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Abstract

There is a global concern about the safety of COVID-19 vaccines associated with
platelet function. However, their long-term effects on overall platelet activity remain
poorly understood. Here we address this problem by image-based single-cell profiling
and temporal monitoring of circulating platelet aggregates in the blood of healthy
human subjects, before and after they received multiple Pfizer-BioNTech
(BNT162b2) vaccine doses over a time span of nearly 1 year. Results show no signifi-
cant or persisting platelet aggregation trends following the vaccine doses, indicating
that any effects of vaccinations on platelet turnover, platelet activation, platelet
aggregation, and platelet-leukocyte interaction was insignificant.
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INTRODUCTION

1]

mRNA COVID-19 vaccines, namely the Pfizer-BioNTech (BNT162b2)
and Moderna (mRNA-1273) vaccines, have been highly effective
worldwide in preventing infection, serious illness, and death [1, 2]. On
the other hand, there is a global concern about their safety, in
response to multiple reports of rare but serious adverse effects after
administration of the vaccines. These effects include myocarditis,
lymphadenopathy, thrombocytopenia, pulmonary embolism, and myo-
cardial infarction [3]. To date, the effects of mRNA vaccinations on
the immune response, in particular the neutralizing antibody response
of lymphocytes and monocytes to SARS-CoV-2, have been well stud-
ied [1, 2, 4, 5]. However, the effects of mRNA vaccinations on platelet
function are somewhat overlooked, despite evidence that platelets
play an important role in the immune response by releasing several
mediators or expressing adhesion and immune receptors on the plate-
let surface [6]. While the rapid platelet-immune crosstalk after mMRNA
vaccinations has been studied [7], the long-term effects of mRNA vac-
cinations on overall platelet activity (i.e., platelet activation, platelet
aggregation, and platelet-leukocyte interaction) remain poorly under-
stood, due to the lack of tools available to study platelet activity with
high resolution and statistical accuracy [8, 9].

In this Brief Report, we investigate the long-term effects of
Pfizer-BioNTech (BNT162b2) mRNA vaccinations on platelet activity
by image-based single-cell profiling and temporal monitoring of circu-
lating platelet aggregates in the blood of healthy human subjects,
before and after they received multiple Pfizer-BioNTech (BNT162b2)
vaccine doses over a time span of nearly 1 year. To achieve this, we
used an optical frequency-division-multiplexed (FDM) microscope on
a hydrodynamic-focusing microfluidic chip, which enabled high-
throughput, blur-free, bright-field image acquisition at single-cell reso-
lution [8-10]. As shown in Figure 1A, our experimental procedure
consisted of: (i) periodic sampling of blood (1 ml) from healthy sub-
jects; (ii) sample processing and image data acquisition (25,000 images
per blood sample); and (jii) digital image processing and statistical anal-
ysis. As shown in Figure 1B, blood sampling was performed at a fre-
quency of several times per month per subject, in order to observe
temporal changes in the concentration and size distribution of single
platelets and platelet aggregates. Negative control image data were
obtained from the same subjects before their vaccine doses, under
the same sample preparation and image acquisition conditions. The
objective area in Figure 1B is defined by the area of a detected event
(e.g., a single platelet, a platelet aggregate, a residual blood compo-
nent, or cell debris) within each image. Transient fluctuations in the
concentration of platelet aggregates were caused by factors such as
daily variations in sample processing or the physiological conditions of

the subjects.

2 | RESULTS

Figure 2A shows the concentrations of platelet aggregates in the

blood samples of healthy subjects (n = 11) monitored continuously

over 11 months, during which they received vaccine doses. The
concentration of platelet aggregates is defined as the ratio of the
number of acquired images containing platelet aggregates to the
total number of acquired images for each blood sample and serves
as a direct indicator of platelet activity. Data point colors identify
subjects. The concentration of platelet aggregates in all subjects
remained low (less than 4%), with modest transient variations
within each subject. To investigate the potential vaccine-induced
activation of leukocytes (e.g., neutrophils), we classified the plate-
let aggregates in Figure 2A into platelet-platelet and platelet-
leukocyte aggregates. Figure 2B shows that the concentration of
platelet-leukocyte aggregates was also low for all subjects (less
than 3%). Importantly, despite the subjects' immune response to
the vaccination indicated by expected changes in the lymphocyte
and monocyte counts (Figure 2C) [1, 2, 4, 5], these platelet aggre-
gate data (Figure 2A,B), combined with small variations in the
platelet count, mean platelet volume (MPV), platelet distribution
width (PDW), and immature platelet fraction (IPF) (Figure 2C), indi-
cate no significant or persisting trends following vaccine adminis-
tration. This suggests that any effect of vaccinations on platelet
turnover, activation, or aggregation was insignificant.

To better understand the temporal data in Figure 2A,B, we seg-
mented them into five periods: (i) before the first dose (about
3 months); (ii) after the first dose (about 1 month); (iii) after the
second dose (about 2 months); (iv) before the third dose (about
1 month); and (v) after the third dose (about 1 month). The data in
the first period serve as a negative control. Figure 2D,E show the
concentration in each period of platelet and platelet-leukocyte
aggregates, respectively. Notably, there are no statistically-
significant differences in the concentrations of platelet or platelet-
leukocyte aggregates between consecutive periods. While there
was a statistically-significant difference in the concentrations of
platelet aggregates between the negative control period (i) and
periods (iii) and (v), there was no such difference between period
(i) and periods (ii) and (iv). These results indicate that the vaccina-
tions did not have long-term effects on platelet activity. Short-term
transient effects occurring 1-2 months after the vaccination were
presumably due to the vaccination-induced elevations of soluble
platelet activation markers such as soluble P-selectin [11, 12],
which may lead to the increase in concentrations of platelet aggre-
gates. The fluctuations in the concentrations of platelet-leukocyte
aggregates in Figure 2E can be attributed to the immediate immune
response after the vaccination, the variation of the physical condi-
tions of each subject, and the subject-to-subject differences.
Although the underlying mechanisms of vaccine-induced platelet
activity and COVID-19-associated thromboinflammation are differ-
ent, the figure also shows for comparison the average peak con-
centrations of platelet aggregates in mild (n = 23), moderate
(n= 68), and severe (n = 19) hospitalized COVID-19 patients.
These data were obtained using the same imaging platform [8]. The
mild, moderate, and severe patient groups correspond to those
requiring no oxygen therapy, those requiring oxygen therapy, and

those requiring mechanical ventilation or extracorporeal membrane
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oxygenation for respiratory support, respectively. As shown in

Figure 2D,E, the average concentrations of aggregates in the
healthy subjects (across all five periods) were found to be below
those of the COVID-19 patient groups. Moreover, Figure 2E shows
that the interaction between platelets and leukocytes was not sig-
nificantly activated by the vaccinations.
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3 | DISCUSSION

To the best of our knowledge, this is the first longitudinal examination
of platelet activity in healthy subjects before and after multiple mRNA
COVID-19 vaccinations. Our method of image-based profiling, tempo-

ral monitoring, and big data analysis has provided previously
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inaccessible insight into platelet activity related to immune response.
Our work suggests that measuring the concentrations of platelet
aggregates and platelet-leukocyte aggregates is a potentially effective
approach to evaluate platelet activity after vaccination. This method is
a promising tool for evaluating long-term response to mRNA vaccina-
tions, thus facilitating new vaccine testing and more. Yet, there are a
few caveats to mention. First, we focused on the Pfizer-BioNTech
(BNT162b2) vaccine in this study because it is the dominant COVID-
19 vaccine in Japan, and the Moderna vaccine was not available at
the University of Tokyo Hospital. Second, since the blood samples
were taken from each healthy subject at the timing when they were

able to cooperate on this study, the blood sampling period and

frequency were not consistent. Third, our cross-study comparisons
between healthy subjects and COVID-19 patients may be confounded
as measurement conditions between the two studies were not strictly

controlled.

4 | MATERIALS AND METHODS

4.1 | Experiment overview

This study was conducted with the approval of the Institutional Ethics

Committee in the School of Medicine at the University of Tokyo
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(no. 11049, no. 11344) in compliance with the relevant guidelines and
regulations. Informed consent for participation in the study was
obtained from the patients using an opt-out process on the webpage
of the University of Tokyo Hospital. Patients who refused participa-
tion in our study were excluded. Written informed consent was also
obtained from the healthy subjects. The demographics of the healthy
subjects are as follows: age 25-63, n = 4 (male), n = 7 (female). Blood
samples (with 3.2% citrate) from the healthy subjects were drawn
multiple times on different dates, according to the availability of

healthy subjects.

4.2 | Sample preparation

Single platelets and platelet aggregates were enriched from whole
blood by density-gradient centrifugation to maximize the efficiency of
detecting platelets and platelet aggregates, as described in our previ-
ous report [8]. For analyzing the concentration of platelet aggregates,
500 pl of blood was diluted with 5 ml of saline. Platelets were isolated
by using Lymphoprep (STEMCELLS, ST07851), a density-gradient
medium, based on the protocol provided by the vendor. Specifically,
the diluted blood was layered on the top of Lymphoprep medium and
centrifuged at 800 g for 20 min. After the centrifugation, 500 pl of
the sample was taken from the mononuclear layer. Platelets were
immunofluorescently labeled by adding 10 pl of anti-CD61-PE
(Beckman Coulter, IM3605) and 5 pl of anti-CD45-PC7 (Beckman
Coulter, IM3548) to the blood sample to ensure the detection of all
platelets or platelet aggregates in the sample. Then, 500 pl of 2%
paraformaldehyde (Wako, 163-20,145) was added for fixation. With-
out the fixation, platelet aggregates in the sample would be disman-
tled. Therefore, the fixation process was performed at least within 4 h
after the blood draw. The entire sample preparation was performed at

room temperature.

43 | FDM microscopy

The FDM microscope is a high-speed, blur-free, bright-field imaging
system based on a spatially distributed optical frequency comb as the
optical source and a single-pixel photodetector as the image sensor.
Since the optical frequency comb is composed of multiple beams
which are spatially distributed, it is capable of simultaneously interro-
gating the one-dimensional spatial profile of a target object (e.g., a
platelet, a platelet aggregate). In addition, since each discrete beam of
the optical frequency comb is tagged by a different modulation fre-
guency, a spatial-profile-encoded image can be retrieved by perform-
ing Fourier transformation on the time-domain waveform detected by
the single-pixel detector. We used a continuous-wave laser (Cobolt
Calypso, 491 nm, 100 mW) as the laser source. Emitted light from the
laser was split by a beam splitter, deflected and frequency-shifted by
acousto-optic deflectors (Brimrose TED-150-100-488, 100-MHz
bandwidth), and recombined by another beam splitter. The resultant

optical frequency comb was focused by an objective lens (Olympus

@ 15AC
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UPLSAPO20X, NA:0.75) onto objects (e.g., single platelets, platelet
aggregates) flowing at 1 m/s in a customized hydrodynamic-focusing
microfluidic channel (Hamamatsu Photonics). Light transmitted
through the flowing objects was collected by an avalanche photodi-
ode (Thorlabs APD430A/M) and processed by a home-made Lab-
VIEW program (LabVIEW 2016) to reconstruct the bright-field
images. The line scan rate, spatial resolution, field of view, and number
of pixels after making pixel aspect ratio corrections were 3 MHz,
0.8 pm, 53.6 pm x 53.6 pum, and 67 x 67 pixels, respectively. Fluores-
cence emitted from platelets labeled by anti-CD61-PE was also col-
lected and used for triggering image acquisitions. Fluorescence
emitted from leukocytes labeled by anti-CD45-PC7 was collected to
verify the image-based identification of platelet-leukocyte aggregates.
Image acquisition was performed at a high throughput of 100-300
events per sec (eps), where an event is defined as a single platelet or a
platelet aggregate since red blood cells, leukocytes, and cell debris
were not detected as events. The throughput was chosen to avoid
clogging the microchannel, although the theoretical throughput of the
machine was >10,000 eps.

44 | COVID-19 patients

The COVID-19 patients used in this study were clinically diagnosed
with COVID-19 based on their reverse transcription polymerase chain
reaction (RT-PCR) test results. Blood samples were collected as resid-
ual coagulation test samples (with 3.2% citrate) after the completion
of requested clinical laboratory tests at the University of Tokyo Hos-

pital. Blood cells in the samples were stored at room temperature.

4.5 | Clinical laboratory tests

Hematological tests (leukocyte count, neutrophil count, lymphocyte
count, eosinophil count, basophil count, red cell count, platelet count,
MPV, PDW, and IPF) were performed using an XN hematology ana-
lyzer (Sysmex, Japan) on the blood samples from the healthy subjects
before and after the third vaccine dose.

4.6 | Statistical analysis

The concentrations of platelet aggregates were determined by calcu-
lating the ratio of the number of platelet aggregate images to the total
number of acquired images. Outliers, which were defined as values
that lied outside of the specified range (mean + 3 SDs), were excluded
from the data analysis. The composition of platelet aggregates was
identified by analyzing the morphology of platelet aggregates in their
images using custom codes in MATLAB and Python 3. Specifically, the
objective area was segmented using edge detection algorithms. Then,
the number and area of the detected objects in the segmentation
region were calculated. The classification algorithm was developed

based on the observation of cell images and the signal from anti-
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CDA45-PC7. If the size of the whole segmented area was greater than
48 pm?, the image was defined as an image of a platelet aggregate. If
the number of objects was greater than 2 and there was a single
object with an area greater than 32 pmz, the image was defined as an
image of a platelet-leukocyte aggregate. Statistical analysis was per-
formed using the Kruskal-Wallis ANOVA test followed by the Bonfer-

roni test with significance levels at 0.05.

4.7 | Comparison between healthy subjects and
COVID-19 patients

To compare the concentrations of platelet aggregates in the blood
samples of the healthy subjects and the hospitalized COVID-19
patients, we used the highest concentrations of platelet aggregates
during the hospital stay of the patients, for the following reasons.
First, according to our earlier report [8], their platelet aggregate con-
centrations typically reach the highest levels ~1 week after their ini-
tial symptoms appeared. The prognosis of the patients is somewhat
predictable, depending on the concentration of platelet aggregates,
and can hence be used as a good indicator of the condition of the
patients. Second, in the report [8], we also showed strong correlations
between the concentration of platelet aggregates and the severity,
mortality, respiratory condition, and vascular endothelial dysfunction
level of the patients.
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