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Abstract: COVID-19 vaccines have been instrumental tools in reducing the impact of SARS-CoV-2
infections around the world by preventing 80% to 90% of hospitalizations and deaths from reinfec-
tion, in addition to preventing 40% to 65% of symptomatic illnesses. However, the simultaneous
large-scale vaccination of the global population will indubitably unveil heterogeneity in immune
responses as well as in the propensity to developing post-vaccine adverse events, especially in vul-
nerable individuals. Herein, we applied a systems biology workflow, integrating vaccine transcrip-
tional signatures with chemogenomics, to study the pharmacological effects of mRNA vaccines.
First, we derived transcriptional signatures and predicted their biological effects using pathway en-
richment and network approaches. Second, we queried the Connectivity Map (CMap) to prioritize
adverse events hypotheses. Finally, we accepted higher-confidence hypotheses that have been pre-
dicted by independent approaches. Our results reveal that the mRNA-based BNT162b2 vaccine af-
fects immune response pathways related to interferon and cytokine signaling, which should lead to
vaccine success, but may also result in some adverse events. Our results emphasize the effects of
BNT162b2 on calcium homeostasis, which could be contributing to some frequently encountered
adverse events related to mRNA vaccines. Notably, cardiac side effects were signaled in the CMap
query results. In summary, our approach has identified mechanisms underlying both the expected
protective effects of vaccination as well as possible post-vaccine adverse effects. Our study illus-
trates the power of systems biology approaches in improving our understanding of the comprehen-
sive biological response to vaccination against COVID-19.

Keywords: COVID-19; mRNA vaccine; informatics workflow; SARS-CoV-2; systems biology;
vaccine adverse events; VAERS

1. Introduction

COVID-19 vaccines have been instrumental tools in reducing the impact of SARS-
CoV-2 infections around the world. Vaccines reduced the impact of SARS-CoV-2 infec-
tions around the world by preventing 80% to 90% of hospitalizations and deaths from
reinfection, in addition to preventing 40% to 65% of symptomaticillnesses [1]. All vaccines
have protected individuals from severe disease, hospitalizations and death, especially
during the first six months of being fully-vaccinated [2-12]. Vaccines have also inter-
rupted viral transmission chains, prevented outbreaks in largely-vaccinated communali-
ties, and reduced the need for lockdowns and very strict pandemic control measures [13].
The vaccines that are currently approved/authorized for emergency use by the FDA or
WHO were prepared using three technologies: (1) mRNA vaccines, (2) viral vector vac-
cines, and (3) inactivated vaccines.
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The mRNA vaccines have been among the best-performing vaccines, showing the
greatest efficacy in preventing symptomatic COVID-19 disease in clinical trials with effi-
cacies reaching 95% and 94.5% for Pfizer-BioNTech’s BNT162b2 (FDA-approved) and
Moderna’s mRNA-1273 (authorized for emergency use by the FDA) vaccines, respectively
[14]. In addition to their high potency, these vaccines were easy to develop and safer to
produce. Additionally, a newer mRNA vaccine (CVnCoV) is being developed by
CureVac, an international biopharmaceutical company with headquarters in Tiibingen,
Germany. CureVac is currently collaborating with GlaxoSmithKline (GSK) to finalize
phase 3 clinical studies and get the vaccine approved in 2022. Recent clinical studies
showed that CVnCoV is safe and possesses adequate immunogenicity resulting in a dose-
dependent neutralizing antibody response [15]. At a dose of 12pg, CureVac’s vaccine in-
duces neutralizing antibody titers comparable to those detected in the serum of people
previously infected with SARS-CoV-2 [15,16]. We summarize all findings about the three
abovementioned advanced mRNA vaccines in Table 1.

Table 1. A comparison between COVID-19 mRNA vaccines that are approved, authorized for emer-

gency use, or in late development stage.

Description Pfizer-BioNTech Moderna CureVac
Pfizer (Pfizer, New York, NY, USA)-
Country BioNTech (BioNTech, Mainz, Ger- Moderna, Cambridge, MA, USA CureVac, Tiibingen, Germany
many)
Vaccine platform mRNA: BNT162al, BNT162b1
’ ’ RNA: mRNA-127. RNA: CV; \
[17-25] BNT162b2, and BNT162c2 m mRNA-1273 mRNA: CVnCo

Vaccine genetic ma-
terial composition

The genetic sequence of full-
length spike protein with
substituted proline (K986P,
V987P) 2

N1-methylpseudouridine
Codon improvement

GC t-enriched content
dsRNA < deletion

5" CAP1 engineered structure

e The genetic sequence of
full-length spike protein
with substituted proline
(K986P, V987P) =

The genetic sequence of full-
length spike protein with sub-
stituted  proline  (K986P,
V987P) 2

Native nucleotides

Modified sequence

GC b-enriched content
dsRNA ¢ deletion

5" CAP1 engineered structure

(mRNA) ] L
[20,26-28] 5 UTR ¢ human a-globin ° N1 methylps.eudourldme 5 UTR ¢ fabricated with
’ RNA with improved Kozak ° dsRNA deletion Kozak sequence
sequence * Unrevealed structural 3" UTR harboring human a-
3' UTR: AES ¢ and mtRNR] ¢~ components globin 3' UTR sequence
3' UTR motives 64 Poly (A) tail
110 Poly(A) s tail with nucle- Poly (C) i-rich sequence, suc-
otide-linker ceeded by histone stem loop
(GCAUAUGACU) » sequence
ALC-0315 (synthetic ioniza- L
ble lipid) = (4-hydroxybutyl) * g‘gﬁoizd)@yntheﬂc ioniza-
azanediyl)bis(hexane-6,1- P Cationic lipid (Synthetic cati-
diyl)bis (2-hexyldecanoate). ~ ® PEG2000-DMG = 1- ,niclipid from Acuitas Thera-
y y P
LNPs ALC-0159 (a2  synthetic ~ monomethoxypoly eth- peytics)
composition PEGylated lipid) = 2-[(poly- Y cneslycol-23-dimyri- Phospholipid
y p POy styl glycerol with PROUP
[4,19-21,27,29] ethylene  glycol)-20001-NN- 2 0\ 5 Cholesterol
ditetradecyl acetamide. . PEGylated-lipid conjugate ex-
1,2-distearoyl-sn-glycero-3- * l2-distearoyl-sn-glycero- cipient.
¢ 3 phosphocholine.

phosphocholine.
Cholesterol.

e Cholesterol
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Molar lipid ratios
(%) ionizable cati-
onic
lipid: neutral lipid:
cholesterol: PEG-
ylated
lipid [21,27]

46.3:9.4:42.7:1.6

50:10:38.5:1.5 50:10:38.5:1.5

Molar N/P ratios
N = nitrogen

(ionizable group . . . . . .
Vaccine makers evaluated 6 different Vaccine makers evaluated 6 dif- Vaccine makers evaluated 6 different

cationic lipid) . . .
formulations ferent formulations formulations
P = phosphate (nu-
cleotide group)
[21,27]
Phosphate (PO42) . . .
Buffer [4,19-21,29] (KH2POs, NazHPO-2H:0) Tris (Tromethamine) NA
Extra excipients  KCl, NaCl, Sucrose, and H20 for vac- CH3COONa, Sucrose, and H20 Saline

cination

[4,19-21,29]

for vaccination

Dose, dosing regi-

men, and 30 g (0.3 mL 100 pg (0.5 mL. 12 ug (NA mL

route of administra- ug (0.3 mL), pug (0.5 mL), ug (NA mL),
tion day 1-day21 day 1-day29 day 1-day29
[17-25]
Stability condition
[18,20,30-32] (-80-60 °C), =20 °C, <-60 °C,

Temperature range Up to 6 months Up to 6 months Up to 3 months

(=20—80°C)
Tem}()_e;it_téiec;ange Up to 5 days Up to 30 days Up to 3 months

Up to 2 h (mixing with 1.8 mL NaCl

Room temperature expands the span till 6 h)

Upto12h Upto24h

Clinical information

[2,33-38] BNT162b1 (2417899-75-1), R
CAS ™ registry num- BNT162b2 (2417899-77-3) mRNA-1273 (2457298-05-2) CVnCoV n (2541470-90-8)
ber (RN)
NCT04449276;
ISRCTN73765130
NCT04515147,
PER-054-20;

Clinical trial regis- NCT04368728; Egigiézgﬁi' NCT04652102, EUCTR2020-003998-22;
tration number NCT04760132 NCT0476013 2’ NCT04652102, EUCTR2020-003998-22;
EUCTR2020-004066-19, NCT04674189;

NCT04838847;

NCT04848467;

NCT04860258

Clinical stage Phase 4 Phase 4 Phase 3

Prefusion stabilized (S-2P) °© trans-
membrane attached whole sequence
spike protein

Target protein

Prefusion stabilized (S-2P) trans-
membrane attached whole se-
quence spike protein

Prefusion stabilized (S-2P) transmem-
brane attached spike protein

Entire S1/52 F cleavage domain

Furin cleavage site Native Native )
and transmembrane domain

Real world vaccine

effectiveness against 64-99% 68-99% 7%

original SARS-CoV-
2 strain of Wuhan
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[2,8,39-42]

Real world vaccine
effectiveness against
SARS-CoV-2 vari-
ants

[2,8,39-42]

« (B.1.1.7) « (B.1.1.7) « (B.1.1.7)
65-100% 9 (84-100%) * 79-100% 4 (90-96%) * NA'!
B (B.1.351) B (B.1.351) B (B.1.351)
75-88% 1 (95-100%)" 88-96% 1 (96-100%) * NA
v (.0 Y (.1 v (1)
79-88% 1 (95-100%) * 79-88% 1 (95-100%) * NA
5 (B.1.617.2) 5 (B.1.617.2) 5 (B.1.617.2)
79-88% 1 (96%) * NA NA
© (Bi\1&529) o (B.1.1529) NA o (B.1.1529) NA

2 Lysine986Proline; * Valine987Proline; * Guanine-Cytosine; ¢ double-stranded RNA; 5" end of eu-
karyotic mRNA which carries an N(7)-methylguanosine residue linked by a 5’-5’ triphosphate bond
with a 2’-O-methyl (i.e., methylating the 2’-OH of the ribose); ¢ 5" Untranslated Region; ¢ homo sa-
piens amino-terminal enhancer of split; f Mitochondrially Encoded 125 RRNA; ¢ Adenine; " Guanine
Cytosine Adenine Uracil Adenine Uracil Guanine Adenine Cytosine Uracil; | Cytosine; j lipid nano-
particles; k Polyethylene glycol; ! not available; ™ Chemical Abstracts Service; * CureVac COVID-19
vaccine; © two proline substitutions; P Spike protein Subunit 1/Subunit 2; 1 vaccine effectiveness
against infection; * vaccine effectiveness against severe disease.

Unlike older conventional vaccines, the mRNA vaccine platform is cell-free, where
the antigen is encoded as messenger RNA using an in vitro transcriptional process and
then encapsulated within lipid nanoparticles (LNPs) which facilitate the cytoplasmic de-
livery of the immunogen through a fusion-based mechanism [8,37,43-55]. In fact, the LNP
content also prevents mRNA degradation and improves its cellular entry. All mRNA vac-
cines described here deploy ionizable cationic lipids in their NLPs [27,56], as shown in
Table 1. Studies have indicated that the mRNA molecule along with the ionizable cationic
lipid content and water are all located within the LNP core, while the neutral lipids are
always present on the external surface surrounding the mRNA content [21].

Despite being essential tools in the fight against COVID-19, mRNA vaccines are still
instigating fear related to the lack of information regarding their short-term and long-term
side effects, especially after a putative link between mRNA vaccines and post-vaccine my-
ocarditis in male adolescents and young male adults was identified [57-60]. Herein, we
are trying to shed light on the systems biology effects of COVID-19 mRNA vaccines to
assess their safety and putative adverse events based on transcriptomics data for Pfizer-
BioNTech’s BNT162b2 in vaccinated individuals. No such data were publicly available for
Moderna’s mRNA-1273 at the time we conducted these analyses. Our results, however,
can be generalized to other mRNA vaccines based on evidence from the biomedical liter-
ature [61-63].

We applied a systems biology workflow to shed light on post-mRNA biological ef-
fects and provide some answers for the most frequently asked questions about vaccine
safety being raised recently by both experts and the general public. Our approach evalu-
ates the chemogenomic effects of vaccines and vaccine compositions at the systems biol-
ogy level to generate testable hypotheses about the effects of vaccines on biological sys-
tems. This approach has been validated and used successfully to study the systems biol-
ogy effects of small molecule drugs and non-COVID-19 vaccines by our group [64-67] and
by others [68-71].

2. Results

We applied a systems biology workflow (Figure 1) that supports enrichment analysis
and prioritization of small molecule drugs that mimic the action of a COVID-19 mRNA
vaccine (BNT162b2). This workflow was first described by Hajjo et al. [72] and has been
applied to many drug and vaccine discovery projects [73-76].
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Figure 1. Systems biology workflow to study potential post-vaccine side effects.

2.1. Deriving Transcriptional Signatures for COVID-19 mRNA Vaccines

Our analysis of transcriptional raw data extracted from GSE169159 indicated that
gene expression alterations from baseline were more prominent on day 22 (i.e., on the day
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after receiving the second dose). Other time points did not pass the thresholds for select-
ing DEGs (i.e., log: fold change (log2FC) of > 2 or <-2, and false discovery rate (FDR) <
0.05). Therefore, we relied on differential gene expressions on day 22 for systems biology
analysis of BNT162b2 effects. High-throughput sequencing data from GSE169159 and sin-
gle-cell CITE-seq from GSE171964 were used to derive three transcriptomics signatures
for BNT162b2 vaccine: 1) gene signature 1 (GS1) consisting of 1853 differentially expressed
genes DEGs (884 upregulated, 969 downregulated) with false discovery rate (FDR) < 0.05
and a logy fold change (log2FC) = 2 or <-2; 2); 2) GS2 consisting of 210 DEGs (138 upreg-
ulated, 72 downregulated) with FDR < 0.05 and a log: fold change (log2FC) = 4 or <-4;
3) GS3 consisting of 155 DEGs (27 upregulated,128 downregulated) from single-cell tran-
scriptomics data comparing day 22, i.e., the day after receiving the booster dose, with
baseline data on day 1, i.e., on the same day of receiving the priming vaccine dose just
before receiving the vaccine, across all processed cell lines, with FDR < 0.05 and log:FC
> 2 or <-2. All details about the gene expression data sets and derived transcriptional
gene signatures are found in the Methods sections and in Supplementary Table S1.

In order to get a better idea about the biological significance of the DEGs in response
to treatment with BNT162b2, we generated direct interactions networks using the 76
DEGs after applying the log2FC threshold of +5 and FDR < 0.05. We also used these
DEGs for pathway enrichment analysis according to the description in the Methods sec-
tion. Our results (Figure 2) indicate that the selected 76 DEGs are involved in various im-
mune processes including: interferon signaling, cytokine signaling, interferon alpha/beta
signaling, antiviral mechanisms by interferon-stimulated genes, and interferon gamma
(INF-gamma) signaling.

oLIG1
\
s1008 ATF3
| /GUEC6A
/] TDRD7
LAMP3 / /
|/ / /
\ 1/ . /
\ ccL o DDX58AM2 /

\ TNFAIPE/ /7 N MHHL

Jll R\\\\\(»’;&' N
R |/ i\ eSS

47/ TIFA
V
VENTX
/
CEACAM1
Pathway FDR
[0 Interferon Signaling 1.10x 108
Interferon alpha/beta signaling 9.24 x 108
Immune System 3.22x10%
Cytokine Signaling in Immune system 1.50 x 105

Antiviral mechanism by IFN-stimulated genes 1.20 x 10

Figure 2. Direct protein—protein interaction (PPI) network using the DEGs, in response to BNT162b2
vaccine on day 22, selected by applying log2FC threshold of +5 and FDR < 0.05.
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2.2. Enrichment Analysis of the Transcriptional Signatures

We used three transcriptional gene signatures’, G51-GS3, for the BNT162b2 vaccine
to study the systems biology effects of mMRNA vaccines. Our methods relied on perform-
ing rigorous enrichment analyses using the MetaCore™ database [77]. The top 50 most
significant enrichment results for the vaccine are provided in Supplementary Table S2.
This table shows enrichments in pathway maps, process networks, diseases, and gene on-
tology (GO) processes. The enrichment results for the vaccine were further filtered by pri-
oritizing the overlapping higher confidence hypotheses shown in the Venn diagrams in
Figure 3.

Overlapping Pathways

Overlapping Process Networks

1. NK cells in allergic contact dermatitis 1. Cell adhesion_Platelet-endothelium-
2. Immune response_Induction of apoptosis and leucocyte interactions
inhibition of proliferation mediated by IFN- . R 2. Proliferation_Negative regulation of cell
gamma Enriched Pathway Maps Enriched Networks proliferation
3. Immune response_|IFN-gamma actions on 3. Development_Regulation of angiogenesis
extracellular matrix and cell differentiation GS1 GS2 GS1 GS2 4. Cell adhesion_Leucocyte chemotaxis
4. Immune response_IFN-alpha/beta signaling 5. Immune response_lnnate immune
via JAK/STAT response to RNA viral infection
5. Immune response_|FN-alpha/beta signaling 6. Inflammation_IL-13 signaling pathway
via MAPKs 7.  Inflammation_Protein C signaling
6. Attenuation of IFN type | signaling in 8.  Muscle contraction
melanoma cells 9. Immune response_Antigen presentation
7. Signal transduction_PDGF signaling via JAK- 10. Inflammation_Jak-STAT Pathway
STAT and reactive oxygen species (ROS) 11. Apoptosis_Anti-Apoptosis mediated by
8. PDEA4 regulation of cyto/chemokine external signals via MAPK and JAK/STAT
expression in inflammatory skin diseases 12. Signal transduction_Androgen receptor
signaling cross-talk
i s 13. Inflammation_Innate inflammatory response
Overlapping Diseases GS3 GS3 14. Reproduction_Progesterone signaling
1. Xerostomia 15. Chemotaxis
2. Rheumatic diseases 16. Inflammation_IFN-gamma signaling
3. Immune system diseases 17. Inflammation_Interferon signaling
g \L/:::lesd;s;ta:::]atosus' N Enriched Diseases Enriched GO Processes 18. Signal transduction_WNT signaling
6.  Arthritis, rheumatoid
7. Connective tissue diseases Gs1 Gs2 Gs1 GS2 s
8  Autoimmune diseases Overlapping GO Processes
9. Chemically-induced disorders 1. Regulation of response to external stimulus
10. Infections 2. Regulation of defense response
11. Inflammation 3.  Cellular response to chemical stimulus
12. Sjogren's syndrome 4. Response to cytokine
13. Arthritis 5. Cellular response to organic substance
14. Musculoskeletal diseases 6. Cellular response to cytokine stimulus
15. RNA virus infections 7. Response to stress
16. Dry eye syndromes 8.  Regulation of response to stress
17. Drug-related side effects and adverse 9. Response to external stimulus
reactions 10. Defense response
18. Lacrimal apparatus diseases GS3 GS3 11. Response to organic substance
19. In-house adverse events 12. Regulation of response to stimulus
20. Joint diseases 13. Cytokine-mediated signaling pathway
21. Skin and connective tissue diseases 14. Immune system process

Figure 3. Enrichment results for BNT162b2 vaccine using three transcriptional gene signatures
(GS1-GS3).

Genes that have greater effects on transcription (e.g., transcription factors), or those
that show greater aberrations in response to treatment, are known to exert greater effects
on modulating the underlying biology. Therefore, we performed enrichment analyses in
pathway maps using multiple lists of DEGs selected by applying different thresholds on
log2FC values. Thresholds of (8, =8), (7, -7), and (6, —6) did not result in appropriate query
gene lists (i.e., consisting of 100-1000 DEGs) for querying MetaCore™ pathway maps. No-
tably, log2FC thresholds of (3, =3), (4, —4) and (5, -5), for both upregulated and downreg-
ulated genes, resulted in query genes lists (in the hundreds) with optimal size, and their
enrichment results highlighted several important pathway maps (Table 2) including
“COVID-19 immune dysregulation”, shown in Figure 4a, and “COVID-19: SARS-CoV-2
effects on infected tissues”. Further analysis of the DEGs that led to the enrichment of
“COVID-19 immune dysregulation” was performed by generating a direct interactions
network, shown in Figure 4b, using the direct interactions network building algorithm in
MetaCore™. Our results show that 69% of network objects corresponding to DEGs, shown
in Figure 4a and indicated by means of red and blue thermometers, are connected via
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high-trust curated interactions. The remaining 31% of network objects corresponding to
the DEGs that led to the enrichment of “COVID-19 immune dysregulation” are connected
to the larger process network via genes known to affect COVID-19 immune dysregulation,
as shown in Figure 4b. It is notable that two genes in this network, IP10 and CCL2, had a
log2FC exceeding 5. In fact, both genes are linked to thromboinflammation and SARS-
CoV-2 infection [78]. Interferon gamma inducible protein-10 (IP10) is a cytokine related to
thrombosis and may be a key regulator of the cytokine storm immune repones to SARS-
CoV-2 infection. Recent research indicated that the level of IP10 in the serum of critically
ill patients was higher than that in severe patients, suggesting that IP10 can be used as a
biomarker for COVID-19 disease severity [79]. Additionally, elevated expression of the
protein encoded by CCL2 is associated with SARS-CoV-2.

Table 2. Top ten enrichment results for query gene list consisting of DEGs selected by applying
logzFC = 45 and FDR < 0.05 thresholds.

# Pathway Map = FDR® Oil;ﬁfs . #Overlapping Objects 4 ngﬁjael?:;ng
Immune response_IFN- gEPl} §, IP10, CCL2, Apo-
1 alpha/beta signaling via 2.05 x 101 62 9 (TNFSF10), ERAP140,
JAK/STAT RIG-G, PNPase(old-35),
RSAD2, ISG15
Immune response_IFN- IP10, PL scramblase 1,
2 alpha/beta signaling via 9.20 x 107 73 7 GCH1, Apo-2L(TNFESF10),
MAPKs RIG-G, RSAD?2, ISG15
3 Glomerular inju'ry in Lupus 137 x 107 9 5 MDA-5, RIG-], IP10, CCL2,
Nephritis IF156
Macrophage-induced im-
4 munosuppprgession inthetu-  1.37 x 103 97 5 MSR1, PD-L1, CCL2, PD-
. . L2, IDO1
mor microenvironment
5 COVID-19: ianuHe dysreg- 137 x 10 100 5 MDA-5, RIG-I, IP10, CCL2,
ulation ISG15
Macrophage and dendritic MBSR1, IP10, Apo-
6  cell phenotype shift in can- 1.37 x 103 100 5 2L(TNFSF10), SOCS1,
cer IDO1
Immune response_IFN-
7 gamma acFions on extr.acel— 173 x 10 54 4 QASZ, IP10, GCH1, 2’-5"-
lular matrix and cell differ- oligoadenylate synthetase
entiation
3 Vascular end(.)thelial cell 279 % 10 63 4 MSR1, PD-L1, CCL2, PD-
damage in SLE L2
Immune response_Innate
9 immune response to RNA 4.07 x103 28 3 MDA-5, RIG-I, LGP2
viral infection
Immune response_IFN-
10 gamma actions on blood 4.07 x 103 28 3 PD-L1, PD-L2, SOCS1

cells

a Pathway map in MetaCore™ (a graphic image representing complete biochemical pathways or
signaling cascades in a commonly accepted sense. Typically, a map comprises 3-5 MetaCore™ path-
ways. Maps are assembled into map folders divided into regulatory, metabolic, disease, toxicity,
and drug action sections, and thus form an ontology of their own kind); ® false discovery rate; © total
network objects on the corresponding pathway map; ¢ the number of overlapping network objects
from query 1 applying a fold change threshold of 5 and -5 on upregulated and downregulated
genes, respectively.
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Figure 4. COVID-19 immune dysregulation. (a) A node (or object) on the map could be a gene,
protein or chemical compound. Query genes from experimental data which intersect with pathway
objects are denoted by thermometers. Thermometer 1 represents DEGs in response to treatment
with vaccine, applying thresholds of 5 and -5 on log2FC and FDR < 0.05, respectively. Thermome-
ter 2 represents DEGs in response to treatment with vaccine, applying thresholds of 2 and -2 on
log2FC and FDR < 0.05, respectively. (b) Direct interactions network map between DEGs enriching
COVID-19 immune dysregulation pathways. Connections between network objects on the map are
referred to as links (or edges). A link identifies an interaction or a logical relation between two nodes.
The type of interaction or relation is reflected by an appropriate symbol placed in the middle of the
link. B =binding; IE = influence on expression; TR = transcription regulation; red arrows = inhibition;
green arrows = activation; grey arrows = unspecified action; light violet text box = normal process;
pink text box = pathological processes; white text box with blue outline = notes; starred network
objects = groups or complex processes; red thermometers on pathway map = network object is up-
regulated by vaccine; blue thermometers on pathway map = network object is downregulated by
vaccine. The length of red and blue bars in the thermometers represent log2FC values (longer red
bars represents larger upregulation of gene expression and longer blue bars represent larger down-
regulation of gene expression). Red circles on process network = network object is upregulated by
vaccine; blue circles on process network = network object is downregulated by vaccine. Darker red
circles indicate larger upregulation, darker red circles indicate larger downregulation.

2.3. Identifying Transcriptomics Similarities with Small-Molecule Drugs to Aid in Predicting
Potential Adverse Events

In order to identify chemical compounds capable of inducing transcriptomics effects
similar to those induced by mRNA vaccines, we ranked all DEGs according to their ex-
pression levels using log2FC values, and prepared three gene lists to query the Connectiv-
ity Map database [80]. Each query gene signature (QGS) consisted of about the 50 most
upregulated genes and the 50 most downregulated genes in response to treatment with
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the vaccine. QGS1 was obtained by ranking the DEGs for the whole transcriptomics da-
taset on day 22 by focusing on all DEGs with p-values < 0.05, while QGS2 was obtained
by ranking the DEGs from whole transcriptomics data on day 22 by focusing on DEGs
with FDR < 0.05. Finally, QGS3 was obtained by ranking the DEGs from single-cell tran-
scriptomics data which had FDR < 0.05. Compound hits that produced similar transcrip-
tional signatures to the mRNA vaccine of BNT162b2 are listed in Table 3. In this study, we
wanted to increase the confidence in the computational hypotheses derived from the
CMap, so we compared vaccine-compound similarities based on their gene perturbation
effects by focusing on subsets of DEGs that have been prioritized using different experi-
ments and ranked by different methods. If query gene lists that share few or no common
genes lead to similar lists of compound hits, this increases our confidence that the results
are not only statistically robust, but also biologically relevant.

Our results highlighted thirteen high confidence hits (Table 3) which belonged to six
pharmacological classes: (1) four ATPase inhibitors (38.46%), (2) three protein synthesis
inhibitors (30.76%), (3) one Bruton’s Tyrosine Kinase (BTK) inhibitor (7.69%), (4) one
apoptosis stimulant (7.69%), (5) one ribonucleoside reductase inhibitor (7.69%), and (6)
one guanylate cyclase activator (7.69%). In fact, all top 12 positive compound connections
shown in Table 3 are known modulators of the immune system through their effects on
innate immune pathways such as stimulating apoptosis [81] NLRP3 inflammasome path-
ways.

Table 3. Small-molecule drugs and chemical compounds that regulate gene expression in a similar
manner to BNT162b2 vaccine.

# Compound CMap Score ? Description Confidence ® Immune Effects
1 Cycloheximide 98.31 Protein synthesis inhibitor High [82-85]
2 QL-XII-47 96.48 BTK inhibitor High [86-88]
3 Homoharringtonine 94.71 Protein synthesis inhibitor High [89-91]
4 Periplocymarin 94.38 Apoptosis stimulant High [92,93]
5 Digitoxigenin 94.11 ATPase inhibitor High [94,95]
6 Emetine 94.05 Protein synthesis inhibitor High [96,97]
7 Ouabain 93.62 ATPase inhibitor High [98,99]
8 Cephaeline 92.26 Protein synthesis inhibitor High [100]
9 Clofarabine 911 Rlbonucleos%d.e reductase in- High [101]
hibitor
10 Sarmentogenin 91.66 ATPase inhibitor High [102]
11 Digitoxin 91.34 ATPase inhibitor High [103]
12 Isoliquiritigenin 90.85 Guanylate cyclase activator High [104]
13 Digoxin 90.38 ATPase inhibitor High [105,106]
14 Tyrphostin-AG-126 gggs  DRKL2phosphorylationin- o ginpe [107]
hibitor
15 Amonafide 98.73 Topoisomerase inhibitor Intermediate [108]
16 Diphenoxylate 98.50 Opioid receptor agonist Intermediate [109]
17 Verrucarin-a 98.38 Protein synthesis inhibitor Intermediate [110]
18 Withaferin-a 97.96 IKK inhibitor Intermediate [111]
19 Dapsone 96.32 Bacterial antifolate Intermediate [112]
20 Teniposide 95.99 Topoisomerase inhibitor Intermediate [113,114]
21 Ziprasidone 95.86 Dopamine rrel?seftor antage” ) termediate [115]
22 RO-90-7501 95.80 Beta amyloid inhibitor Intermediate [116]
23 XMD-1150 953 ~ Leucnerichrepeatkinasein- ik [117]

hibitor
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24 Ingenol 94.47 PKC activator Intermediate [118,119]
25 XMD-892 93.85 MAP kinase inhibitor Intermediate [117]
26 Anisomycin 93.69 DNA synthesis inhibitor Intermediate [120]
27 Proscillaridin 91.37 ATPase inhibitor Intermediate [121]
28 Azacitidine 91.29 DNA methyltransferase in- o giate [122]
hibitor
29  4-hydroxy-2-nonenal 90.47 Cytotoxiclipid peroxidation Intermediate [123]
product
30 Dubinidine 90.37 Anti-epileptic Intermediate [124,125]
31 BNTX 89.95 Opioid receptor antagonist Intermediate [126]
32 Narciclasine 89.85 Coflilin signaling pathway e diate [127]
activator
33 Mitomycin-c 88.45 DNA alkylating agent Intermediate [17]
34 Bufalin 87.17 ATPase inhibitor Intermediate * [128]
35 Cinobufagin 86.79 ATPase inhibitor Intermediate * [19]
36 Brefeldin-a 86.54 Protein synthesis inhibitor ~ Intermediate * [23]
37  Pyrvinium-pamoate 78.80 AKT inhibitor Low [24]
38 Liothyronine 72.93 Thyroid hormone stimulant Low [25]
39 CD-437 70.27 Retinoid receptor agonist Low [22,129]
40 Terreic-acid 66.04 BTK inhibitor Low * [130]
41 Minaprine 63.46 Serotonin reuptake inhibitor Low [131]
42 Cucurbitacin-i 61.47 JAK inhibitor Low [132]
43 Xanthohumol 60.13 ATPase inhibitor Low * [133]
44 Benzo(a)pyrene 54.66 Carcinogen Low [134,135]

2 CMap score, representing the level of similarity between transcriptional effects induced by
BNT162b2 vaccine and each of the compounds, only the highest score is shown if two query gene
signatures shared the same hit; ® confidence is divided into three levels: high confidence means that
the compound has a positive CMap score with two query gene signatures representing the vaccine,
and has at least one CMap score > 90; medium confidence means the compound has a positive
CMap score > 90 with one query gene signature only, or it was a hit resulting from two query gene
signatures, and has a positive CMap score > 80 with at least one query gene signature; low confi-
dence means the compound has a positive CMap score < 80 with all query gene signatures. * = The
compound belongs to a target family of a higher confidence compound hit (which gives more con-
fidence in such hits despite their lower CMap scores).

2.4. Building Networks for Drug Targets of CMap Compound Hits to Gain Biological Insights

In order to gain a better understanding of the CMap compound hits, we created func-
tional networks that connected drug targets of the compound hits shown in Table 3. Our
drug target list consisted of 62 MetaCore™ network objects considered as network seeds.
We used the Analyze Network algorithm in MetaCore™, restricting the network nodes to
50 and using canonical pathways. Our analysis resulted in 18 functional networks con-
necting drug targets of CMap compound hits (Supplementary Table S3). The top-scoring
network (Figure 5) highlighted a potential role for androgen signaling and the upregula-
tion protein kinase C (PKC) on calcium ions (Ca?) homeostasis. The effects of androgen
receptor signaling on PKC have been suggested to play a fundamental role in regulating
cardiac contractility and Ca? handling in myocytes[136]. Testosterone induces an increase
in the intracellular Ca?" level by a nongenomic mechanism in cultured rat cardiac myo-
cytes [137]. PKC activation of ERK may involve the modulation of intracellular calcium
(Ca?*) concentration. PKC is upregulated on day 22 (the day after receiving the second
dose) in response to BNT162b2. C-C chemokine receptors type 1 (CCR1) and type 2
(CCR2), both upregulated in response to BNT162b2, are known to transduce signals by
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increasing intracellular calcium levels. The magnitude of the calcium mobilization re-
sponse can be potentially dependent on both intra- and extracellular stores of calcium
[138]. CCR1 and CCR2 use a PLC signaling pathway to activate the same ER calcium store.
This network also shows that the androgen receptor is a regularity hub which activates
PKC-alpha. Hence, this network is more likely to get perturbed in males than in females
in case of increased activation of androgen receptors in response to binding with andro-
gens. These results are consistent with earlier research indicating that testosterone induces
intracellular Ca? increases in cardiac myocytes by increasing the mRNA expression of
critical Ca?-handling proteins, resulting in sex-related differences in cardiac function
[139]. It is well established that there are male—female differences in intracellular Ca?* re-
lease and contraction in ventricular myocytes arising from effects of sex steroid hormones
on processes involved in intracellular Ca? homeostasis [140].
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Figure 5. Closest-neighbor network of the identified drug targets for CMap compound hits. Ob-
jects/nodes = proteins, transcription factors, compounds, ions, reactions; blue-encircled objects =
seed/input nodes; arrows = interactions; green arrows = activation; red arrows = inhibition; grey
arrows = unspecified interaction; solid red circles = upregulation; solid blue circles = downregula-
tion. Darker red represents higher upregulation of gene expression (higher log:FC); darker blue
represents lower downregulation of gene expression (lower log2FC).

2.5. Post-Vaccine Side Effects Most Frequently Reported in VAERS

We explored the VAERS database in order to check whether the most frequently re-
ported adverse events can be explained or predicted based on the systems biology effects
highlighted in this study. We found that as of December 3+, 2021, for BNT162b2 and
mRNA-1273 there were 1,304,092 (for 305,266 total events) and 1,325,436 (for 315,308 total
events) adverse events reported in the VAERS database [141], respectively. However, the
total number of COVID-19 vaccine doses administered in the United States as of Decem-
ber 3, 2021, was as follows: 270.95 million doses of BNT162b2, 178.15 million doses of
mRNA-1273, and 16.77 million doses of Janssen’s [142]. It should be noted that VAERS
reports adverse events for individuals vaccinated in the United States only. According to
the Center for Disease Control (CDC), BNT162b2 constituted 59% of the total COVID-19
vaccines administered in the United States followed by mRNA-1273 (36%) and Janssen
(3.24%). Other vaccines constituted less than 2% of the total administered vaccine doses
[143].

Our search in the VAERS database indicated that the COVID-19 mRNA vaccines
BNT162b2 and mRNA-1273 shared 62.4% of the adverse event symptoms. There were
8812 and 8234 adverse event symptoms reported for BNT162b2 and mRNA-1273 vaccines,
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respectively. The 50 top adverse events for BNT162b2 and mRNA-1273 are shown in Fig-
ure 6a, and a comparison of the top 15 adverse event symptoms for the two vaccines is
shown in Figure 6b. The complete lists of adverse events are provided in Supplementary
Table S4. Headache was the top adverse event symptom reported for the two vaccines.
None of the top 15 most frequently reported adverse events was overly concerning or
alarming. Interestingly, COVID-19 was the eleventh most frequent adverse event reported
for BNT162b2 constituting 5.26% of all adverse events reported for this vaccine. For
mRNA-1273, COVID-19 was ranked as the 28th reported adverse event and constituted
2.84% of all adverse events. Based on these numbers, COVID-19 was more frequently re-
ported after receiving BNT162b2 rather than Moderna’s vaccine. However, this result may
have been caused by an independent event of contracting SARS-CoV-2 before the vac-
cine’s immune protection was attained (i.e., before taking the second vaccine dose or right
after taking the second dose). In fact, the biological processes which lead to symptomatic
COVID-19 are partly mediated by inducing the secretion of pro-inflammatory cytokines
which then recruit immune cells to the infected tissues, such as monocytes and macro-
phages that further increase the secretion of inflammatory cytokines in response to vac-
cination with BNT162b2. This could imply that individuals who are exposed to the virus
around vaccination time are more likely to develop symptomatic COVID-19, urging them
to get tested for COVID-19. This can be explained by the overproduction of inflammatory
cytokines by both concurrent infection and vaccination.
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Figure 6. Vaccine adverse events reported for BNT162b2 and mRNA-1273. (a) Top 50 most frequent
adverse event symptoms reported in VAERS after receiving BNT162b2 and mRNA-1273 COVID-19
vaccines. (b) Radar chart to compare the top 15 most frequent adverse events for each vaccine.
VAERS reports processed as of 11 December 2021 are considered.

Another piece of supporting evidence explaining why COVID-19 is developed in
5.26% of people with adverse reactions came from our single-cell transcriptional data
analysis, which indicated that several members of the transmembrane protease serine sub-
family (TMPRSS) are overexpressed on days 21 and 22 (see Methods for details). TMPRSS
proteins have key roles in human hemostasis as well as in promoting certain pathologies,
including several types of cancer, and in facilitating the entrance of respiratory viruses
into human cells. TMPRSS2 and TMPRSS4 are known to activate the spike protein of the
SARS-CoV-2 virus. In fact, TMPRSS4, TMPRSS6, TMPRSS7, and TMPRSS9 were overex-
pressed in response to second vaccine dose of BNT162b2. This may indicate that
BNT162b2 effects on TMPRSS expression may facilitate infection with SARS-CoV-2 if the
vaccinated individual contracted the virus. However, it remains unknown whether
mRNA-1273 affects the expression of the TMPRSS proteases similarly. We should keep in
mind that while COVID-19 is characterized by a decreased immune response and an in-
creased inflammatory response, leading to common vascular pathologies, mRNA vac-
cines stimulate the immune processes that help fight off SARS-CoV-2, induce antibody
production, and induce inflammatory responses which could lead to rare vascular pathol-
ogies.

3. Discussion

The application of systems biology methods for analyzing the pharmacological re-
sponses of vaccines can bolster our understanding of post-vaccine health effects. It can
also provide testable hypotheses coupled with mechanistic insights regarding post-vac-
cine adverse events. Herein, we applied a systems biology workflow for studying vaccine
side effects [69,71,144,145]. We used multiple transcriptional gene signatures to assess the
pharmacological effects of mRNA vaccines.

Our findings are relevant to the general public, clinicians, regulatory agencies, and
policy makers. Our results indicate that BNT162b2 induces a strong immune response in
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vaccinated individuals on day 22 (i.e., one day after receiving the second, booster dose),
as compared to the immune responses evaluated by gene expression on days 1, 2, 21, 23
and 28. The top enriched biological pathways are immune response pathways, which are
required for the adequate performance of the vaccines in triggering an adaptive immune
response. Enrichment results in process networks highlight a major role of inflammatory
and innate-immune processes related to IFN-gamma, interleukins, and protein C signal-
ing. This indicates that the vaccine does its job of stimulating the immune response, how-
ever, some of the stimulated innate-immune processes, such INF-gamma signaling, can
trigger inflammatory pathways and lead to post-vaccine adverse side effects. Results also
highlight the involvement of male and female hormones in some of these inflammatory
processes.

High-confidence disease enrichment results (Figure 3) highlight the following dis-
eases associated with genes implicated in transcriptional effects of BNT162b2: xerostomia,
rheumatic diseases, immune system diseases, viral diseases, systemic lupus erythemato-
sus, connective tissue disease, autoimmune diseases, Sjogren’s syndrome, arthritis, mus-
culoskeletal disease, lacrimal apparatus diseases, and joint diseases, in addition to skin
and connective tissue diseases. These results should be viewed as testable hypotheses for
the presence of putative functional links between the BNT162b2 vaccine and the priori-
tized diseases, and should not be considered as a proof that the vaccine will cause or pos-
sibly alienate these ailments. Interestingly, vascular and cardiovascular diseases, which
are known risk factors in COVID-19 patients [146], were indeed among the top 50 enriched
diseases by DEGs prioritized from single-cell transcriptomics data of BNT162b2. This is a
significant result in the context of the recently identified functional link between mRNA
COVID-19 vaccines and myocarditis [57].

We also found that BNT162b2 induces immune responses similar to lipopolysaccha-
ride (LPS)-induced platelet activation. In fact, platelets are known to play a significant role
in hemostasis and host-defense mechanisms [147,148], in addition to moderating the com-
munication between T- and B-cells, which is crucial for acquired immunity [149]. Platelets
can recognize pathogens and recruit host-defense peptides such as platelet factor 4 (PF4),
a key platelet-derived CXC chemokine, to promote leukocyte reactions in the immune
system [144,145]. Perversely, platelet activation is also a key component in developing
thrombosis [150]. Clinical studies have reported on rare, but critical, post-vaccine throm-
botic adverse events such as vaccine-induced immune thrombotic thrombocytopenia
(VITT) following adenovirus-vector vaccines [145,151] and, in rare cases, mRNA vaccines
[38,152,153], implicating anti-platelet factor 4 antibody [154-157]. We identified 1626
(0.53%) and 1133 (0.36%) post vaccine thrombosis adverse events reported in VAERS after
receiving BNT162b2 and mRNA-1273 vaccines, respectively. Platelets and leucocytes form
immune thrombotic complexes as a sign of intravascular coagulation in COVID-19 [158-
160].

Next, we queried the CMap database [80,161-163], using three transcriptional gene
signatures (QGS1-QGS3) representative of the BNT162b2 vaccine in order to identify
small molecule compounds that produce similar transcriptional effects to BNT162b2.
ATPase inhibitors were highly enriched in CMap positive connections that regulate gene
transcription in a similar manner to BNT162b2, including five high confidence hits (digi-
toxigenin, ouabain, sarmentogenin, digitoxin, and digoxin), three medium confidence hits
(proscillaridin, bufalin, and cinobufagin), and one low confidence hit (xanthohumol). The
ability of this approach to identify ATPase inhibitors as mimics of BNT162b2 effects on
gene transcription serves as a strong validation for the presented approach. ATPase in-
hibitors and mRNA vaccines are both linked to heart disease. We previously used this
approach to explain the link between mRNA vaccines and post-vaccine myocarditis and
pericarditis in male adolescents and male young adults [54,71,149].

Other high-confidence, small-molecule compounds bearing transcriptional similarity
to BNT162b2 were the protein synthesis inhibitors such as cycloheximide, homoharring-
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tonine, emetine, and cephaeline. All these compounds are known for their ability to mod-
ulate immune responses through stimulating NLRP3 inflammasome and IL-1(3 receptor
signaling [164]. Inflammasomes can sense pathogens via pathogen-associated molecular
patterns (PAMP) and damage-associated molecular patterns (DAMPs), and can launch
innate immune responses to fight off the intruding pathogens. Therefore, they were con-
sidered as important targets for adjuvants in vaccine design [165]. Cationic LNPs, similar
to those used in mRNA vaccines, have been shown to work as adjuvants in this regard;
they can activate toll-like receptor 2 and NLRP3 inflammasome pathways [166]. This re-
sult indicates that mRNA COVID-19 vaccines can act as immunogens by encoding for the
SARS-CoV-2 spike protein, and also as powerful adjuvants through their LNP content or
per the intrinsic immunostimulatory properties of non-modified RNA, such as that used
by CureVac [167].

Finally, we mined all VAERS vaccine adverse event reports for mRNA COVID-19
vaccines BNT162b2 and mRNA-1273. Our results indicate that the most frequently en-
countered post-COVID-19 vaccine adverse events were minor and short-lived. Addition-
ally, when we analyzed the most frequent adverse effects in the context of disruption in
calcium homeostasis, we found that many side effects including headache, fatigue, py-
rexia, chills, pain, dizziness, nausea, myalgia, inflammation, seizures, myopathies, etc.,
are linked to a dysregulation of calcium homeostasis according to chemical-disease search
results from the Comparative Toxicogenomics Databases (CTD) [168] as of January 2022.
All results are provided in Supplementary Table S5. We also found evidence that interfer-
ence with the regulation of the intracellular calcium levels in cardiomyocytes can affect
the myocardial contractility leading to the development of cardiomyopathy and myocar-
ditis [169]. Nothing was overly concerning in the top 15 adverse events reported in Figure
6, except the observation regarding COVID-19 being among top 15 most frequently re-
ported post-vaccine adverse events. In fact, COVID-19 ranked number 11 of the most fre-
quent adverse event for BNT162b2 and 37 for mRNA-1273. It should be considered alarm-
ing that a vaccine may result in immune dysregulation that makes some individuals vul-
nerable to the disease against which it have been developed, so this observation deserves
further scrutiny on the part of vaccine manufacturers and CDC.

We should be cognizant that mRNA vaccines do not contain live virus and thus carry
no risk of causing COVID-19 disease in the vaccinated individual without being exposed
to the live virus. However, our results indicate that the vaccine may put some people at
higher risk of immune dysregulation if infection with the live virus happened right after
vaccination and before the person is fully protected by antibodies produced in response
to the vaccine. This result is supported by experimental evidence from the transcriptomics
data (Supplementary Table S1 and Figure S2), coupled with the computational evidence
from the enrichment analysis (Figures 3 and 4a,b) and backed by recent evidence from the
biomedical literature indicating immune dysregulation involving innate immune path-
ways and NF-«B signaling following SARS-CoV-2 mRNA vaccinations [62,170-172]. Nev-
ertheless, these results could be confounded by many factors including the effects of host
genetic background on the susceptibility to SARS-CoV-2 infection and COVID-19 out-
come. For example, variants in cytokine genes and tumor necrosis factor (TNF) affect
COVID-19 susceptibility, severity, and complications [173,174]. Other variants in ACE2
and TMPRSS?2 affect the expression of the receptors related to COVID-19 and have been
associated with disease susceptibility and risk factors [173,174]. Probably, the chances of
contracting COVID-19 increase during active epidemic waves for both vaccinated and un-
vaccinated individuals due to increased viral transmission rates. It would be best if vac-
cine-adverse event reporting systems clearly indicate if the vaccine was taken during or
before an epidemic wave.

Focusing on post-vaccine myocarditis, an adverse event which has recently been
linked to both adenovirus and mRNA COVID-19 vaccines, we identified 1365 (0.45%) my-
ocarditis and 871 (0.29%) pericarditis adverse events reported for BNT162b2, and 687
(0.22%) myocarditis as well as 536 (0.16%) pericarditis adverse events reported for mRNA-
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1273. In fact, a recent population study showed that the risk of developing post-vaccine
cardiac events is still small and confined to the 7-day period following vaccination [175].
Additionally, most vaccine-associated myocarditis events have been mild and self-limit-
ing. Contrariwise, the lifetime risk of morbidity and mortality following SARS-CoV-2 in-
fection is substantial [175].

Another inflammatory condition, Sjogren’s syndrome, which is a chronic inflamma-
tory and autoimmune disease where the salivary and lacrimal glands undergo progres-
sive destruction by lymphocytes and plasma cells resulting in decreased production of
saliva and tears [77], has been predicted from the enrichment analysis and validated by
post-vaccine adverse event reporting in VAERS. There were 42 Sjogren’s syndrome events
(0.01%) for BNT162b2 and 21 events (0.01%) for mRNA-1273.

It should be noted that vaccine-induced gene expression perturbations were insignif-
icant on day 28 (no DEGs passed the filtering criteria of log» fold change =2 and FDR <
0.05). This confirms that vaccine effects on gene expression are temporary and short-term.
This finding supports previous claims that mRNA vaccines are safe for the general popu-
lation. Additionally, world-data has shown that the suggested adverse effects of
BNT162b2 are largely non-concerning and lead to minor side effects. However, our net-
work analysis results indicate that aberrant androgen receptor signaling, resulting from
certain genetic mutations in Ca?-homeostasis proteins, or driven by increased testos-
terone levels in males during puberty, may increase the potential for developing adverse
events related to abnormalities in Ca?* homeostasis.

Our integrative informatics workflow has several advantages over relying solely on
enrichment analyses for adverse event prediction. First, it integrates hypotheses derived
independently from the enrichment and CMap analyze to increase the confidence in re-
sulting computational hypotheses. Additionally, the CMap is considered a unique
chemogenomics databases capable of connecting genes, drugs, and diseases without re-
quiring a detailed mechanism of action or knowledge of drug targets a priori. In fact, the
CMap can easily identify polypharmacologic drugs (or vaccines) from their gene expres-
sion profiles. This permits the prediction of drug (or vaccine) adverse events based on
similarities with the gene expression profiles of known, well-studied drugs. Cross-exam-
ining prioritized hypotheses with vaccine adverse event reports included in the VAERS
database serves as a validation step for the prioritized hypotheses. Ultimately, our infor-
matics workflow is capable of filtering high-confidence hypotheses which have higher
chances of succeeding in experimental testing and/or clinical studies.

However, there are some limitations to this study, especially due to the scarcity of
public transcriptomics datasets for COVID-19 vaccines. Ideally, we would like to study as
many transcriptional profiles as possible. Nevertheless, there were only two transcriptom-
ics data sets for BNT162b2 in humans we have identified for this research project. Similar
analyses can be carried out to assess other vaccines as transcriptional data in response to
treatment with other vaccines becomes available.

In conclusion, our results highlight the important role of mRNA vaccines as potent
immunogens leading to the activation of immune-signaling pathways that are essential
for mounting a proper immune response in vaccinated individuals. Our analysis has
shown a relatively acceptable overall adverse event profile for mRNA vaccines. The most
alarming side effects identified by our methods were related to cardiac/cardiovascular
events despite being reported as low-frequency adverse events. Our workflow can be
used for acquiring essential knowledge for enhancing vaccines and managing, or prevent-
ing, post-vaccine adverse events. Potentially, this analysis could lead to personalized rec-
ommendations using patient-specific gene signatures, especially if deeper vaccine-ge-
nomics studies are conducted.
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4. Material and Methods
4.1. Integrative Informatics Workflow

We developed an informatics workflow (Figure 1), based on the methods developed
by Hajjo et al. [54,69,71,148,149], to interrogate the network pharmacology of mRNA vac-
cines and derive testable mechanistic hypotheses to predict the short-term and long-term
side effects of vaccines. These methods rely on developing drug discovery and or network
biology hypotheses from different data types and by applying diverse computational
methods. First, we started by preparing consensus gene signatures representative of the
vaccine’s effects on gene transcription. Next, we queried MetaCore™ [77] and the Con-
nectivity Map of the Broad Institute [176] to prioritize enriched biological processes and
compounds with similar effects on gene expression, respectively. Finally, we searched the
VAERS database for all adverse events reported for any COVID-19 vaccine included in
VAERS. All reports were grouped according to vaccine symptoms and vaccine names.
The detailed study workflow is shown in Figure 1.

4.2. Data Sets
4.2.1. Vaccine Transcriptional Gene Signatures

We searched the gene expression omnibus (GEO) for transcriptional studies per-
formed in response to treatment with mRNA vaccines and we were able to identify two
datasets only; both were for the BNT162b2 vaccine. The first dataset, GSE169159, was a
whole transcriptomics dataset in response to treatment with BNT162b2. This dataset was
used to generate three query gene lists: GS1, G52, QGS1, and QGS2. The second dataset,
GSE171964 is a single-cell transcriptomics dataset in response to treatment with
BNT162b2. This dataset was used to generate query gene lists GS3 and QGS3. Gene sig-
natures GS1-GS3 are provided in Supplementary Table S1, and query gene signatures for
the CMap, QGS1-QGS3, are provided in Supplementary Table S6. We analyzed the whole
and single-cell transcriptional effects on days 1, 7, 21, 22, 23, and 28. The DEGs in the
selected gene signatures passed the DEG filtering thresholds of logz fold change (log2FC)
of 22 or <-2, and false discovery rate (FDR) < 0.05. Priming vaccine doses (i.e., first doses)
were given to all participant human subjects on day 1. Booster vaccine doses (i.e., second
doses) were given on day 21. Gene expression on day 1 prior to receiving the vaccine was
considered as the baseline for all differential gene expression comparisons analyzed in
this work.

4.2.2. Vaccine Adverse Events Data Set

Raw data files were downloaded as comma-separated value (CSV) files from the
CDC website [177]. The CDC WONDER online search tool was used to mine VAERS [178].
We downloaded the 2021 VAERS public data set, which contained all vaccine side reaction
reports for COVID-19 vaccines. The COVID-19 vaccines included in the databases were:
BNT162b2, mRNA-1273, and Janssen’s.

4.3. Databases
4.3.1. VAERS

VAERS [178] was established in 1990 as a national early warning system to detect
possible safety problems in U.S.-licensed vaccines. It is co-managed by the U.S. Centers

for Disease Control and Prevention (CDC) and the U.S. Food and Drug Administration
(FDA). The VAERS data are updated weekly, and include reports from 1990 onwards.

4.3.2. MetaCore™

MetaCore™ version 21.4 build 70,700 [77] from Clarivate Analytics is a database of
manually-composed ontologies mapped to canonical pathways and networks. We used
this database for purposes of enrichment analysis in pathway maps. Pathway maps in
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MetaCore™ are defined as subsets of functionally-connected genes to describe a specific
cellular process in a specific cellular context. Herein, the enrichment analysis was per-
formed by examining the intersection between a query gene list from transcriptional ex-
periments (i.e., in response to compound treatment with a vaccine) and the prebuilt path-
way maps in MetaCore™ using the hypergeometric mean, which takes into account the
number of objects in in the query dataset, the number of objects in the intersecting map
and the number of objects in the entire database. This assessment returns a p-value that
tells us the likelihood that the intersection between the gene signature and a particular
map is obtained purely by chance. We set the p-value threshold at 0.05; rejecting all hy-
potheses/pathway maps that have enrichment p-values higher than 0.05. Additionally,
network objects in MetaCore™ are defined as proteins, protein complexes or groups, pep-
tides, RNA species, compounds, EC numbers (function), or reactions. Genes are repre-
sented indirectly via the proteins they encode. The same protein in different localizations
may be represented by different network objects if its interactions are localization-specific.

4.3.3. Comparative Toxicogenomics Database

The Comparative Toxicogenomics Database (CTD) [168] is a robust, publicly availa-
ble database that provides manually curated information about chemical-gene/protein
interactions as well as chemical-disease and gene—disease relationships.

4.4. Network Building

Network building tools in MetaCore™ (version 21.4 build 70700) and Cytoscape (ver-
sion 3.9.2) were used to build networks. A systematic search, for nearest neighbor (NN)
genes/proteins of the upregulated and downregulated genes in BNT162b2's gene signa-
ture, was conducted in Cytoscape version [179] 3.9.0 on Mac OS X 10.16-x86_64, using the
STRING protein query application [180]. All retrieved protein—protein interactions (PPIs),
including both physical and functional interactions, were retrieved from widely used and
reliable databases such as MINT [181], HPRD [182], BIND [183], DIP [184], BioGRID [185],
KEGG [186], Reactome [187], EcoCyc [188], NCI-Nature Pathway Interaction Database
[189], and Gene Ontology (GO) [190] protein complexes.

Cytoscape was used to generate the network in Figure 2 since we wanted to include
the maximal number of direct interactions from diverse databases. MetaCore™ was used
to generate the network in Figure 5 since we wanted to focus on manually-curated ontol-
ogies that are more capable of providing a mechanistic insight.

4.5. OmicSoft Studio

The RNA-seq Analysis Pipeline [191] in OmicSoft Studio, server version 11.2.0.7, was
used to determine the differentially expressed genes from the single-cell experiment
GSE171964 using gene counts deposited on the Gene Expression Omnibus (GEO) [192]. It
was also used for identifying the DEGs from GSE169159 using the gene count data on
GEO. We acknowledge the trial access for CLC from Qiagen, which showed great perfor-
mance for analyzing single-cell data.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pathogens11070743/s1. The following are available online at
GitHub: Supplementary Table S1, transcriptional signatures G51-GS5. Supplementary Table S2, top
50 enrichment results for BNT162b2 gene signatures in pathway maps, process networks, diseases,
and GO processes. Supplementary Table S3, network list for drug targets of CMap compound hits.
Supplementary Table 5S4, post-vaccine adverse events in response to BNT162b2, mRNA-1273, and
Janssen’s. Supplementary Table S5, calcium—disease connections mined from the CTD database.
Supplementary Table S6, query gene lists for the CMap. Supplementary Text File 1, example of a
log file for analyzing whole transcriptomics data. Supplementary Text File 2, example of a log file
for analyzing single-cell transcriptomics data from the counts data file.
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