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Abstract
SARS-CoV-2 emerged in December 2019 and led to the COVID-19 pandemic. Efforts to develop therapeutics have led to 
innovations such as mRNA vaccines and oral antivirals. Here we provide a narrative review of the biologic therapeutics used 
or proposed to treat COVID-19 during the last 3 years. This paper, along with its companion that covers xenobiotics and 
alternative remedies, is an update to our 2020 paper. Monoclonal antibodies prevent progression to severe disease, are not 
equally effective across variants, and are associated with minimal and self-limited reactions. Convalescent plasma has side 
effects like monoclonal antibodies, but with more infusion reactions and less efficacy. Vaccines prevent progression for a 
larger part of the population. DNA and mRNA vaccines are more effective than protein or inactivated virus vaccines. After 
mRNA vaccines, young men are more likely to have myocarditis in the subsequent 7 days. After DNA vaccines, those aged 
30–50 are very slightly more likely to have thrombotic disease. To all vaccines we discuss, women are slightly more likely 
to have an anaphylactic reaction than men, but the absolute risk is small.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a coronavirus that causes coronavirus disease 
2019 (COVID-19), a respiratory infection that can progress 
to acute respiratory distress syndrome (ARDS), myocarditis 
[1, 2], or death.

One year into the pandemic the United States Food and 
Drug Administration (FDA) issued an Emergency Use 
Authorization (EUA) for Pfizer’s vaccine, marking a shift in 
efforts from repurposing medications to widespread vaccina-
tion. One month later, the FDA issued EUAs for Moderna’s 
vaccine and for monoclonal antibodies designed to prevent 
disease progression in those infected with SARS-CoV-2 
with mild symptoms and major comorbidities. The speed of 
development and effectiveness of vaccines has been matched 
by public resistance to receiving the vaccine and misinfor-
mation [3], mostly over-emphasizing the adverse effects of 
the vaccine and downplaying the risks of untreated COVID-
19, a calculus that also changes with each variant [4].

This narrative review describes the effects of vaccines and 
monoclonal antibodies that a clinician is likely to encounter 
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when treating patients affected by COVID-19. We focus on 
toxicity, not efficacy.

Methodology

In our previous publication we discussed the recombinant 
protein APN01, humanized antibody leronlimab, nucleo-
tide analogs remdesivir and favipiravir, protease inhibitors 
lopinavir/ritonavir, DNA vaccines (S-trimer, INO-4800, 
GLS-5300), the Moderna mRNA vaccine, and convalescent 
plasma [5]. In the last 2 years, the monoclonal antibodies, 
protein vaccines, and more mRNA vaccines emerged. For 
each of these substances, we searched PubMed and Google 
Scholar for any publications between May 1, 2020, and June 
1, 2022 that mentioned the substance and contained the 
keywords “adverse event,” “secondary effect,” “unintended 
effect,” “adverse reaction,” “unintended reaction,” or “toxic-
ity,” or their spelling variants, in the full-text of the paper. 
We considered papers tagged with MeSH Heading “Drug 
Toxicity” (D064420), also labeled as “Adverse Drug Event,” 
and all subheadings. This MeSH heading also includes all 
adverse drug reactions, which are the intersection of the 
MeSH tags D064420 and D004347 (“Drug Interaction”). 
We only considered peer-reviewed publications for which 
the full-text in English was available. We also included each 
vaccine’s application for Emergency Use Authorization by 
the FDA.

We included substances we did not previously discuss, 
choosing based on the vaccines being recommended by the 
Center for Disease Control and our experience as practicing 
physicians and scientists. Our description of substances and 
their effects is not exhaustive and presents our knowledge as 
of June 2022. In the absence of direct evidence, we expect 
drugs of a similar class to have similar toxicity. Our search 
strategy may be biased towards mild and moderate effects, 
which are assiduously reported by clinical trials. We include 
case reports even though they cannot demonstrate causality, 
because they often provide the first description of severe 
toxicity.

Biology of Coronavirus Spike (S) Protein

SARS-CoV-2 is an enveloped non-segmented positive-sense 
RNA virus that belongs to the Coronavirinae family. Its 
genetic sequence resembles SARS-CoV-1, a beta-coronavi-
rus that caused the SARS (Severe Acute Respiratory Syn-
drome) epidemic in 2003. To date, vaccines have focused on 
raising immunity against the S protein, the protein SARS-
CoV-2 uses to attach to and enter host cells. The S protein is 
an attractive target because it elicits an immune response and 
mutations in it may explain the variation in virulence across 

SARS-CoV-2 strains. It is a trimeric glycosylated transmem-
brane complex embedded in the lipid bilayer that surrounds 
the viral genome. Understanding the structure is important 
for understanding the toxicity of monoclonal antibodies that 
bind to specific parts of the S protein, which creates the 
potential for each monoclonal antibody to have unique off-
target effects. The S protein is composed of a region that 
attaches to the ACE2 receptor (the receptor binding domain 
(RBD) or S1) and a region that facilitates fusion of the host 
and virus membranes (S2) [6]. The parts of the S protein 
mutate at different rates, explaining why the efficacies of 
monoclonal antibodies and vaccines, which assume a spe-
cific S protein sequence, differ across SARS-CoV-2 variants. 
The S protein is glycosylated, which helps it evade detection 
by the immune system and tightly bind to ACE2 receptors 
[7]. It is challenging to develop antibodies against glyco-
sylated proteins because the sugars coat the immunogenic 
protein and vary too frequently in structure to be themselves 
a viable target.

COVID‑19 Therapeutics

APN01

APN01 is a recombinant human ACE2 protein first devel-
oped to treat SARS-CoV-1. It was hoped that APN01 would 
prevent SARS-CoV-2 from entering the cell just as it did for 
the structurally similar SARS-CoV-1. The proposed mecha-
nism was that APN01 would act as a decoy for the virus, 
much as andexanet alfa acts as a decoy for factor Xa inhibi-
tors. A randomized unblinded clinical trial was reported 
underway in 2020 in the People's Republic of China [8]. We 
could find no toxicity data to present. Absent new data, we 
reiterate the general observation that toxicity from recom-
binant proteins results from inadvertently activating the 
immune system and off-target binding, which may manifest 
as type II or III hypersensitivity.

Convalescent Plasma

Convalescent plasma is plasma pooled from those who con-
tracted and then recovered from COVID-19. It is adminis-
tered to patients who have contracted the disease and are at 
high risk for deterioration without intervention. The ration-
ale behind convalescent plasma is like that for monoclonal 
antibodies, as convalescent plasma is a mélange of immu-
noglobulins. Case series report that self-limited chills and 
fevers are the main adverse events [9].

The general risks associated with plasma transfusion 
are acute lung injury, circulatory overload, allergic/ana-
phylactic reactions, transmission of infections, febrile 
hemolytic and non-hemolytic transfusion reactions, and 
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RBC alloimmunization. An analysis of 50,000 hospitalized 
patients with COVID who received convalescent plasma 
through the FDA’s Early Access Program reported trans-
fusion reactions (n = 78), thromboembolic or thrombotic 
events (n = 113, 75 judged unrelated), and cardiac events 
(n = 677; 597 judged unrelated), mainly myocarditis and 
acute coronary syndrome [10].

Monoclonal Antibodies

Monoclonal antibodies supplement the body’s immune 
response by helping the body identify SARS-CoV-2 virus 
particles, in effect providing ready-made beacons to the 
immune system while it is developing its own [11]. In 
December 2021, the FDA issued an EUA for sotrovimab 
[12], bamlanivimab/etesevimab [13], and casirivimab/
imdevimab [14] to treat non-hospitalized immunosuppressed 
patients who are at high risk for progression of COVID-
19 symptoms. Bamlanivimab/etesevimab and casirivimab/
imdevimab bind to the receptor binding domain [15]. Sotro-
vimab binds to the S2 subunit [16].

Antibody toxicity can arise from an expected effect on the 
target, an immunologic response to the antibody, or from off-
target binding. An example of of an expected but undesired 
effect is immunosuppression from infliximab, which targets 
TNF-alpha, leading to more frequent infections. Examples 
of an immunologic response to the antibody itself include 
hypersensitivity reactions, complement activation, and 
cytokine storm. Cytokine storm refers to fevers, chills, myal-
gias, and acute lung injury resulting from direct activation 
of various immunocompetent cells including macrophages, 
monocytes, lymphocytes, and natural killers (NK) cells. 
Cetuximab, an anti-EGFR monoclonal antibody used to treat 
head and neck cancer illustrates adverse effects from off-
target binding. Cetuximab also binds to EGFR receptors in 
the skin leading to reactions as varied as pruritus, hirsutism, 
and xerosis. As another example, trastuzumab, an anti-her2 
monoclonal antibody used in the treatment of breast cancer, 
binds to cardiac her2 receptors leading to dysrhythmias and 
cardiomyopathy [17].

Leronlimab (PRO 140)

Leronlimab is a humanized IgG4 monoclonal antibody 
that decreases IL-6 production by targeting the T cell 
CCR5 receptor [18]. To date, no clinical trials have been 
performed. Of 23 patients who received one subcutaneous 
injection of 700 mg leronlimab on a compassionate use 
basis, 17 recovered at day 30 although IL-6 levels did not 
decrease after administration. Eighteen of the 23 were also 
receiving convalescent plasma, remdesivir, tocilizumab, 
hydroxychloroquine, or sarilumab [19]. Four patients with 

SARS-CoV-2 on mechanical ventilation and vasopressors 
were able to be extubated and weaned off pressors after 
receiving two infusions of 700 mg leronlimab two weeks 
apart and IL-6 levels decreased, but these patients also 
received hydroxychloroquine, zinc, tocilizumab, remdesi-
vir, and azithromycin [20]. Neither publication presented 
data on adverse events.

Tocilizumab

Tocilizumab is a recombinant humanized monoclonal anti-
body that binds to the IL-6 receptor [21]. Macrophages 
secrete IL-6 when they detect an entity whose cell surface 
expresses pathogen associated molecular patterns [22, 23]. 
IL-6 binding to IL-6R promotes the transcription of acute 
phase proteins, T cell differentiation, and antibody pro-
duction. It was approved to treat rheumatoid arthritis by 
the FDA in 2010 and has been used to treat juvenile sys-
temic idiopathic arthritis, giant cell arteritis, and cytokine 
release syndrome after CAR-T therapy.

The rationale for using tocilizumab in COVID-19 is 
that IL-6 blockade could attenuate the hyperinflamma-
tory response to SARS-CoV-2, which resembles cytokine 
storm. In 48 patients in Wuhan, China, IL-6 levels were 
correlated with the degree of SARS-CoV-2 viremia and 
an independent predictor of mortality [24]. Of 592 adult 
patients with severe COVID-19, those who received 
tocilizumab had lower all-cause mortality compared to 
those who received saline (16 vs 24%; relative risk 0.62 
[0.31–1.22]) [25]. Serious adverse events occurred in 103 
of 295 patients (34.9%) in the tocilizumab group and in 
55 of 143 patients (38.5%) in the placebo group. A meta-
analysis of 32 studies (29 cohort studies and 3 clinical 
trials) found no difference in mortality or frequency of 
adverse events [26].

A retrospective trial of 1827 patients with confirmed 
COVID-19 hospitalized between March 14, 2020, and April 
23, 2020, reported transaminase elevations five times above 
the upper limit of normal as an independent predictor of 
mortality in patients who received an unspecified combi-
nation of lopinavir/ritonavir, hydroxychloroquine, rem-
desivir, and tocilizumab [27]. The most common adverse 
events attributed to tocilizumab are an increased incidence 
of opportunistic infections, reflecting immunosuppression, 
and clinically insignificant dyslipidemia [28].

In June 2021 the FDA issued an EUA for tocilizumab 
in patients 2 years or older hospitalized with COVID-19 
and requiring supplemental oxygen who were also receiving 
corticosteroids [29]. The dose authorized is 12 mg/kg for 
those less than 30 kg and 8 mg/kg up to 800 mg for those 
heavier than 30 kg. The diluent is 0.9% or 0.45% saline, and 
the solution is infused over 1 h.
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Sotrovimab

Sotrovimab is a recombinant IgG1-kappa made of 2 identi-
cal light and 2 identical heavy chains. Sotrovimab binds to 
a region in S2 that helps the host and virus membrane fuse. 
This region is conserved in SARS-CoV-2 across variants 
[30]. As of January 2022, sotrovimab is the only available 
monoclonal antibody believed effective against the omi-
cron variant, illustrating the dependence of the efficacy of 
monoclonal antibodies on viral structure.

The FDA issued an EUA for a one-time infusion of 
500 mg sotrovimab over 1 h on May 26, 2021, for non-
hospitalized COVID-19 patients 12 years or older, heavier 
than 40 kg, and with at least one risk factor for progres-
sion of disease [16]. Sotrovimab is not approved or recom-
mended for patients who require supplemental oxygen and 
is to be given within 10 days of symptom onset or 7 days 
after a positive COVID-19 test.

An interim analysis of an ongoing double-blinded mul-
ticenter trial, COMET-ICE, found that non-hospitalized 
patients with COVID-19 who received a one-time infu-
sion of 500 mg sotrovimab were 85% relatively less likely 
(6% absolute risk reduction) to be hospitalized due to 
disease progression in the 29 days following the infusion 
than those who received saline [16]. This study included 
patients 18 years or older whose symptoms began within 
the last 5 days with at least 1 risk factor for disease pro-
gression (2). Seventy-three patients (17%) who received 
sotrovimab had an adverse event, compared to 85 (19%) 
who received saline. The most frequent were diarrhea (2%) 
and rash (1%). The type and location of the rashes were 
not detailed. Seven patients who received sotrovimab (2%) 
reported serious adverse events as opposed to 27 patients 
(6%) in the placebo group. The authors attributed most of 
these adverse events to disease progression. In addition, 
five patients (1%) who received sotrovimab reported infu-
sion-related reactions compared with 6 (1%) who received 
saline. Reactions that occurred within 24 h of the infusion 
were considered related to the infusion. Infusion reactions 
were most commonly pyrexia, chills, dizziness, and dysp-
nea. There were no life-threatening reactions.

Another study compared the efficacy of sotrovimab 
in 546 hospitalized patients with SARS-CoV-2 to 0.9% 
saline and used the composite endpoint of length-of-stay 
and recurrent admissions and reported infusion-related 
adverse events in 18 patients (10%) who received sotro-
vimab and 14 patients (13%) who received saline. There 
is one report of anaphylaxis occurring 20 min after a 1-h 
sotrovimab infusion of 500 mg [31]. The patient improved 
after 2 doses of 0.3 mg intramuscular epinephrine.

Bamlanivimab and Etesevimab

Before the FDA approved the combination of bamlanivimab 
and etesevimab, it granted bamlanivimab an EUA as mono-
therapy based on interim results from the trial, BLAZE-1. 
Subsequent results from that same trial led to approval of the 
combination treatment.

Bamlanivimab, like sotrovimab, was initially isolated 
from the convalescent plasma of a SARS-COV-2 survivor. 
It contains 2 identical light and 2 identical heavy chains 
and binds to the receptor binding domain [32]. Binding to 
the RBD prevents SARS-CoV-2 from attaching to and then 
infecting human cells.

Etesevimab is a neutralizing antibody with 2 identical 
light and 2 identical heavy chains also isolated from the 
convalescent plasma of SARS-COV-2 survivors. It binds 
to a region in the RBD that overlaps with the region bam-
lanivimab targets. Data on etesevimab are limited to only 
trials involving etesevimab and bamlanivimab.

The FDA granted bamlanivimab an EUA based on interim 
results from the Blaze-1 clinical trial which reported that 
2800 mg of bamlanivimab decreased viral load by a factor 
of 3.4 by day 11 of symptom onset compared to saline [33]. 
The FDA authorized bamlanivimab at a dose of 700 mg, 
which did not show a statistically significant reduction in 
viral load by day 11 of symptom onset. However, the results 
of the Blaze-1 trial determined that none of the 3 tested 
bamlanivimab monotherapy groups (700 mg, 2800 mg, 
7000 mg) produced a significant decrease in viral load at 
day 11 of infection compared to placebo [32] and, based on 
this, the FDA revoked bamlanivimab’s monotherapy EUA 
in February 2021. No serious adverse events or deaths were 
reported in any group. Fewer than 6% of patients experi-
enced nausea or diarrhea, which were comparable to placebo 
groups.

The BLAZE-1 clinical trial also evaluated the combina-
tion of bamlanivimab and etesevimab, which did reduce 
viral load. In non-hospitalized patients with COVID-19 
treatment with 2800 mg bamlanivimab and 2800 mg etese-
vimab infused over a total of 1 h reduced viral load at day 11 
compared with saline placebo. Nausea was the most frequent 
adverse event, noted in 4 (3.6%) patients who received the 
combination and 6 (3.8%) who received saline. Immediately 
after the infusion, 2 patients who received the combination 
and 1 who received saline reported rash, itchiness, and 
facial flushing with no change in vital signs. Seven patients 
(1.4%) who received the combination and 5 who received 
saline (1.0%) reported serious adverse events. Of those who 
received the combination, 1% reported nausea, 1.2% rash, 
and 0.8% dizziness [34]. There was no description of the 
rash nor any discussion of infusion-related reactions.

In February 2021, the FDA issued an EUA for a one-time 
infusion of the combination of bamlanivimab 700 mg and 
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etesevimab 1400 mg to treat COVID-19 in non-hospitalized 
adults and children at high risk for progression to severe 
disease [13]. This combination therapy was also approved 
for post exposure prophylaxis for unvaccinated or immuno-
suppressed individuals who came into close contact with a 
COVID positive individual, ideally within 10 days of symp-
tom onset. The EUA does not extend to hospitalized patients 
or anyone receiving supplemental oxygen. Bamlanivimab/
etesevimab is given as an IV infusion in 0.9% saline. The 
FDA authorized dose for the combination for adults is bam-
lanivimab 700 mg and etesevimab 1400 mg, not the 2800 mg 
and 2800 mg used in the studies discussed above. The FDA 
cite an interim unpublished analysis for the lower dose. After 
the EUA, bamlanivimab 700 mg and etesevimab 1400 mg 
have been administered to roughly 800 patients across all 
clinical trials. There was 1 case of anaphylaxis that resolved 
after epinephrine and 16 infusion-related reactions.

Data for pediatric use come from an unplanned sub-
group analysis of 125 children in Blaze-1. No children who 
received the combination therapy died or were hospitalized 
during treatment. The age range was from birth to 18, with 
most (74 patients) being 12–18 years old. The youngest child 
was 10 months old. Combination therapy is approved under 
EUA for pediatric patients less than 2 years of age who are 
hospitalized due to COVID.

Casirivimab and Imdevimab

In November 2020, the infusion or subcutaneous injection of 
casirivimab and imdevimab received EUA from the FDA for 
non-hospitalized COVID-19 patients over the age of 12 with 
immunosuppression or at high risk for disease progression, 
or for post exposure prophylaxis for immunosuppressed or 
unvaccinated patients at high risk for progression to severe 
disease. The FDA approved the dose of 600 mg casirivimab 
and 600 mg imdevimab [14]. This differs from the initially 
authorized dose of 1200 mg of casirivimab and 1200 mg of 
imdevimab, reflecting a phase 3 study that showed similar 
efficacy at the lower dose. The combination therapy uses 
either 0.9% saline or 5% dextrose in water as its diluent [35]. 
This therapy is not offered under the EUA to patients hospi-
talized due to SARS-COV-2 or who are on oxygen currently 
because there are no data on these groups.

Casirivimab and imdevimab are neutralizing monoclonal 
antibodies. Each is made up of two identical light and two 
identical heavy chains. Both antibodies bind to the RBD, but 
they target different regions of the RBD, like the combina-
tion of bamlanivimab and etesevimab. They were initially 
identified from convalescent plasma obtained from COVID-
19 survivors. Casirivimab and imdevimab have been admin-
istered in dosages up to 4000 mg without any observed dose 
limiting toxicity.

As per the FDA’s EUA, 16,000 patients have received the 
combination therapy (13,500 intravenous infusions, 2500 
subcutaneous injection). Ten patients out of 4,206 who 
received the infusion had an infusion reaction involving 
more than local irritation. The infusion had to be stopped in 
3 because of urticaria, dyspnea, chest tightness, and vomit-
ing. One patient had anaphylaxis. The COV-2093 trial evalu-
ated the safety of subcutaneous injection involving 600 mg 
of casirivimab and imdevimab and reported site reactions in 
12% of casirivimab and imdevimab group (approximately 87 
people) compared to 4% of placebo (approximately 9 peo-
ple) [14]. Repeat dosing produced injection site reactions in 
35% of the casirivimab and imdevimab group (252 people) 
compared to 16% in the placebo group (38 people).

Vaccines

The goal of a vaccine is to develop longstanding immunity 
without exposure to the full disease. The existence of vari-
ants complicates this goal. Vaccines stimulate the production 
of antibodies that interact with a specific part of the virus 
(the epitope). Viruses may be able to mutate away from that 
structure. Vaccines may also cause “original antigenic sin,” 
a process where subsequent infections with similar virus 
strains preferentially boost the antibody response against the 
original strain leading to a paradoxically weaker response 
to the second strain [36, 37]. We refer the reader to [38] for 
a review of the development, distribution, and mechanism 
of action of SARS-CoV-2 vaccines. As of this writing, the 
Moderna, Pfizer, Johnson & Johnson, and Novavax (a pro-
tein vaccine not discussed here) are approved by the FDA.

Protein Vaccines

Protein vaccines against COVID-19 contain the soluble 
SARS-CoV-2 viral spike protein with adjuvants added to 
the formulation to bolster robust humoral and cellular immu-
nogenicity against SARS-CoV-2. Protein vaccines are often 
poorly immunogenic unless they have immunogenic adju-
vants [39].

SCB‑2019

SCB-2019 is a recombinant protein vaccine that contains 
antigenic subunits of the S protein with adjuvants AS03 
(α-tocopherol, squalene and polysorbate 80 in an oil-in-
water emulsion) or CpG/Alum (a toll-like receptor agonist 
complexed with aluminum).

Of 151 healthy volunteers who received the SCB-2019 
vaccine almost half reported local site reactions, more fre-
quent with the AS03 adjuvant (44–69%) than the CpG/Alum 
adjuvant (6–44%) or no adjuvant (3–13%). Systemic adverse 
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events were more frequent in those adults younger than 30 
(38%) than in older adults (17%) [40]. In the larger Phase 2/3 
SPECTRA trial, mild-to-moderate injection site pain was 
reported more by those who received the vaccine (n = 6215) 
than the placebo (n = 6104) after the first (35.7%; 287 of 
803 vs 10.3%; 81 of 786) or second dose (26.9%; 189 of 
702 vs 7.4%; 52 of 699). The proportion of other solicited 
local and systemic adverse events were similar between the 
groups [41].

Nucleic Acid Vaccines

DNA vaccines introduce viral DNA into host cells that codes 
for a protein or proteins integral to viral function (for SARS-
CoV-2 usually the S protein). Without integrating itself into 
the host DNA, the sequence is transcribed into mRNA and 
translated into the amino acid sequence for the S protein, 
which is subsequently expressed on the surface of host 
cells inducing an immune response [42]. mRNA vaccines 
directly inject mRNA into the host cytoplasm, bypassing 
the introduction of DNA to the nucleus and the need for 
transcription.

GLS-5300 is a DNA vaccine that encodes the S protein 
of MERS-CoV, the coronavirus that causes Middle East 
Respiratory Syndrome (MERS). An open label phase I/IIa 
trial evaluating GLS-5300 against SARS-CoV-2 reported no 
serious adverse events up to 4 weeks after injection but the 
abstract did not specify the number of people enrolled and 
no full-text was available from the publisher web site, WHO 
web site or PubMed, only a meeting abstract [43].

INO-4800 is a DNA vaccine that encodes the SARS-
CoV-2 S protein. A phase 1 clinical trial INO-4800 reported 
100% safety and tolerability in 38 healthy individuals [44]. 
The follow-up phase 2 trial reported results in a preprint 
1 year ago [45] with, to date, no associated peer-reviewed 
publication. The preprint reported that nearly 1 in 2 recipi-
ents experienced local site irritation, pain, or swelling, but 
reported no serious adverse events.

Johnson & Johnson (Ad26.COV2.S) Vaccine

The Johnson & Johnson COVID-19 Vaccine (Ad26.
COV2.S) confers passive immunity against SARS-CoV-2 by 
raising antibodies against the S protein. It uses recombinant 
human adenovirus serotype 26 (Ad26) to introduce a DNA 
sequence encoding the entire S protein. The DNA sequence 
is stabilized with furin cleavage-site mutations, modified to 
code for 2 consecutive proline substitutions in the eventual 
protein, and modified to remove its ability to replicate by 
deleting the E1 gene [46, 47]. Ad26-vector vaccines are gen-
erally considered safe and effective constructs, having been 
used for RSV, Zika, and HPV vaccines [48]. The Sputnik V 
vaccine also uses Ad26.

The Johnson & Johnson COVID-19 Vaccine (Ad26.
COV2.S) is the third vaccine to receive EUA by the FDA for 
the prevention of COVID-19 in patients 18 years of age and 
older [49]. The most reported symptoms from clinical trials 
were pain at the injection site (48.6%), headache (38.9%), 
fatigue (38.2%), myalgia (33.1%), and nausea (14.2%) [50]. 
The frequency of serious adverse events was 0.4% for both 
vaccine and control groups. Embolic and thrombotic events 
occurred at a frequency of 0.06% in the vaccine group and 
0.05% in the placebo group. Six patients who received the 
vaccines developed appendicitis in the following 28 days, 
compared with 5 who received the placebo. There were 3 
serious adverse events in the vaccine group that the FDA 
considered as likely associated with the vaccine: a hypersen-
sitivity reaction, pain at injection site evaluated for brachial 
neuritis, and systemic reactogenicity. Angioedema occurred 
in 0.2% of those in the vaccine group in contrast to 0.1% in 
the placebo group, urticaria in 8 vs 3 individuals and tin-
nitus in 6 vs 0, respectively. Cases of urticaria were deemed 
plausibly associated with the vaccine.

Use of Ad26.COV2.S was paused after 6 cases of cer-
ebral venous sinus thrombosis were reported in the first two 
months after approval [51]. The CDC reported an additional 
17 cases of thrombosis with thrombocytosis in 8 million 
doses administered [52]. The pause was lifted 10 days later.

mRNA Vaccines

The Pfizer-BioNTech (BNT162b2) and the Moderna 
(mRNA-1273) vaccines confer passive immunity against 
SARS-CoV-2 by raising antibodies against the Spike (S) 
protein. Both vaccines deliver mRNA encoding the entire 
S protein with 2 equal proline substitutions for stability. 
An equal amino acid substitution is one that exchanges one 
amino acid for another biochemically similar one.

Possible adverse effects to mRNA vaccines include the 
generation of autoantibodies, adverse reactions to adjuvants, 
or diluents, and induction of type I interferon responses. 
Extracellular RNA may impact endothelial processes [53], 
promoting coagulation [54, 55] and vascular permeability 
[56].

The mRNA is packaged into lipid nanoparticles (LNPs) 
and stabilized with polyethylene glycol. After intramus-
cular injection, antigen presenting cells (APCs) internal-
ize the LNPs and translate the mRNA into the S protein. 
These APCs then migrate to lymph nodes where they present 
(express on their cell surface) the S protein to B and T cells. 
The B cells produce antibodies to the Spike protein, which 
they now perceive as an antigen. The T cells play a role in 
passive immunity [57].

mRNA vaccines are not infectious and carry no risk of 
insertional mutagenesis [58]. LNPs, originally designed to 
ferry xenobiotics, allow the mRNA to infect (enter) the cell, 
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which it cannot do on its own. At low pH, LNPs are posi-
tively charged, attracting the RNA whose phosphate groups 
make RNA negatively charged. The LNP-mRNA complex is 
neutral and is taken up by endocytosis into the cell. At physi-
ologic pH the LNP is neutral. Thus, once inside the cell, 
the LNP and mRNA dissociate, leaving mRNA transcript in 
the APC cytoplasm that is indistinguishable from the APCs 
own mRNA. After a few rounds of translation, the LNP and 
mRNA are destroyed, and the APC stops manufacturing the 
S protein [59].

Pfizer‑BioNTech (BNT162b2) Vaccine

On December 11, 2020, the COVID-19 Pfizer-BioNTech 
(BNT162b2) vaccine became the first to receive EUA by the 
US Food and Drug Administration (FDA) for the preven-
tion of COVID-19 in patients 16 years and older [60], later 
extending approval for children 5 years and older [61, 62]. 
The most reported symptoms from clinical trials across age 
groups after the first and second doses were: pain at injec-
tion site (78.4% and 73.3%, respectively), fatigue (42.9% and 
53.6%), headache (35.3% and 45.0%), muscle pain (17.0% 
and 28.2%), and chills (12.1% and 27.0%) [63].

During the clinical trial that supported the EUA, those 
who received the vaccine had more adverse events than 
those who received the placebo, although these events were 
almost entirely mild and self-limited, such as lymphad-
enopathy in the head and neck. There were 4 cases of Bell’s 
palsy in the vaccine group (and none in the placebo group 
or in the 5 to 11, 12 to 15 age groups), a frequency that is 
not greater than the baseline frequency in that population. 
Serious events were reported in 0.6% of patients in the vac-
cine group and 0.5% in the placebo group, most frequently 
appendicitis (7 vs 2 cases), acute myocardial infarction (3 
vs 0 cases) and cerebrovascular accident (3 cases vs 1 case). 
No serious adverse events were associated with the vaccine 
in ages 5 to 15 [63].

Moderna (mRNA‑1273) Vaccine

On December 18th, 2020, the Moderna COVID-19 Vac-
cine (mRNA-1273) became the second vaccine to receive 
EUA by the FDA to prevent COVID-19 infection in patients 
18 years of age and older [64]. The most reported symptoms 
after the first and second doses were pain at the injection 
site (83.7% and 88.7%, respectively), fatigue (37.2% and 
65.2%), headache (32.7% and 58.5%), muscle pain (22.7% 
and 57.6%), and arthralgia (16.6% and 42.6%) [65].

Those who received the vaccine reported more adverse 
events than those who received the placebo, usually lym-
phadenopathy in the arm and neck. There were 3 reported 
cases of Bell’s palsy (one a serious adverse event) in the 
vaccine group and 1 in the placebo group. The most frequent 

serious adverse events more frequent in the vaccine group 
were myocardial infarction (5 vs 3 cases), cholecystitis (3 
vs 0 cases), and nephrolithiasis (3 vs 0 cases). The FDA 
considered 1 case of intractable nausea and vomiting and 2 
cases of facial swelling (both in individuals with previous 
cosmetic injections) as possibly associated with the vaccine.

Serious Adverse Events Post‑Emergency Use 
Authorization

The Pfizer-BioNTech and Moderna vaccines have been asso-
ciated with myocarditis [66–77], and anaphylaxis [78–84]. 
The Johnson & Johnson vaccine has been associated with 
thrombosis with thrombocytopenia syndrome (TTS) and 
Guillain-Barré syndrome (GBS). Data supporting these 
associations come from the Vaccine Adverse Event Report-
ing System (VAERS). VAERS surveys a larger group than 
do clinical trials, allowing VAERS to detect rarer events or 
events in populations the clinical trials did not study.

Myocarditis

Myocarditis or pericarditis typically develop within 7 days 
of receiving the Pfizer-BioNTech or Moderna vaccines (74% 
of cases for the 1st dose, 90% for the 2nd) if they are going to 
develop [85]. Of the 1991 cases reported to VAERS between 
December 14, 2020, and August 31, 2021, following at least 
1 dose of the Pfizer-BioNTech or Moderna vaccines, in indi-
viduals older than 12 years of age, 1626 met the CDC’s defi-
nition of probable or confirmed myocarditis: 1,136 (70%) 
after the Pfizer-BioNTech vaccine and 490 (30%) after the 
Moderna vaccine. Of these 1626 cases, 82% were in men, 
73% occurred in individuals 12 to 29 years of age, and 82% 
were after the second dose [74].

Pfizer and Moderna vaccines increase the risk of myo-
carditis. The average estimated rate across all age groups 
of myocarditis is 5.4 cases per 1,000,000 vaccine doses for 
Pfizer and 3.4 per 1,000,000 vaccine doses for Moderna. 
This increase is less than the risk of developing myocarditis 
from COVID-19 (relative risk: 2 [95% CI, 1.44–2.65, vac-
cinated] vs 15 [95% CI, 11.09–19.8, unvaccinated]) [86, 87]. 
For the Pfizer vaccine, myocarditis was most common during 
the 7 days after the second Pfizer-BioNTech dose for males 
and females aged 16–17, at 105.86 [95% CI, 91.65–122.27] 
and 10.98 [95% CI, 7.16–16.84] cases per million doses, 
respectively. The baseline rates for myocarditis in those 
age groups are 1.34 [95% CI, 1.05–1.72] and 0.42 [95% CI, 
0.27–0.66] cases per million persons, respectively. For the 
Moderna vaccine, myocarditis was most common during the 
7 days after the second dose for males 18 to 24 years at 56.31 
cases per million doses [95% CI, 47.08–67.34], compared 
to the baseline rate of 1.76 [95% CI, 1.58–1.98] cases per 
million persons and females aged 25 to 29 years at 8.22 
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[95% CI, 5.03–13.41] cases per million doses, compared 
to the baseline rate of 0.48 cases per million persons [95% 
CI, 0.35–0.65] [74]. We provide expected values that we 
calculated for comparison, although the expected values are 
cases per person and reported values cases per vaccine dose. 
A simple and perhaps simplistic conversion is to multiply the 
rate per dose by the number of doses. Further complicating 
comparison, Moderna was authorized later than Pfizer lead-
ing to possible confounding by the varying inflammatory 
effects of different SARS-CoV-2 variants.

Myocarditis after the Pfizer-BioNTech vaccine has also 
been reported in males aged 12 to 17. At the time of prepa-
ration of this manuscript, no data on the Moderna vaccine 
were available. Out of 8,674,378 administered doses, 16 
associated cases of myocarditis were reported to VAERS. 
The median age was 10 years (IQR, 9–11 years). Most cases 
(67%) occurred in males. The median time between receiv-
ing the vaccine and symptoms starting was 2 days. The inci-
dence of myocarditis during the 7 days after the second dose 
of the Pfizer-BioNTech in those aged 5 to 11 was 4.3 cases 
per million administered doses in males and 2.0 in females. 
The background incidence of myocarditis in this age group 
is 0.2 to 1.9 per million persons [77, 87].

In patients 30 years or younger who were ultimately diag-
nosed with vaccine-associated myocarditis, 89% reported 
chest pain (including pressure or discomfort), 98% had an 
elevated troponin level, and 72% had an abnormal EKG. 
Cardiac MRI was abnormal 72% of the time [71]. Bozkurt 
et al. reported similar findings in a case series from 61 
patients 14 to 70 years old with myocarditis in Israel, Italy, 
Spain, and the USA after receiving the Pfizer-BioNTech or 
Moderna vaccines [77]. Of those patients, 98% were male. 
All had chest pain, troponin elevation, and abnormal cardiac 
MRI (most commonly late gadolinium enhancement). ECG 
changes were seen in 87% of patients with ST elevations 
being the most common finding. An abnormal echocardio-
gram was reported in 39% with 15% having LVEF < 50% 
[77].

A case series by Dionne et al. reported similar clini-
cal presentations in children ages 12 to 18 [76]. Out of 15 
patients (93% male) hospitalized with myocarditis within 
30 days of receiving the Pfizer-BioNTech vaccine, 100% 
had chest pain and elevation in troponins. Diffuse ST eleva-
tions were seen in 9 (60%) of the patients at time of hospital 
admission. Decreased LVEF (44% to 53%) was seen in 20% 
of patients and 12 had late gadolinium enhancement.

Most reported myocarditis cases resolved either sponta-
neously or with the standard interventions for myocarditis. 
Treatments included non-steroidal anti-inflammatory drugs, 
colchicine, aspirin, glucocorticoids, intravenous immuno-
globulin, beta blockers, or angiotensin-converting enzyme 
inhibitors [74, 76, 77]. Vasoactive medications, intubation or 
mechanical ventilation have been reported once [76].

The increased incidence of myocarditis in young adult 
men is not unique to mRNA vaccines for COVID. A similar 
association has been reported for the smallpox and influenza 
vaccines [88, 89]. The biological mechanism underlying this 
association is not fully understood. Perhaps the antibodies 
the immune system makes have off-target effects (molecular 
mimicry). The mRNA could have off target effects or unan-
ticipated immunogenicity.

Anaphylaxis

Data in December 2020 estimated the incidence of anaphy-
laxis to the first dose of the Pfizer-BioNTech vaccine as 4.7 
cases per 1,000,000 doses [78]. Of these, 90% were female, 
81% had a history of allergies and 86% had symptom onset 
within 30 min of vaccination. The estimated incidence of 
anaphylaxis to the first dose of the Moderna vaccine was 
2.5 per 1,000,000 doses. All confirmed cases occurred in 
females, with 90% having a previous history of allergies 
and 90% occurring within 30 min of vaccine administra-
tion [83]. Most anaphylactic reactions occurred after the 
first dose [84]. For comparison, incidence of anaphylaxis to 
succinylcholine, vancomycin, and piperacillin/tazobactam 
have been estimated at 1.11, 0.57, and 0.35 per 1,000,000 
administrations, respectively [90].

The trigger for anaphylaxis after administration of the 
Pfizer-BioNTech or Moderna mRNA vaccines is not yet 
clear. It may involve the vaccine excipient. Both use poly-
ethylene glycol (PEG) 2000 to stabilize the lipid nanopar-
ticles [91, 92]. Skin prick testing in an individual with an 
anaphylactic reaction after receiving the Pfizer-BioNTech 
vaccine showed reactivity to PEG [81]. Non-IgE mediated 
responses to the lipid or PEG are also possible [93].

Thrombosis with Thrombocytopenia Syndrome (TTS)

TTS is a generalization of heparin-induced thrombocyto-
penia. It is between 10 and 100 times more prevalent after 
COVID vaccinations than in the general population [94]. 
Cases of TTS were reported in individuals who received 
the Oxford-AstraZeneca vaccine (ChAdOx1 nCoV-19) 
5–16 days earlier. These patients raised antibodies against 
platelet factor 4 but had not received heparin [96].

The Oxford-AstraZeneca vaccine is a recombinant chim-
panzee adenoviral vector that encodes the S protein of 
SARS-CoV-2 [95]. When TSS was also reported in individu-
als who received the Johnson & Jonson vaccine (a human 
adenovirus vector vaccine), an association between the 
adenovirus vector and the formation of anti-platelet factor 4 
antibodies was proposed [96]. The Oxford-AstraZeneca and 
Johnson & Johnson vaccines are both DNA vaccines that use 
adenovirus as a vector. The Oxford-AstraZeneca vaccine is 
not approved for use in the United States but is in many parts 

212 Journal of Medical Toxicology (2023) 19:205–218



1 3

of the world. The Johnson & Johnson vaccine has an emer-
gency use authorization by the FDA. Between March and 
August 2021, 54 valid cases (out of 14,080,087 vaccination 
administrations) were reported, a case-event rate of 3.8 cases 
per million Johnson & Johnson COVID-19 vaccine doses. 
Of these 54 cases, 8 (14.8%) resulted in death (0.6 deaths 
due to TTS per million vaccine doses). Most cases (68.5%) 
occurred in women with 48.1% of total cases occurring in 
women ages 18 to 49. The highest incidence occurred in 
those ages 30 to 39 (10.6 cases per million vaccine doses), 
followed by those 40 to 49 years of age (9.0 cases per million 
vaccine doses). The death rate due to TSS was 1.9 deaths 
per million vaccine doses in women ages 30 to 39 and 1.8 
in women 40 to 49 years of age. Among men, the highest 
incidence and mortality was seen in ages 40 to 49 with 4.3 
cases per million vaccines doses and 0.7 deaths per million 
vaccine doses, respectively [97].

The mainstay of treatment of TTS is 2 gm/kg IVIG given 
over 2–5 days and anticoagulation, avoiding heparin or Vita-
min K antagonists. Plasma exchange can be used in those 
who do not respond to IVIG.

Safety of Boosters

A chart review aided by natural language processing of 47, 
999 persons who received three doses of mRNAs vaccines 
(57.3% women, median [IQR] age 67.4 [52.5–76.5]) found 
no increased risk of pericarditis, myocarditis, anaphylaxis, 
or cerebral venous sinus thrombosis after the third dose; 
however, about 10% more individuals reported fatigue, lym-
phadenopathy, headache, arthralgias, and myalgias after the 
third dose than the second [98].

Vaccines Developed in China

Of the four vaccines made in China, CoronoVac and Sin-
opharm are the most common, followed by CanSinBio and 
another produced jointly by Anhui Zhifei Longcom Biophar-
maceutical and the Chinese Academy of Sciences. China’s 
CoronaVac and Sinopharm vaccines, used in China as well 
as 54 other countries, account for almost half of the 7.3 bil-
lion COVID-19 vaccine doses delivered globally [99]. Coro-
naVac and Sinopharm vaccines are based on an inactivated 
form of SARS-CoV-2. CanSinBio and an unnamed one by 
produced by Anhui Zhifei Longcom Biopharmaceutical and 
the Chinese Academy of Sciences use adenovirus to deliver 
immunogenic parts of the Spike protein [100].

CoronaVac (also called SinoVac)

In a Phase 1 trial of healthy adults in China, the incidence of 
adverse effects ranged from 29 to 38%, depending on dose 
used, 3 μg or 6 μg, compared to 8% of those who received 

placebo. In the phase 2 trial, adverse effects ranged from 33 
to 35%, depending on the dose, compared to 22% of those 
who received the placebo [101]. The most reported adverse-
event was injection-site pain. Most reactions were mild 
(grade 1) and resolved within 48 h. The authors reported 
no serious adverse events within 28 days of vaccination. 
One case of urticaria 48 h after a patient received the 6 μg 
injection was reported and the patient recovered after being 
treated with chlorpheniramine and dexamethasone with no 
recrudescence after the second dose of vaccine. Ten (7%) 
of 143 participants in phase 1 had a clinically significant 
increase of laboratory indicators (transaminase elevations, 
CK elevation, or blood or protein in urine) in the first 3 days 
after receiving the vaccination.

An interim analysis of a phase III trial in the United Arab 
Emirates and Bahrain reported transient and self-limiting 
grade 1 or 2 reactions in about half of those who received the 
vaccine or the placebo (48% and 50%, respectively) and no 
severe events definitely related to the vaccine [102]. A dou-
ble-blind randomized placebo-controlled trial of 10,128 par-
ticipants in Turkey reported adverse events in 1259 (18.9%) 
participants in the vaccine group (n = 6646) and 603 (16.9%) 
in the placebo group (n = 3470) with no fatalities or grade 4 
adverse events. The most common systemic adverse event 
was fatigue (546 [8.2%] participants in the vaccine group 
and 248 [7.0%] in placebo group). Pain at the injection site 
was the most frequent local adverse event (157 [2.4%] vs 40 
[1.1%], respectively) [103].

Sinopharm

Like CoronaVac, the SinoPharm vaccine is an inactivated 
virus harvested from Vero cells inoculated with a specific 
strain of SARS CoV-2. CoronaVac uses the CN02 strain and 
SinoPharm uses the WIV04 strain [104]. A study in Hungary 
of 3,740,066 participants.

quantifying the efficacy of 5 COVID vaccines reported 
that SinoPharm was 68% effective, but many participants 
mixed and matched vaccines and adverse events were not 
recorded [105]. An ecological study of 663, 602 residents in 
Argentina reported a higher rate of reinfection after SinoP-
harm and also did not record adverse events [106].

CanSinBio

CanSinBio is a DNA vaccine like Johnson & Johnson. In 
a phase I trial of 130 participants in Wuhan, China, within 
7 days after vaccination, adverse events occurred in approxi-
mately 70% of those who received the vaccine intramuscu-
larly and 65% of those who received it via nebulizer. The 
most common adverse events reported 7 days after the first 
or booster vaccine were fever (62 patients, 48%), fatigue 
(40 patients, 31%), and headache (46 patients, 35%) [107].
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Anuhui Zhifei Longcom Zifivax (RBD‑Dimer, ZF2001)

ZF2001 contains a tandem-repeat dimeric form of the 
receptor-binding domain of SARS-CoV-2 S protein as the 
antigen and aluminum hydroxide as an adjuvant. It works 
by developing immunity to the receptor binding domain 
of the S protein [108]. The incidence of local reactions in 
the ZF2001 group was 18.8% and systemic reactions was 
25.1%. Serious adverse events were reported by 199 patients 
(1.4%) in the ZF2001 group and 264 patients (1.8%) in the 
placebo group. 4 patients (2 in the ZF2001 group and 2 in 
the placebo group) developed hypersensitivity reactions. All 
symptoms resolved after medical treatment without seque-
lae. No cases of antibody-dependent enhancement or vac-
cine-enhanced disease were confirmed. The second and third 
vaccine injections did not further increase the incidence of 
adverse reactions.

Sputnik V and Sputnik Light

Sputnik V (Gam-COVID-Vac) and Sputnik Light are non-
replicating adenovirus viral vector vaccines developed by 
the Gamalia Institute of Epidemiology and Microbiology 
in Moscow, Russia. It is a two-dose COVID-19 vaccine 
designed to generate antibodies against the S protein. The 
first dose uses Ad5. The second dose, given 3 weeks later, 
uses Ad26. Ad26 elicits a less robust T cell response than 
Ad5 [109] but escapes immunity to Ad5 [110].

Sputnik Light is the first dose of Sputnik V. It was cre-
ated to facilitate distribution to countries with widespread 
infection that need to quickly vaccinate. Sputnik Light can 
be stored at 2–8 °C, compared to Sputnik V, which must be 
stored at below –18 °C. Sputnik Light can be used as the 
third (booster) dose for those who received Sputnik V. The 
clinical trials for the vaccines reported safety and efficacy, 
but the adverse events were collected through self-reporting 
diaries and not explicitly presented [111]. In another trial, 
there were no serious adverse reactions reported, with the 
most common being pain at the injection site (7/110) and a 
flu-like symptom (72/110). Eleven of the 110 participants 
had self-resolving clinically insignificant laboratory abnor-
malities, including elevations in transaminases, erythrocyte 
sedimentation rate, and lactate dehydrogenase as well as 
both leukopenia and leukocytosis and neutropenia [112].

An analysis of 11, 515 self-reports of adverse events 
from Russian users who posted on the social media platform 
Telegram reported pain (47%) fever (46%), fatigue (33%), 
and headache (25%) to be the most frequently mentioned 
events [113]. Women reported more adverse events than men 
(P < 0.001), more AEs occurred after the first dose than the 
second dose (P < 0.001), and the number of AEs decreased 
with age (P < 0.001). The authors assessed gender based on 
the gender listed in each user’s profile.

An analysis of self-reports from 3236 Iranian healthcare 
workers in Mazandaran, Iran, who were vaccinated with 
Sputnik V (mean age 39.32, 61.2% women) reported pain 
(56.9%), fatigue (50.9%), body pain (43.9%), headache 
(35.7%), fever (32.9%), joint pain (30.3%), chills (29.8%), 
and drowsiness (20.3%) as the most common side effects 
[114]. No cases of myocarditis or pulmonary embolus 
were reported. A study of self-reports from 503 healthcare 
workers in Birjand, Iran, found muscle pain, fatigue, and 
fever to be the most common adverse events after the first 
dose of Sputnik V [115], occurring in 48% of those who 
received the vaccine, although the study did not report the 
frequency of each symptom individually.

A study from Buenos Aires, Argentina evaluated 
adverse events in healthcare workers (median age 35 years, 
67% females) that received Sputnik V. The most reported 
adverse events were pain at the injection site (57%), red-
ness and swelling, (11%) new or worsened muscle pain 
(58%), fever (40%), and diarrhea (5%). Thirty-four par-
ticipants (5%) had serious adverse (facial swelling, dif-
ficulty breathing) events requiring emergency treatment 
and, for one participant, hospitalization. There have been 
no reports of thromboembolic events from Russian health 
authorities or from those other nations using Sputnik V 
[116].

Conclusion

The adverse effects from vaccines against COVID-19 
resemble those from previous vaccines in type and fre-
quency, including a slight increase in the risk of myocardi-
tis for young males. Monoclonal antibodies and convales-
cent plasma have similar infusion-related reactions. They 
also have idiosyncratic side effects and variable and vary-
ing efficacy, reflecting their specificity for certain S protein 
sequences. Safety data on recombinant protein infusions 
are not available and the paucity of publications suggests 
little ongoing development.
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