in steady state
is a mixture of plasma cells of different maturation stages (72), and
over the course of an immune response, the contribution of the
most mature plasma cells (CD20°CD138") increases. Since the
magnitude of plasma cell expansion differs between donors,
knowledge of these maturation stages may be useful when
assessing the progress of an immune response. Although up to
80% of total plasma cells at the peak of expansion can be Ag-specific
and derived from the ongoing response, the origin of remaining
plasma cells may be somewhat different. Odendahl and colleagues
showed that upon vaccination with tetanus toxoid a considerable
amount of circulating plasma cells, not specific to the used vaccine,
were long-lived plasma cells forced to leave their niche in the bone
marrow upon competition with newly generated plasma cells (13).
These cells may further contribute to the observed shift in plasma
cell maturation. Moreover, the competition for the bone marrow
niche prolongs retention of the newly generated plasma cells in the
blood, which may start maturing before leaving circulation.

The early expansion of plasma cells at days 5-7 was closely
followed by an increase in Ag-specific serum Igs from day 7
onwards. This rise in serum Igs continued even when plasma cell
numbers had returned to baseline. However, magnitude of plasma
cell expansion did not reflect quantitative changes in serum Ig
levels. One of the potential explanations of this phenomenon is that,
at the peak of response, part of the circulating plasma cells may be
derived from the “expelled” long-lived plasma cells in bone marrow
rather than from the ongoing immune response (13). Further
explanation may have to do with plasma cell affinity. If affinity of
the newly produced Abs is low, they may not be detected in Ag-
specific assays, such as MIA. Finally, it remains unclear whether all
produced plasma cells will be able to successfully home to bone
marrow and start Ig production. To shed more light on these issues,
it would be of value to compare the B-cell receptors (BCR) of
circulating plasma cells with the structure of Ag-specific Igs.

Despite minor quantitative changes, and in contrast to
circulating plasma cells, total IgG1 memory B cells at the peak
of expansion (max. ratio over baseline between days 7-28)
correlated well with Ag-specific serum Ig levels (IU/mL).
Correlations between Ag-specific memory B cells and serum Ig
levels, have been observed for tetanus toxoid and rotavirus, but
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were not corroborated by other studies on tetanus toxoid and
wasp venom (59, 60). The different techniques used in-between
those studies may account for the different findings. A study on
pertussis by Hendrikx et al. showed correlations between
circulating memory B cells as measured by ELISpot and Bp-
specific serum Igs (at baseline with FHA, post-vaccination with
FHA, PT and Prn) (73). Although these techniques yield valuable
data, they are laborious and difficult to apply in daily practice.
Our non-Ag-specific approach, when confirmed in a larger
cohort, would be more convenient in a way that it is not
dependent on the availability and costs of (labeled) antigens.

Although the CD4 T-cell panel used in this study allowed us to
monitor different maturation and activation stages of (minor) T-cell
subsets in a highly sensitive manner, no consistent kinetics or
maturation of T cells were detected in this study. However, a
recent study by Lamberts et al., showed that their recently
developed T-cell assay enabled relatively fast detection of Ag-
specific T-cell kinetics upon aP vaccination (44). Similarly, Da Silva
and colleagues were able to monitor an Ag-specific CD4 T-cell
response upon aP vaccination (43). Still, both studies showed low
prevalence of Ag-specific T cells, which could explain the limited
cellular changes observed in the T-cell compartment in our approach.

Of note, the magnitude of cellular changes differed between
donors. This may be due to individual differences in the immune
system responsiveness and previous (natural) Bp exposure, as also
visible from diverse Ig levels generated post-vaccination.
Furthermore, it can be related to differences in timing of the
response. In our study, we included days 5, 7 and 10 and
observed a clear plasma cell peak at day 7. This is in line with
previous studies using rabies, tetanus and influenza vaccination,
which reported detection of plasma cells 6-7 days after secondary
immunization (12, 14, 74). However, somewhat delayed responses
in some of the donors cannot be excluded. Moreover, timing may
differ in case of a primary immunization or when using a different
route of delivery, therefore the findings presented in this study may
not directly be extrapolated to all types of vaccination (14, 57).

Lastly, 2/10 donors in this study did not have protective anti-PT
serum IgG levels (>20 IU/mL) 1 year after vaccination. These two
donors did not show a deviating cellular response as compared to
the other donors. Moreover, a decrease in Ag-specific Ig levels 1 year
after vaccination was observed for all donors. Whether these donors
are still protected, may not only depend on the Ag-specific
antibodies, but also on the presence of memory cells (75).

In this study, we implemented a broad in-depth flow-cytometric
approach to determine the most relevant time points for cellular
immune analysis in vaccination studies and to identify candidate
populations for novel cellular correlates of protection. This
approach could be useful in early evaluation of e.g. vaccine
candidates, altered routes of vaccine/antigen administration or the
setup of disease models. Currently, we are comparing cellular kinetics
post-Boostrix vaccination in this cohort and additionally in four
cohorts of different ages and priming backgrounds, with cellular
kinetics post-bacterial challenge in humans, as recently described by
De Graaf and colleagues (76, 77). This work is done within the
framework of the IMI (Innovative Medicines Initiative) PERISCOPE
Consortium (https://periscope-project.eu/). In these studies,

additional analyses are performed by different IMI PERISCOPE
partners providing insights into Ag-specific immunity, local
(mucosal) immunity, cytokine and chemokine production (44, 78,
79). This should yield novel insights into the extent to which current
vaccines mimic naturally obtained immunity.
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