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A naturally hypersensitive porcine model may

help understand the mechanism of COVID-19

mRNA vaccine-induced rare (pseudo) allergic reactions:
complement activation as a possible contributing factor
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Abstract A tiny fraction of people immunized
with lipid nanoparticle (LNP)-enclosed mRNA
(LNP-mRNA) vaccines develop allergic symptoms
following their first or subsequent vaccinations,
including anaphylaxis. These reactions resemble
complement (C) activation-related pseudoallergy
(CARPA) to i.v. administered liposomes, for which
pigs provide a naturally oversensitive model. Using
this model, we injected i.v. the human vaccination
dose (HVD) of BNT162b2 (Comirnaty, CMT) or its
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2-fold (2x) or 5-fold (5x) amounts and measured
the hemodynamic changes and other parameters of
CARPA. We observed in 6 of 14 pigs transient pul-
monary hypertension along with thromboxane A2
release into the blood and other hemodynamic and
blood cell changes, including hypertension, granu-
locytosis, lymphopenia, and thrombocytopenia. One
pig injected with 5x CMT developed an anaphylac-
tic shock requiring resuscitation, while a repeat dose
failed to induce the reaction, implying tachyphylaxis.
These typical CARPA symptoms could not be linked
to animal age, sex, prior immune stimulation with
zymosan, immunization of animals with Comirnaty
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i.v., or i.m. 2 weeks before the vaccine challenge, and
anti-PEG IgM levels in Comirnaty-immunized pigs.
Nevertheless, IgM binding to the whole vaccine,
used as antigen in an ELISA, was significantly higher
in reactive animals compared to non-reactive ones.
Incubation of Comirnaty with pig serum in vitro
showed significant elevations of C3a anaphylatoxin
and sC5b-9, the C-terminal complex. These data
raise the possibility that C activation plays a causal
or contributing role in the rare HSRs to Comirnaty
and other vaccines with similar side effects. Further
studies are needed to uncover the factors controlling
these vaccine reactions in pigs and to understand their
translational value to humans.

Keywords COVID-19 - CARPA - Complement -
Anaphylatoxins - Pseudoallergy - Shock -
Hemodynamic changes - Pigs

Introduction

Beyond efficacy, a major contributor to the success
of COVID-19 vaccines, including Pfizer/BioN-
Tech’s BNT162b2, an mRNA-lipid nanoparticle
(mRNA-LNP)-based vaccine also called Comir-
naty (CMT), is their safety in the overwhelming
majority of vaccinated people [1]. However, a tiny
fraction of vaccine recipients develop local and/or
systemic allergy, also known as hypersensitivity
reaction (HSR). These reactions arise within min-
utes to hours after vaccination, and in most cases,
they are controllable and fade without the need for
intervention. However, occasionally, they can be
severe or even escalate into anaphylaxis with shock,
requiring emergency measures beyond epinephrin
injection [2—11]. Although all COVID-19 vaccines
can cause severe adverse effects (SAEs) in an occa-
sional patient, and LNP-mRNA vaccines have actu-
ally more favorable statistics in this regard than the
vector vaccines [12], the present study focused on
the HSRs to Comirnaty, as it consists of PEGylated
LNPs that resemble PEGylated liposomes, and
“lessons” learned from nanomedicine research sug-
gest that such nanoparticles (NPs) injected into
the blood can cause so-called “infusion reactions”
whose symptoms are very similar, or the same as
those reported for the HSRs to LNP-mRNA vac-
cines [13, 14]. These symptoms include, but not
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limited, to sudden tachycardia/palpitation, dysp-
nea/tachypnea/apnea, hypo/hypertension, general-
ized or local flushing or rash, face/throat/tongue/lip
swelling (i.e., angioedema), chest/back/abdominal
pain/tightness, light-headedness/panic [2—11]. They
can be explained, at least in part, with complement
(C) activation-related anaphylatoxin (C3a, C4a,
and C5a) release, but not with IgE-mediated type-
I allergy, leading to the term, C activation-related
pseudoallergy (CARPA) [13, 15]. An important
lesson learned from nanomedicine research is that
CARPA can be uniquely modeled in pigs because
this species has an inborn hypersensitivity to i.v.
administered liposomes and other NPs [15-18].
This resemblance of symptoms provided a rationale
to use the porcine CARPA model to understand the
mechanism of LNP-mRNA vaccine-induced HSRs.

As the first approach, we administered the
human vaccine dose (HVD) and its multiples in i.v.
bolus to maximize the chance to see CARPA with
the clear understanding that this treatment does
not exactly imitate the human practice of inject-
ing the HVD in the deltoid muscle i.m. It was con-
templated that if we could provoke the reactions
under the above conditions, it would be the next
challenge to refine the model to better mimic the
human administration conditions. Nevertheless,
it was also clear that if we saw HSRs at all, that
would prove our capability to reproduce a very rare
adverse reaction of a vaccine in an animal model.
In addition to patient analysis, studies in animal
models are essential to understand these reactions,
but in vivo modeling of rare toxicities is inherently
difficult because of the large number of animals
needed to mimic the low prevalence of adverse
symptoms. Thus, the use of the sensitized or natu-
rally sensitive animal models, such as the pig in the
present study, may be a prerequisite for achieving
such goals.

As detailed below, the experiments did show more
or less expressed HSR symptoms in 6 of 14 pigs, with
one animal undergoing anaphylactic shock requiring
resuscitation. Together with the strong C activation
by Comirnaty in pig serum in vitro, these data point
to the possible involvement of CARPA in the anaphy-
laxis and other allergic symptoms caused by this vac-
cine. Thus, the initial steps have been taken to estab-
lish an animal model that may help solve the vaccine
reaction problem.
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Materials and methods
Materials

Comirnaty was from Pfizer/BioNTech, the vaccine
used for human vaccinations against SARS-Cov-2
infections. One 0.3 mL shot contains, in addition to
phosphate buffer and sucrose, 30 pg mRNA, 430 pg
ALC-0315, (4-hydroxybutyl) azanediyl)bis (hexane-
6,1-diyl)bis(2-hexyldecanoate); 50 pg ALC-0159,
2-[(polyethylene glycol)-2000]-N,N ditetradecylacet-
amide 90; pg 1,2-Distearoyl-sn-glycero-3-phospho-
choline (DSPC); and 200 pg cholesterol. Its total lipid
content is 0.77 mg. The porcine C3a kit was obtained
from TECOMedical AG, Sissach, Switzerland (Cat
No: TE1078). Commercial Doxil (Caelyx) was
obtained from the pharmacy of Semmelweis Univer-
sity. Zymosan, Dulbecco’s phosphate-buffered saline
(PBS) without Ca?*/Mg?* and bovine calf serum, and
biotin-labeled goat polyclonal anti-porcine IgM were
from Sigma Chemical Co. (St. Louis, MO, USA).

Methods
Animals and groups

Landrace pigs were obtained from the Research
Institute for Animal Breeding, Nutrition, and Meat
Science of the Hungarian University of Agriculture
and Life Sciences (Herceghalom, Hungary). The
study involved 8 female and 6 castrated male pigs
in the 22-65 kg size range, which were selected into
four groups: 1) naive, 2) zymosan pretreated (innate
immune pre-stimulated), 3) iv. treated (“immu-
nized”) with Comirnaty, and 4) i.m. immunized with
Comirnaty. Since the experiments were intended as a
pilot exploration of Comirnaty-induced allergy symp-
toms using cardiovascular and other endpoints, sex,
or body weights (age) were not criteria for preselec-
tion into these groups.

The investigation conformed to the EU Directive
2010/63/EU and the Guide for the Care and Use of
Laboratory Animals used by the US National Insti-
tutes of Health (NIH Publication no. 85-23, revised
1996). The experiments were approved by the
Ethical Committee of Hungary for Animal Experi-
mentation (permission numbers: PE/EA/1177-
4/2021 and BORS-02/2021).

The porcine CARPA model

The model was described in several studies ear-
lier [15-18]. In brief, pigs were sedated with i.m.
ketamine/xylazine and then anesthetized with iso-
flurane (2—3% in O,). Intubation was performed
with endotracheal tubes to maintain free airways
and to enable controlled ventilation if necessary.
The animals were breathing spontaneously during
the experiments. Surgery was done after povidone-
iodine (10%) disinfection of the skin. In order to
measure the pulmonary arterial pressure (PAP),
a Swan-Ganz catheter (AI-07124, 5 Fr. 110 cm,
Arrow Internat Inc.) was introduced into the pul-
monary artery via the right external jugular vein.
Additional catheters were placed into the left fem-
oral artery to record the systemic arterial pressure
(SAP), into the left external jugular vein for saline
and drug administration, and into the left femoral
vein for blood sampling. Hemodynamic and ECG
data were collected using instruments from Pulsion
Medical Systems and Powerlab, AD-Instruments
(Castle Hill, Australia). At the end of the experi-
ments, animals were sacrificed with Euthasol and
concentrated potassium chloride.

Lv. challenge with Comirnaty and zymosan

Animals were injected into the left external jugu-
lar with 2 sequential i.v. boluses of Comirnaty.
The storage, thawing, and dilution procedures
corresponded to the human application [19],
except that the vaccine was flushed into the cir-
culation with 5 mL saline. The dose was the full
HVD or two or five-fold this amount, referred to
as 1x, 2x, and 5x HVD. At the end of the experi-
ment, the animals were injected with 0.1 mg/
kg zymosan to provide a positive control for
CARPA. The initial 1xHVD was chosen as the
possible maximal dose reaching the blood of a
young man in case of accidental injection of the
full dose into a blood vessel in the deltoid mus-
cle, e.g., collateral branches of the circumflex
humeral arteries or veins, possibly the deltoid
and/or acromial arteries or veins.
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Scoring of cardiopulmonary distress

The intensity of CARPA was quantified by the car-
diac abnormality score (CAS), established earlier for
liposome-induced cardiopulmonary distress in pigs
[20]. It is an arbitrary rank between 1 and 5, specify-
ing minimal, mild, moderate, severe, and lethal reac-
tions, respectively. These categories were based on a
combination of all measurable manifestations (SAP,
PAP, HR, and ECG) of cardiopulmonary distress dur-
ing porcine CARPA [20].

Innate immune preconditioning with zymosan

The pigs in this group were injected with 1 mg/kg
zymosan 22-49 days before these studies, as an inde-
pendent experiment with the goal of inducing cytokine
storm. These animals were subjected to blood with-
drawals every 3 days for 15 days after the zymosan
treatment to measure innate immune activation (com-
plement and cytokine levels). These data will be pre-
sented elsewhere; in the present experiment, these
pigs served to provide a model for innate immune
stimulation before challenging with Comirnaty.

Immunization with Comirnaty

The immunization with the HVD of Comirnaty was
done either i.v. or i.m., by injections into the ear
vein or the supraspinatus muscle of the animals,
respectively.

Measurement of anti-PEG and anti-Comirnaty 1gM
in pig blood

Serial measurements of blood anti-PEG IgM levels
after immunization were performed using an ELISA, as
described earlier [21]. In short, Polysorp (Nunc) plates
were coated with 2.0 pg/well DSPE-PEG2000 in 100
pL of bicarbonate buffer (7.14 pM) (pH~9.0) over-
night at 4 °C, followed by blocking of the wells with
150 pL of PBS/0.05% Tween-20+2% bovine serum
albumin (BSA) at 37 °C for 1 h. Before blocking, wells
were washed 3xXwith 300 pL of wash buffer contain-
ing PBS/0.05% Tween-20 for 1 min. The EDTA-anti-
coagulated plasma samples were diluted by PBS/0.05%
Tween-20+1% BSA in the 20-3000-fold range and
incubated in the wells for 1.5 h at 37 °C, with slow shak-
ing. Wells were washed 5xwith 300 pL of wash buffer
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for 1 min. After staining with 100 pL of HRP-conju-
gated anti-porcine IgM (15,000 x dilution, Sigma) or
IgG (800 xdilution, Sigma) for 1 h, wells were washed
again 5 X with wash buffer as mentioned. The antibodies
were stained by incubation with 100 pL of substrate solu-
tion (Neogen) containing 3,3',5,5'-tetramethylbenzidine
(TMB) and hydrogen peroxide for 15 min in dark. The
reaction was stopped with 50 puL. of 2NH,SO, and A,
was read with a FLUOstar Omega 96-well plate reader
(BMG Labtech, Ortenberg, Germany). One tenth of titer
unit was defined as the dilution at which the blank-cor-
rected OD of a dedicated reference pig plasma, used as
a standard of anti-PEG IgM, was equal to the 10-fold of
blank. The specified anti-PEG values represent readings
in the linear section of the calibration curve.

A similar ELISA was used to measure the levels of
all IgM (not only PEG) binding to the vaccine before the
1.v. challenge with Comirnaty (anti-CMT IgM), except
that the plates were coated with Comirnaty as antigen.

Measurement of complement activation by Comirnaty
in pig serum in vitro

Freshly drawn blood from healthy pigs was let to clot
at room temperature (RT), the serum was separated by
centrifugation, aliquoted, and then stored at—70 °C
until the C activation studies. The latter included incu-
bation with Comirnaty (1:1.5 volume ratio) and control
zymosan (0.1 mg/mL) for the specified time at 37 °C
with shaking. The reaction was stopped by dilut-
ing the samples by stop solution containing 0.05%
Tween-20 and 20 mM EDTA. The liberated C3a and
sC5b-9, i.e., biomarkers of C activation, were deter-
mined as follows. Porcine C3a was measured using a
capture EIA (TECO Medical AG, Sissach, Switzerland,
ref: TE1078) following the manufacturer’s instruc-
tions. Briefly, the serum samples diluted by the stop
solution were incubated in the wells (100 ul/well) in
plates coated with 50 ng/ml Ab2 (a porcine C3a spe-
cific antibody) for 2 h at RT, followed by washings
5xwith washing buffer. This was followed by incuba-
tion with biotinylated Ab1 (100 pl/well, 25 ng/ml), for
2 h at 4 °C while shaking and 3 X washings again. Next,
streptavidin horseradish peroxidase conjugate (100 ng/
ml, 100 pl/well) was added and incubated for 2 h RT
while shaking. In the final step, after a 3 X wash, 100 pl
TMB was added and incubated for 30 min on RT on
a shaker. The reaction was stopped with HCL solution
and the plate was read using FLUOstar Omega 96-well
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plate reader (BMG Labtech, Ortenberg, Germany) at
450 nm. The C3a concentrations were given in arbi-
trary units (AU/ml).

Porcine sC5b-9 was measured as described earlier
[21, 22]. In brief, microtiter plates were coated with
mouse anti-human sC5b-9 ascites (clone aE11) and
incubated for 1 h with pig plasma containing 10 mM
EDTA. The second Ab, biotinylated mouse anti-
human C6 (Quidel A219), was stained with streptavi-
din—horseradish peroxidase using ABTS and H,0,
substrate.

Statistical methods

To get updated prevalence data on vaccine-induced
anaphylaxis, we used the Vaccine Adverse Event
Reporting System (VAERS), a data bank for all adverse
effects of US-licensed vaccines [23-25]. The different
synonyms of the same reaction were captured with an
algorithm formulated in PostgreSQL [26] to include all
terms related to anaphylaxis (e.g., anaphylactic or ana-
phylactoid) and/or shock (all vaccine-induced shocks
are anaphylactic by nature, assuming no major simulta-
neous loss of blood). Redundant symptoms or symptom
synonyms were then excluded from the reaction count.
The analysis involved downloading of 3 VAERS files
for each year in question (e.g., “2021VAERSDATA,”
“2021VAERSVAX,” and ‘2021 VAERSSYMTOMS”),
aggregating data across all years, grouping by unique
VAERS_ID (i.e., grouping per adverse event), and que-
rying for the terms of interest.

Differences among all other analytes in this study
were analyzed by ANOVA followed by post hoc tests, or
other tests, as specified in the figure legends. A p-value
of <0.05 was considered statistically significant. Statisti-
cal analyses were performed by GraphPad Prism soft-
ware (GraphPad Software, La Jolla, CA, USA).

Results

Pathophysiological changes caused by i.v.
administration of Comirnaty in pigs

Lllustration of Comirnaty-induced acute
hemodynamic changes in 3 pigs as a function of dose

Figure 1A—C shows the PAP, SAP, and HR changes
caused by i.v. injection of 1x, 2x, and 5x HVD

of Comirnaty, respectively. The HVD (1x HVD,
Panel A) led to a small, but the clearly distinguishable
rise of PAP (from 10 to 15 mmHg) in the 2-5 min.
time window, 2x HVD (B) triggered a major rise of
PAP with paralleling minor drop of SAP, and 5x HVD
(C) caused similar reaction as 2x HVD, although the
reaction to zymosan was less expressed. The second
repeat dose of Comirnaty reproduced the first reaction
in A, but it caused no reaction in B and C, indicat-
ing self-induced tolerance, known as tachyphylaxis.
The fact that the 1x Comirnaty-caused minimal PAP
rise did not disappear after the second injection sug-
gests that tachyphylaxis is a dose dependent process.
The third, zymosan positive control was comparable
for animals A and B, but visibly smaller in C, which
could be explained with intrinsically weaker sensi-
tivity to CARPA and/or extension of the first dose’s
tolerogenic effect to zymosan.

The physical parameters (body weight and sex) of
the above 3 and additional 11 pigs used in this study
are shown in Table 1, together with quantitation of
cardiopulmonary, skin, immunological, hemody-
namic, and hematological endpoints before and after
Comirnaty challenges.

Summary of experimental variables
and physiological changes caused by the vaccine

Beyond the blood pressure and heart rate changes
illustrated in Fig. 1, i.v. injection of Comirnaty caused
other symptoms of HSRs as well, including skin and
blood cell changes. These data are shown in Table 1,
which stratifies the 14 pigs used in this study accord-
ing to treatment variables (zymosan pretreatment,
Comirnaty immunization and challenge, and injection
order). In addition, the table gives the anti-PEG and
anti-vaccine IgM antibody titers before the vaccine
challenge.

The data show that 6 pigs (No. 1, 2, 6, 9, 10, and
14) developed more or less HSR to the 1st i.v. bolus
of Comirnaty administered in the 1-5xHVD range.
The most prominent (and CARPA specificy HSR
symptom was pulmonary hypertension with PAP rise
to 120-300% of baseline. However, as illustrated in
Fig. 1B and C, the second injection of 2xand 5xHVD
of Comirnaty failed to cause hemodynamic changes,
implying tachyphylaxis. We observed skin flushing in 2
pigs, and 10-60% blood cell changes in most animals,
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including granulopenia followed by granulocytosis, lym-
phopenia, and thrombocytopenia. Among these blood
cell changes, the most consistent was lymphopenia, in
79% of the animals, followed by granulocytosis, in 64%.
The latter was preceded by granulopenia and thrombo-
cytopenia in 36% of pigs. These blood cell changes did
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not correlate with the hemodynamic or other changes,
suggesting independent pathomechanism.

A further preliminary conclusion suggested by the data
in Table 1 is that these reactions did not depend on the
body weight and sex of animals, immune preconditioning
with zymosan, or immunization with the vaccine i.m. or
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i.v. Among these experiments, one particularly stood out
because the pig underwent anaphylaxis, as detailed below.

Anaphylaxis caused by Comirnaty

Figure 2 shows different signs of an anaphylactic reac-
tion that we observed in one of the 6 reacting pigs (no.
9) injected with S5Xx HVD Comirnaty. For no predicted
reason this animal fell into shock within 2 min after
injection of Comirnaty. The sudden decline of mean
SAP to<20 mmHg is associated with compensatory
tachycardia and extensive, biphasic PAP wherein the
wave’s splitting can be explained with superposition
of sharply declining SAP on the rise of PAP (Fig. 2A).
Resuscitation with epinephrine and cardiac massage
led initially to a transient hypertensive overshoot, but
after 20-25 min, all hemodynamic parameters returned

to near normal. After a few minutes of stabilization,
when the animal was injected a second time with the
same dose of Comirnaty, there was full tachyphy-
laxis, just as in Fig. 1B. The final reaction to 0.1 mg/
kg zymosan was also smaller than the first reaction,
although on a weight basis, zymosan was applied at
~24-fold higher amount than the mRNA content in 5x
HVD Comirnaty, and ~ 8-times higher than the DSPC
content in 5x HVD (based on Table 2). Figure 2B
shows real-time blood pressure recordings in the initial
10 min highlighting that the progress of shock entailed
the narrowing of pulse pressure, i.e., a more expressed
reduction of the systolic than the diastolic blood pres-
sure relative to baseline. These changes were also asso-
ciated with the EKG abnormalities (reduction of RR
intervals and arrhythmia) (Fig. 2C) and skin flushing
(Fig. 2D).
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Fig. 2 Anaphylaxis with tachyphylaxis in a pig (no. 9)
injected with 5x HVD. Similar experiment and abbreviations
as used in Fig. 1A-C. A Mean PAP (blue), SAP (red), and
HR (black) during the whole experiment. B Real-time pulse
pressure recording of the reaction during the initial 10 min.
C top: a 25 s ECG recording during the reaction showing
arrhythmia, and bottom: changes of ECG parameters after the
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CMT 4 min

CMT 0 min

first injection of 5x Comirnaty up to 30 min, wherein RR int,
PR int, QRS int, QT int. mean the RR, PR, QRS, and QT inter-
vals, and P dur and QTc mean duration, in seconds. The latter
values were obtained during 15 s analysis of the ECG at the
indicated times. D Digitalized photographs of baseline (CMT
0) and skin flushing caused by Comirnaty at 4 min (CMT
4 min) after i.v. injection
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The dose dependence of Comirnaty’s pulmonary
vasoactivity and its comparison with Doxil

Going back to Fig. 1, the 1xHVD of Comirnaty
caused small, but clearly discernible pulmonary
vasoactivity, while the 2x and 5x HVD doses led to
maximal responses in terms of first-injection PAP
peak height (Fig. 1A-C). Based on this reaction
parameter and these pilot tests in 3 pigs, the mini-
mal and maximal reactogenic doses, and hence, the
dynamic window of PAP response to Comirnaty, are
within 1-2x HVD of Comirnaty. However, it should
be remembered that the majority of animals (eight)
did not show any pulmonary reaction and that the
height of the PAP response is only one parameter of
HSR, whose different symptoms may have different
dose-dependence. Nevertheless, this peak height can
be used to compare the pseudoallergic reactogenic-
ity of different liposomal and other drugs, as it is a
highly sensitive and relatively reproducible quantita-
tive endpoint of cardiopulmonary distress [28].

Comparison of the pulmonary vasoactivities
of Comirnaty and Doxil

The above information led us to use data from an
earlier pig study [21], where we tested the reac-
togenicity of PEGylated liposomal doxorubicin

(Doxil) [29], the first FDA-approved nano-drug
whose HSR-inducing effect has been known since
its introduction into cancer chemotherapy in 1995
[30]. The study showed similarly small PAP peaks
and runaway maximal reactions after i.v. injection
of 0.1 mg/kg of liposomal phospholipid (Fig. 3),
suggesting that the pulmonary vasoactivity of
the vaccine and Doxil have a common underlying
mechanism in pigs and that the above minimally
reactive doses can be taken as being roughly equi-
potent in pulmonary reactivity.

Based on the above findings and considerations, we
compared the absolute amounts of common ingredi-
ents in these minimally reactogenic doses of the vac-
cine and the liposome, namely, the amounts of injected
phospholipids and PEGylated lipids related to pig body
weight. The comparison (Table 2) showed ~38- and
~17-fold less total phospholipid and PEGylated lipid
in the vaccine compared to Doxil, respectively. The
cargos (mRNA vs. doxorubicin), cholesterol, and total
lipid amounts were also much lower in the vaccine
(~18-, ~4-, and approximately sixfold less, respectively,
Table 2), which implies stronger reactogenicity of the
vaccine than Doxil, at least in causing minimal pulmo-
nary hypertension in pigs. It should be emphasized that
pulmonary hypertension in pigs is just one symptom of
HSREs, thus the above comparison under special experi-
mental conditions has no relevance to other effects or
toxicities of Comirnaty and Doxil.
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Table. 2 Comparison of ingredient amounts in Comirnaty and
Doxil, causing minimal pulmonary hypertension in pigs. Val-
ues normalized to pig weight

Dox/Comir-
naty ratios'

Ingredients Comirnaty  Doxil

pe/kg*
Cargo? 0.87 15.66 18.00
Phospholipid® 2.61 750 28.73
Ionizable lipid® 12.5 N/A
PEGylated lipid® 1.45 250 17.24
Cholesterol® 5.81 25.0 4.30
Total phospholipid®  2.62 100.0 38.17
Total lipid3 22.38 125.0 5.58

“Entries are absolute amounts of ingredients in the minimal
reactogenic i.v. bolus doses of Comirnaty (CMT, 1xHVD) and
Doxil (0.1 mg phospholipid/kg) in pigs, divided by the aver-
age weight of animals (34.4 kg, Table 1). The indexed entries
are: 'Doxil/Comirnaty absolute weight ratios in their minimal
reactogenic dose calculated for the specified ingredients; “the
absolute amounts of ingredients in 1x HVD (0.3 mL) Comir-
naty are as follows: Cargo: 30 pg mRNA; phospholipid: 90 pg
1,2-Distearoyl-sn-glycero-3-phosphocholine  (DSPC); ioniz-
able lipid (ALC-0315): 430 pg (4-hydroxybutyl-azanediyl)
bis (hexane-6,1-diyl)bis(2-hexyldecanoate); PEGylated lipid
(ALC-0159): 50 pg polyethylene glycol)-2000]-N,N-ditet-
radecylacetamide; cholesterol: 200 pg. The corresponding
ingredients in Doxil containing 0.1 mg/kg phospholipid are:
16 pg doxorubicin; 75 pg fully hydrogenated soy phosphati-
dylcholine (HSPC); 25 pg N-(carbonyl-methoxypolyethylene
glycol 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine
sodium salt (MPEG-DSPE); 25 pg cholesterol. These ingredi-
ent data were obtained from the prescribing information for
both agents [19, 271

The effects of i.v. Comirnaty on plasma TXB2 in pigs

The vascular effects of thromboxane A2 (TXA2) explain
the pulmonary hypertensive effect of liposome-induced
C activation, and TXB?2 is a stable byproduct of TXA2
metabolism whose plasma level was shown previously
to closely parallel the hemodynamic changes caused by
liposomes in pigs [31]. Thus, we measured this analyte
in the plasma of pigs treated with Comirnaty.

Figure 4A shows the time course of TXB2 rises in
the plasma of pigs in Fig. 1A and B. In remarkable
parallelism with the PAP changes, the animal injected
with 1xXHVD (pigs #1, blue) displayed minimal,
while the one injected with 2 X HVD (pigs #2, red) dis-
played immediate, maximal rise of TXB2 on the same

@ Springer

time course as the hemodynamic changes occurred.
Figure 4B shows another parallelism with the hemo-
dynamic changes: animal no. 9, which underwent
anaphylaxis, displayed a sudden, major rise of TXB2
(5%#9, blue), while the second dose which caused
no rise of PAP caused only minimal rise of TXB2
(5XN#9/2, red). This panel also shows the effect of
zymosan (green), also rising in parallel with pulmo-
nary hypertension, but in a more extended fashion. Yet
a 3rd pig in this series, which also developed maxi-
mal pulmonary reaction with tachyphylaxis after the
first but not the second injection, reproduced the same
TXB2 profile as pig #9. These data provide further
evidence for the similar, thromboxane A2-dependent
mechanism of Comirnaty and PEGylated liposome-
induced pulmonary hypertension in pigs.

Other physiological parameters measured

Among the other physiological parameters meas-
ured (RBC, Hgb, ECG wave intervals and ampli-
tudes, SPO2, respiration rate, Et.CO,, core tempera-
ture, none showed consistent, biologically relevant
changes, except in Exp # 11 (pig no. 9), the animal
undergoing anaphylaxis, displayed decreased respira-
tory rate and etCO,, along with ECG signs of hypoxia
and arrhythmia (Fig. 2).

The complement activating effect of Comirnaty in
pig serum

Figure 5 shows two experiments wherein we meas-
ured C activation by Comirnaty in pig serum at two
vaccine concentrations, using porcine C3a (Fig. 5A,
C) and sC5b-9 (Fig. 5B) as endpoints of C activa-
tion. These data show significant dose-dependent C
activation, the effect of the higher dose being compa-
rable to that of zymosan (Fig. 5C). Thus, the obser-
vation on similar or greater hemodynamic abnor-
malities caused by 5x HVD Comirnaty (4.4 ug/kg
mRNA and 13.2 pg/kg DSPC), compared to zymosan
(100 pg/kg) in pigs (Figs. 1C and Fig. 2) has been
reproduced in a serum C assay in vitro under entirely
different conditions. This represents an indirect sup-
port for the causal role of C activation in HSRs, i.e.,
CARPA.
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It is also important to note that the stronger (than
zymosan) C activating effect of Comirnaty (Fig. 5C)
was observed at 120 pg/mL DSPC, which is about
17xlower than the minimal C activating effect of
Doxil phospholipids (HSPC+MPEG-DSPE) in

human serum (~2 mg/mL, Fig. 5D). These propor-
tions are also comparable to the phospholipid and
PEGylated lipid ratios in the minimal pulmonary reac-
togenic doses of Doxil and Comirnaty in pigs (~29
and 18, Table 2).

Fig. S Complement activa-
tion by Comirnaty (CMT) %0 -
in pig serum in vitro. A, B A)
Healthy pigs’ sera (n=3)
were incubated with Comir- 70 1
naty at 37 °C for 60 min at
a final vaccine mRNA and
phospholipid (DSPC) con-
centrations of 20 and 60 pg/
mL, respectively. Panel A
shows the C3a, and B the

C3a (AU/mL)

sC5b-9 levels in the same

soT—
i ; 40
, 30
samples. Zymosan was 20
applied at 0.1 mg/mL. C, 0
similar measurement as in
A and B, except that the 0

vaccine concentration was
doubled (mRNA and total
phospholipid were 40 and

120 pg/mL, respectively)
and we measured only

C3a as endpoint. Bars are
mean+/—SE, n=5. #%¥*,

P <0.005 by ANOVA. D is
a reproduction of Fig. 2B in
ref. [32] showing the dose
dependence of C activation
by Doxil in human serum
in vitro
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Non-mRNA-coded immunogenicity of Comirnaty
and its impact on HSRs

The immunogenicity of polyethylene glycol (PEG) in
Comirnaty

The last 6 animals in this study were immunized with
IxHVD Comirnaty either i.m. or i.v., and the blood
anti-PEG IgM levels were periodically determined
until the 5xHVD Comirnaty challenge 14-20 days
after immunization (Table 1). Five of these animals
showed no or minimal HSR, while 1 animal (no. 9),
immunized i.v. 14 days earlier, fell into anaphylactic
shock (Fig. 2).

Figure 6A and B show the rises of anti-PEG IgM
in these 2 groups. L. m. immunization (Fig. 6A) was
more effective than the i.v. procedure, resulting in 5-6-
fold higher peaks in 2 of 3 pigs than the peak heights
in all 3 i.v.-immunized animals (Fig. 6B). Antibody
formation reached the maximum in the 3-8 days win-
dow and then declined after 10-12 days. These find-
ings suggest that Comirnaty can induce anti-PEG IgM,
but this effect is relatively weak and short, it cannot be
involved in Comirnaty-induced HSRs >2 weeks after
immunization.

The insert in Fig. 6B shows the immunogenicity
of 0.1 mg/kg Doxebo in pigs, yielding orders of mag-
nitude higher anti-PEG IgM titers than we got from
Comirnaty, which also lasted for several weeks [21].
All these Doxebo-immunized pigs underwent anaphy-
lactic shock identical to the one seen in the present

study [21], so a causal role of anti-PEG IgM in Comir-
naty-induced HSRs cannot be a priori excluded. It is
possible that the 17-fold lower amount of PEG in the
vaccine relative to that in Doxebo (Table 2) and miss-
ing the antibody peaks excluded seeing the anaphylac-
togenicity of anti-PEG IgM in the present study. This
also means that the anaphylaxis of pig no. 9, which
was i.v. immunized with Comirnaty, could not be
explained with anti-PEG IgM, highlighting the likely
involvement of other antibodies, and/or a C-independ-
ent mechanisms of anaphylaxis, as suggested by the
double-hit theory (see Discussion).

The non-mRNA-coded immunogenicity of the whole
Comirnaty LNP

In addition to the rise of anti-PEG IgM after immuni-
zation of the animals with Comirnaty, we also meas-
ured the pre-challenge blood levels of anti-Comirnaty
LNP IgM by a modified ELISA, wherein the antigen
used to coat the ELISA plates was the whole vaccine
LNP rather than PEG. As shown in Fig. 7, the aver-
age anti-CMT IgM level was significantly higher in
the animals displaying HSR compared to nonreactors,
which suggests a contribution to the HSRs of natu-
ral or induced IgM reacting with one or more vaccine
components. Here again, the lack of outstanding anti-
LNP IgM response in pig no. 9 argued against the
sole role of these (relatively low-level) IgMs in ana-
phylaxis induction.
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Fig. 7 Anti-Comirnaty LNP IgM levels (median+IQR) in
pigs before i.v. injection of 1-5 HVD of Comirnaty. The Y val-
ues are relative to the ELISA OD values obtained in pig no.
2, wherein 2x HVD caused maximal pulmonary response. The
group “CARPA reaction” on the x-axis includes all reactive
animals regardless of trigger vaccine dose. *, P <0.02

Discussion

Allergic reactions and anaphylaxis to LNP-mRNA
vaccines: an unsolved hurdle of COVID-19
vaccination for a few

Anaphylaxis is a very rare complication of vaccina-
tions, occurring in about 1.4 cases out of a million
immunizations worldwide (14). Focusing only on
the LNP-mRNA based COVID-19 vaccines, this rate
seems to be surpassed by a factor that varies in dif-
ferent estimations (see below), but considering the
effective prevention and treatment measures of ana-
phylaxis today (1% mortality rate [33] or less), the
clinical significance of the phenomenon is very small.
Yet, due to the crucial role of vaccinations in halting

the COVID-19 pandemic, the rare HSRs and anaphy-
laxis cases obtain substantial regulatory, scientific
and public attention [2, 3, 5-9, 14, 34-36]. Signs of
unceasing concern about allergic reactions to the vac-
cine include multiple questions on allergies on con-
sent forms with the exclusion of people with severe
allergies to any of the vaccine components, history
of anaphylaxis, autoimmune diseases, Guillain-Barré
syndrome, Bell’s palsy, and cosmetic dermal filler
recipients [14, 37]; the mandated 30-min post-vac-
cination monitoring for everyone; the directives that
vaccination centers must be prepared for emergency
treatment of anaphylaxis or other forms of allergic
reactions; guidance on how to prevent and treat vac-
cine-induced anaphylaxis [2, 9]. Most recently, a mul-
ticenter clinical trial started to establish the incidence
of HSRs to LNP-mRNA-based vaccines in a high-
allergy/mast cell disorder population in comparison
to a representative population without severe allergies
or mast cell disorders [38].

The relative risk of anaphylaxis and severe allergic
reactions to LNP-mRNA vaccines: variations of
prevalence data

Due to the heightened alert and preventive measures,
the rate of allergic reactions to LNP-mRNA vac-
cines tends to decrease, but case reports continue to
emerge in the VAERS (see statistical methods). The
most recent official (Center of Disease Control, CDC)
estimate is 2.5-4.7 anaphylaxis per million vaccina-
tions with Comirnaty [8, 39], while our analysis of
the latest (Oct, 2021) data in VAERS, performed with
attention not to overestimate the rate (see Methods)
gave 15.7 and 16.3 anaphylaxis per million vaccina-
tions with the Pfizer/BioNTech and Moderna vac-
cines after roughly 242 and 154 million US recipients
of these vaccines, respectively. Other recent studies
found 1 anaphylaxis in 4,000 vaccinations (250/mil-
lion) [4] and 22 in 38,895 (566/million, ~ 1 in 1,800
vaccinations) [10]. Counting not only anaphylaxis
but all more or less severe HSRs to Comirnaty gave
10 HSRs in 2000 vaccinations (~1 in 200, 0.5%) [11],
which rate actually represents a typical prevalence
of infusion reactions to PEGylated nano drugs [40].
The most frequent adverse symptoms of vaccina-
tions in the study of Gringeri et al. [11] were airway
obstruction, laryngeal edema, hypotension, tachy- or
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bradycardia, urticaria, and asthma, which are also
prevalent symptoms of CARPA caused by i.v. nano
drugs [13].

Concepts on the mechanism of anaphylaxis to
LNP-mRNA vaccines: CARPA and others

In absence of dedicated human or animal studies,
explanations for the mechanism of LNP-mRNA-
induced HSRs are hypothetical to date. Although
classical, IgE-mediated type I hypersensitivity to a
vaccine component can occur, it cannot account for
all HSRs since most people inflicted with HSR show
no positive skin test for the vaccine or its compo-
nents. This also applies to PEG, the only component
of LNP-mRNA vaccines whose widespread presence
in foods, drinks, medicines, cosmetics, toothpaste,
shampoos, sunscreens, and many other commodities
of routine life [40] could easily explain sensitization.
Skin test positive allergy to PEG does exist, but it is a
rare, severe condition of which most patients are well
aware [3, 41-43]. They are excluded from getting
PEG-containing vaccines.

Accordingly, the large majority of HSRs to PEG-
containing vaccines are among people who do not
respond to PEG via IgE-mediated allergy but via an
alternative mechanism called pseudoallergy, of which
most people are not aware until they develop symp-
toms. Also consistent with pseudoallergy, Kranz et al.
reported no or only mild reactions after the second
Comirnaty boost [4, 44], which implies tachyphy-
laxis, a characteristic feature of C-mediated pseudoal-
lergy, i.e., CARPA [45].

The likely involvement of CARPA in LNP-mRNA
vaccines was proposed at an expert meeting convened
by the National Institute of Allergy and Infection
Diseases in December 2020 in response to the ana-
phylaxis cases in the UK after the first immuniza-
tions with Comirnaty [46]. The idea stemmed from
the similarity of the time course and symptoms of
vaccine-induced HSRs to those seen during infusion
reactions to PEGylated liposomes (Doxil) [13, 47,
48], to which Comirnaty resembles. In fact, a study
published shortly before the pandemic showed ana-
phylactic shock to a small i.v. dose of Doxil in pigs
sensitized to anti-PEG antibody-induced HSRs by
i.v. immunization with PEGylated liposomes (Dox-
ebo) [21]. This reaction was shown to be C-mediated
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[21], providing experimentally derived evidence for
CARPA underlying such “pseudo-anaphylaxis.”

Beyond CARPA, there are other explanations for
LNP-induced anaphylactic reactions. One theory
attributed the phenomenon to “the relatively high
number of local immune cells at the site of injec-
tion “getting too much excitement” due to “techni-
cally delivering of an adjuvant” [46]. The problem
with this explanation is that the LNP-mRNA vaccines
do not contain adjuvants technically, and that it fails
to explain how a local immune stimulus can trigger
systemic symptoms, including anaphylaxis. C activa-
tion was ruled out on basis that it is expected to “pro-
ceed in almost all vaccine recipients, but anaphylaxis
is very rare” [49]. However, this simplistic connecting
of C activation to anaphylaxis can also be questioned
as it neglects that C activation feeds into HSRs and
anaphylaxis via several signaling channels, each hav-
ing multiple relay steps and controlling factors [21].
This complexity of molecular and cellular interac-
tions renders the causality between these phenom-
ena non-linear, individual threshold-dependent [50],
highly variable. As discussed later for the “double
hit” hypothesis, only overwhelming C activation may
be rate-limiting, the primary cause of anaphylaxis.
In most cases, the role of C activation may be to pro-
vide essential co-stimulation for vasoactive media-
tor release [51, 52] by allergy mediating immune
cells [21].

Yet, a further mechanism considered for vaccine-
induced anaphylaxis is “immunization stress-related
response,” a newly defined adverse effect following
immunizations [53] with which anaphylaxis can be
misdiagnosed and vice versa [53-57]. Among other
symptoms, sudden hypertension may raise uncertain-
ties, which is typical of both pseudoallergy and anxi-
ety, but not of anaphylaxis.

Historic support for the involvement of C activation
in the HSRs to LNP-mRNA vaccines

Complement activation entailing anaphylatoxin
release, as a potential contributing cause of HSRs
and anaphylaxis was proposed by Hugli et al.
exactly 40 years ago [58]. Since then, several lines
of evidence attested to this mechanism of anaphy-
laxis [59], including the finding that C depletion
and production of C3a and CS5a in human anaphy-
laxis correlated with the severity of the reactions,
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and the induction of immediate wheal-and-flare
reactions after intradermal injection of anaphyla-
toxins in healthy volunteers [52, 60—62]. The mini-
mal amount of C3a, C4a, and C5a that induced the
latter changes were 10 pmol, 1 nmol, and 40 fmol,
respectively [52], implying stronger reactogenicity
than that of histamine. These reactions were dose-
dependent and reached maximum at 5-10 min after
injection, which is a typical time course of anaphy-
laxis, too. Using the pig model described here, the
causal role of anaphylatoxins in NP-induced HSRs
was described in 1998-99 [15, 63], and since then,
several lines of experimental evidence have proven
the concept [18, 64, 65].

Experimental support for the involvement of C
activation in HSRs to LNP-mRNA vaccines in the
present study

This study provided two convergent lines of evidence
for CARPA underlying the HSRs to Comirnaty. One
is the rise of typical CARPA symptoms in pigs after
1.v. administration of the vaccine, and the second
is that Comirnaty can activate C in porcine serum
in vitro.

Induction of CARPA symptoms by Comirnaty in vivo

It has been described in numerous previous pub-
lications that intravenous injection of liposomes
and other NPs can trigger a unique tetrad of acute
hemodynamic, hematological, skin, and biochemical
changes including pulmonary hypertension, systemic
hyper- or hypotension, tachy- or bradycardia with
arrhythmia, granulopenia followed by granulocytosis,
lymphopenia, thrombocytopenia, flushing, rash, and
rises of plasma thromboxane B2, PAF, sC5b-9, leu-
kotriene B2, and some others [15-18]. These physi-
ological changes were reproduced by i.v. injection of
Comirnaty in 6 pigs out of 14 with one anaphylaxis.
Although the expressions of most symptoms were
minor and transient, clinically inconsequential (except
for anaphylaxis), their synchroneity, consistent direc-
tion, comparable duration, and association with rises
of plasma thromboxane and anti-Comirnaty IgM pro-
vide a clear fingerprint of the CARPA tetrad, leaving
no doubt about the model’s utility to study CARPA as

a possible mechanism of HSRs to Comirnaty. How-
ever, we do not know why some pigs did and others
did not show any physiological change in response to
Comirnaty injections, so the factors enabling or disa-
bling the reactions remain to be established.

Complement activation by Comirnaty

We found that Comirnaty is a strong C activator in pig
serum at a concentration that may be relevant in vivo,
as delineated in the next section. Here we address the
mechanism of activation, which, in theory, can pro-
ceed via all three activation pathways. Namely, classi-
cal pathway activation may occur as a consequence of
the binding of natural (or induced) antibodies to the
phospholipid, cholesterol, and PEG molecules on the
LNPs [21, 40, 66, 67], as well as the binding of Clq
to the mRNA [68]. The positively charged (ionizable)
lipids can activate C via the alternative pathway [69,
70], while the transcribed spike (S) protein can acti-
vate the lectin pathway [71]. Because the LNP-mRNA
in Comirnaty is unstable at body temperature, and
because the sheer stress upon injection may also cause
the breakdown of some LNP-mRNAs [72], it is pos-
sible that disintegration of the LNPs could enhance C
activation via increased exposure of the mRNA and/or
other activating surfaces to C proteins.

The fact that PEGylated, mRNA containing LNPs
can activate C is not new; it was described, among oth-
ers, in human serum in vitro [73] and in rats and mon-
keys in vivo [74].

Despite this prior knowledge on C activation by
nucleic acid-containing liposomes, C activation by
Comirnaty, or any other COVID-19 vaccine, has to our
best knowledge, not been described in the literature,
although it may be vital for the vaccine’s immune-stim-
ulatory action, and, hence, efficacy.

The relevance of Comirnaty reactions in pigs to the
human vaccine reactions

Apart from the shock symptoms that represent a clear
indication of the utility of the pig model to study the
human anaphylaxis to Comirnaty, the fact that we
injected multiple HVDs of Comirnaty i.v. instead of
IxHVD i.m. rightfully questions the human relevance
of our data. The hypotheses below represent an attempt
to reconcile the above dissimilarities and highlight how
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our observation could explain the human HSRs to the
vaccine.

Opportunities for C activation by Comirnaty
in vaccinated humans

In humans undergoing vaccinations with Comir-
naty, C activation by the vaccine, if it occurs, could
take place either locally, at the site of injection, and/
or systematically, in plasma, after the vaccine or its
disintegrated components get into the blood.

As for local activation, this possibility might
appear counter-intuitive, since C activation is gen-
erally perceived as a chain reaction in plasma with
all C proteins being present. However, as an inflam-
matory phenomenon, C activation might also occur
in inflamed tissues, and the erythema, warmth,
swelling, pain, induration, and/or tenderness at the
injection site and its vicinity, which are signs of an
inflammatory response, are frequent side effects
of vaccinations [75, 76]. The process involves
the accumulation of C proteins in the swollen tis-
sue, partly from the inflammatory exudate which
is rich in C proteins, and partly from the activated
mast- and dendritic cells and infiltrating immune
cells (lymphocytes, monocytes, and macrophages),
which release C3, C5, factors B and D beside many
other proinflammatory molecules [77]. Thus, the
vaccine’s intrinsic capability for immune stimula-
tion may entail the accumulation of C proteins at
and around the site of vaccinations.

Whether or not they could be activated by the
vaccine NPs, the fundamental finding in the pre-
sent study that Comirnaty is a strong C activator
in pig serum gives a “most likely” answer. These
in vitro C activation experiments showed that the
vaccine activates C at a phospholipid (DSPC) con-
centration of already 60 pg/mL (Fig. 5A). The
phospholipid concentration in the injected 0.3 mL
Comirnaty dose is 0.3 mg/mL, 5-fold above the
above threshold of C activation in serum, and, as
discussed above-, DSPC is not the only compo-
nent in the vaccine that can activate C. Obviously,
the initial vaccine NP concentration declines as the
vaccine bolus gradually mix with the inflammatory
exudate and the NPs bind to immune cells or exit
via the lymph or blood vessels, but C activation
could already start and reach a sufficient extent to
produce reactogenic amounts of anaphylatoxins.

@ Springer

Beyond the local activation, the finding that the
vaccine is a strong C activator raises the possibility
that it also activates C in the blood, once the NPs
exit the site of injection as delineated below.

Possible exit routes of LNPs and anaphylatoxins
from the injection site into the circulation

As discussed above, the vaccine can induce an
inflammatory reaction at the site of its injection. The
associated increase in capillary permeability allows
the transcapillary passage of ~100 nm NPs, a known
precondition of the enhanced permeability and reten-
tion (EPR) phenomenon utilized in the therapy of
cancer and inflammatory diseases with liposomal
drugs [30, 78-80]. Considering the size of Comirnaty
NPs (80-100 nm) [72], the reverse of EPR may occur
allowing the vaccine NPs to get out from the tissue
into the capillary bed. Then, the blood’s natural flow
leads the way via the muscle venules into the axillary
vein. Another exit route is the lymph, percolating the
axillary lymph nodes to reach the vena cava via the
thoracic duct. The same exit opportunities exist for
locally formed anaphylatoxins with the benefit that
anaphylatoxins are small glycopolypetides (C5a MW:
11.0-11.5 kDa) whose passage may be much less
limited.

C activation-independent release of anaphylatoxins

The current paradigm in immunology is that ana-
phylatoxins are end products of C activation in
plasma. However, this perception needs to be updated
by the information that anaphylatoxins can get into
the blood or intercellular spaces via direct cellular
secretion following intracellular proteolysis of par-
ent C proteins by cathepsin L and other proteases
[77]. This effect was shown in activated T and other
activated immune cells as a mechanism of autocrine
and/or paracrine positive feedback amplification of
inflammatory response. Taken together, there are
numerous redundant, possibly additive mechanisms
by which Comirnaty or other similar NPs could lead
to anaphylatoxin release into the blood.

Can anaphylatoxin activity explain HSRs?

Once in blood, the next question is whether the
amount of circulating anaphylatoxins is sufficient for
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triggering a systemic reaction? It should be remem-
bered in this regard that the anaphylatoxins C3a and
C5a are the most potent permeability factors and
mast cell degranulation inducers yet described [60],
exerting substantial hemodynamic changes in the nM
(>1 ng C5a/mL blood) concentration range [81, 82].
Consistent with this fact, earlier pig studies showed
that iv. injection of 10 ng/kg rhuC5a (~0.2 ng/mL
plasma) in pigs, despite of species difference, trig-
gered a visible drop in SAP, while a thousand-fold
larger dose induced massive pulmonary hyperten-
sion with bradyarrhythmia, apnea, and cardiac arrest,
requiring resuscitation [20]. The human data on the
dose dependence of the skin effects of anaphylatoxins
were discussed above, 40 fmole (0.44 ng) C5a being
the lowest dose that caused wheel and flare reaction in
the skin. Taken together, these data suggest that nano-
to-microgram amounts of anaphylatoxins released in
blood might contribute to the HSRs and anaphylaxis.

In addition to local activation of C, the find-
ing that the vaccine is a strong C activator raises
the possibility that despite substantial dilution in
plasma, C activation could also occur after the vac-
cine NPs reach the blood because of reverse EPR,
as described above or accidental injection into a
small blood vessel. In the latter case, if the whole
amount of the vaccine gets rapidly in blood, the
situation corresponds to the response of pig no. 1,
which displayed a minor, but a clear reaction to the
HVD of Comirnaty.

Possible explanation of the rarity of vaccine-induced
anaphylaxis

We have pointed out previously that C activation may
be a co-trigger in certain (but not all) pseudoallergies,
it may be the sole cause only in case of overwhelm-
ing anaphylatoxin production or extreme sensitivity
for anaphylatoxin effects [18, 21, 64, 65, 83-85]. This
concept is articulated by the “double hit” hypothesis
[13, 16], postulating that pseudo-allergic reactions
arise when two or more reaction triggers simultane-
ously “hit” on immune cells, one being the binding
of anaphylatoxins to their receptors and another is the
direct binding of another trigger molecule to toll-like
and/or other inflammatory surface or intracellular
receptors.

Considering the differential secretion of cytokines
and other signaling molecules by immune cells in

response to different immune stimulants in different
people [86, 87], there is already individual variation
in the response of blood immune cells to direct acti-
vation by PEGylated nano drugs. Likewise, C acti-
vation and anaphylatoxin clearance show substantial
individual variation. If the intense release of vaso-
active allergy mediators (allergomedins) that cause
anaphylaxis requires synergistic activation of two or
more signal transduction pathways in allergy medi-
ating cells (mast cells, basophils, and macrophages),
the rarity of CARPA and occasionality of pseudo-
anaphylaxis could be explained with the low chance
of coincidental stimulation of synergizing activation
pathways. With a stretch of imagination, the C sys-
tem lives up to its name in the double-hit hypothesis
in as much as it “complements” the direct allergen hit
on allergy mediating cells, just as it complements the
antibodies in their cytotoxic function, motivating Paul
Ehrlich in 1899 to call the system “complement” [88].

The roles of anti-PEG and anti-Comirnaty IgM

We expected that immunization with Comirnaty
would accelerate HSRs, just as immunization of
pigs with Doxebo accelerated a minor reaction to
Doxil into lethal anaphylactic shock due to anti-
PEG IgM induction [21]. In fact, the pig that under-
went anaphylaxis was immunized with Comirnaty
1.v. 2 weeks before, but the absence of similar reac-
tion in the other 2 animals in the same group, and
the relatively low anti-PEG IgM (Table 1) in that
animal argued against a causal role of anti-PEG
IgM in the HSRs under the conditions of the pre-
sent study. Nevertheless, these data do not exclude
a causal or contributing role of anti-PEG antibodies
under other conditions, or more effective immuniza-
tion. Here we used 30-timesless PEG than applied
in the referred study [21], furthermore, the antigen
that we used in the ELISA was not the same PEG
conjugate that is present in the vaccine, which may
reduce the specificity and sensitivity of the test.
Indeed, the ELISA that used the whole vaccine as
antigen did show a contributing role of reactive
IgM to HSRs, but the titers were still far below the
anaphylaxis-inducing anti-PEG IgM levels in our
PEGylated liposome study [21]. Based on these
preliminary data, low-level antibody-mediated C
activation may be a contributing, but not rate-limit-
ing factor in the HSRs to Comirnaty.
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Porcine CARPA as a disease model

The information that Comirnaty, safely administered
to hundreds of millions can cause in pigs immune-
mediated circulatory and hematological abnormalities,
including anaphylaxis, may lead to questioning the suit-
ability of pigs for such studies. However, as stressed
previously [18, 65], the porcine “CARPA model” is not
a toxicology model; it represents a disease model, that
of allergy to i.v administered nanoparticulate drugs and
diagnostics, most frequently liposomes. It was used to
show the capability of Doxebo [45, 89], an anti-C5a
antibody and indomethacin to inhibit these reactions
[15] and for developing safe administration protocols for
Onpattro [90] and a prednisolone-containing PEGylated
liposome [91]. If the porcine CARPA model proves to
be valid for studying the HSRs to Comirnaty, it can pro-
vide solutions how to prevent this problem hopefully
not only for Comirnaty but all other reactogenic drugs
and vaccines. Importantly, the recognition that the rare
HSRs to mRNA vaccines represent pseudoallergy is on
the rise [10, 55, 92, 93].

Outlook

Because of their rare occurrence, HSRs and ana-
phylaxis to Comirnaty and other COVID-19 vac-
cines present a small risk that gives no reason for
questioning the overall safety of these vaccines.
The worry lies in the individual health and other
consequences for those inflicted, potentially in the
order of thousands if not tens of thousands world-
wide, in light of the large number of immunizations
(over a billion) worldwide and high prevalence of
allergic (atopic) constitution. These reactions also
raise concern on the safety of repeated vaccina-
tions in the face of new variants, due to the poten-
tial immunogenicity of the LNP-mRNA construct
inducing anti-PEG and perhaps other reactogenic,
self-neutralizing antibodies. These considerations
call for effective resolution of the problem before
it gets more public attention feeding into vaccine
hesitancy [94]. Finding a solution in the pig model
described here may help to prevent this problem.
The strong C activation by Comirnaty was an unex-
pected finding in this study in the face of immense
attention to the various immune effects of this vaccine.

@ Springer

However, it should not be viewed only as undesirable,
as C activation may be an essential contributor to the
antiviral immunogenicity of Comirnaty, just as it is
for other vaccines [95-98]. Complement is known to
bridge innate and specific immunity [99, 100], thus,
beyond providing first-line defense against the virus
and causing harmful immune reactions, it can also be
indispensable for efficient long-term immune protec-
tion. It will be intriguing to learn about all these dif-
ferent facets of the C system in the context of SARS-
COV-2, Comirnaty, and other vaccines.

The following relevant references came to the attention of the
authors after acceptance of the paper and before electronic
publication: 1) Shavit et al., Prevalence of Allergic Reactions
After Pfizer-BioNTech COVID-19 Vaccination Among Adults
With High Allergy Risk (https://jamanetwork.com/ on 01
/28/2022). The paper reports 6 allergic events in 8102 allergic
patients (0.07 %, or 1/1,350), and 3 anaphylaxis in 429 “highly
allergic” people (0.7%, or 1/143).

2)Kounisetal., Allergic Reactions to Current Available COVID-19
Vaccinations: Pathophysiology, Causality, and Therapeutic
Considerations. Kounis et al., Vaccines 2021, 9, 221. https:/
doi.org/10.3390/vaccines9030221  https://www.mdpi.com/journ
al/vaccines. The review discusses, among others, polyethylene
glycol and polysorbate 80-induced complement activation and
the different mechanisms of mast cell degranulation underlying
vaccine-induced allergic reactions, including direct activation and
anaphylatoxin actions.
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