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COVID-19 coagulopathies: Human blood proteins mimic
SARS-CoV-2 virus, vaccine proteins and bacterial co-infections
inducing autoimmunity

Combinations of bacteria and SARS-CoV-2 synergize to induce autoantibodies targeting
cardiolipin, cardiolipin-binding proteins, platelet factor 4, prothrombin, and coagulation
factors.
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Severe COVID-19 is often accompanied by coagulopathies such as thrombocytope-
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nia and abnormal clotting. Rarely, such complications follow SARS-CoV-2 vaccina-
tion. The cause of these coagulopathies is unknown. It is hypothesized that coagu-
lopathies accompanying SARS-CoV-2 infections and vaccinations result from bacte-
rial co-infections that synergize with virus-induced autoimmunity due to antigenic
mimicry of blood proteins by both bacterial and viral antigens. Coagulopathies occur
mainly in severe COVID-19 characterized by bacterial co-infections with Streptococci,
Staphylococci, Klebsiella, Escherichia coli, and Acinetobacter baumannii. These bacteria
express unusually large numbers of antigens mimicking human blood antigens, as do
both SARS-CoV-2 and adenoviruses. Bacteria mimic cardiolipin, prothrombin, albu-
min, and platelet factor 4 (PF4). SARS-CoV-2 mimics complement factors, Rh antigens,
platelet phosphodiesterases, Factors IX and X, von Willebrand Factor (VWF), and VWF
protease ADAMTS13. Adenoviruses mimic prothrombin and platelet factor 4. Bacte-
rial prophylaxis, avoidance of vaccinating bacterially infected individuals, and antigen
deletion for vaccines may reduce coagulopathy risk. Also see the video abstract here:
https://youtu.be/zZWDOsghrPg8
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INTRODUCTION

SARS-CoV-2 is a new coronavirus causing a pandemic accompanied
by significant risk of mortality. While SARS-CoV-2 infections generally
cause minor symptoms such as fever, head-, and muscle aches, dyspnea
and temporary loss of smell and/or taste. severe cases of COVID-19 can
present with coagulopathies including viscous blood and microclotting,

that canlead to impaired circulation, stroke or heart attack, respiratory

complications, and other types of organ failure.l1-3] While mild cases of
COVID-19 have no increased risk of coagulopathies,!*] coagulopathies
are estimated to affect about 10% of hospitalized patients, ! 25% of
critically ill COVID-19 patients and up to 48% of those who end up in
intensive care;[3¢-81 to affect the elderly more often than the young;!?!
and to occur about ten times more frequently than among hospitalized
influenza patients.[52101 Such thrombotic complications are also seen

rarely in people vaccinated against SARS-CoV-2.[5:11-13]

BioEssays. 2021;43:2100158.
https://doi.org/10.1002/bies.202100158

wileyonlinelibrary.com/journal/bies

© 2021 Wiley Periodicals LLC | 1of17


https://orcid.org/0000-0002-3298-9306
mailto:rootbern@msu.edu
https://youtu.be/zWDOsghrPg8
https://wileyonlinelibrary.com/journal/bies
https://doi.org/10.1002/bies.202100158

20017 | B?oEssays

ROOT-BERNSTEIN

The cause of increased blood viscosity, microclotting, and thrombo-
sisin COVID-19 is unknown. Possible contributors include genetics,!14]
defects in the renin-angiotensin system,[15] defective platelet gene
expression,[16] endotheliitis,| 17! or cytokine storm accompanied by
inappropriate complement activation.[¢] Vaccine-associated thrombo-
sis may be linked to ethylenediaminetetraacetic acid (EDTA) preser-
vative in the AstraZenaca formulation.[’8] However, increasing evi-
dence strongly supports an autoimmune pathogenesis for COVID-19-
associated coagulopathies.!19:20]

Autoantibodies directed at phospholipids and phospholipid-
binding proteins have been identified in the majority of COVID-19
patients affected by coagulopathies but rarely in mild cases[2!!: these
include lupus anticoagulant, antibodies against cardiolipin (CL), and
antibodies against the cardiolipin-binding proteins phosphatidylser-
ine/prothrombin (Factor 2) and beta-2 glycoprotein | (82GP!).[7:21-24]
However, these antibodies are also found transiently in many COVID-
19 patients who do not develop coagulopathies, calling their causal
relationship into question,[25] a point of great significance to be
discussed below. Autoantibodies against platelet factor 4 (PF4), a
platelet activating factor that binds heparin (as well as bacterial
antigens), have also been documented in thrombotic COVID-19
patients(26:27] as well as in vaccinees who have developed thrombotic
thrombocytopenial28:2%] but, again, are found in many patients who do
have not developed clinically-evident coagulopathies.[28:30] Severity of
COVID-19 also correlates with significant alterations in the function
and expression of a range of other clotting factors including significant
increases in von Willebrand factor (VWF), Factors IX, X, and Xa,
and significant decreases in ADAMTS13 (VWF-cleaving protease or
VWFCP)31-33] and autoantibodies against these proteins are found
in some SARS-CoV-2 infected patients.[24] This range of autoantigen
targets is a key point that any explanation of COVID-19 coagulopathies
must address.

Hypothesis: COVID-19 coagulopathies are due to
autoimmunity induced by virus-bacteria synergy

| propose that the autoimmune blood-related coagulopathies associ-
ated with SARS-CoV-2 infection are a result of two, synergistic phe-
nomena: the first is molecular mimicry between SARS-CoV-2 proteins
and human blood proteins; the second is immunological hyperactiva-
tion due to SARS-CoV-2 synergy with specific viral and/or bacterial
co-infections. Both are necessary but neither is sufficient to induce
autoimmune coagulopathies. SARS-CoV-2 mimicry of host blood pro-
teins sets the stage for the potential production of antibodies capa-
ble of cross-reacting with host proteins. Such autoantibodies need not,
however, progress to autoimmune disease. The fact that only severely
ill COVID-19 patients develop coagulopathieslé-8] demonstrates that
such molecular mimicry is not, in and of itself, sufficient to trigger
autoimmune disease, which requires innate immune system hyper-
activation. Co-infections may be necessary to create this hyperactiva-
tion and are common in severe COVID-19, most often involving bac-

teria, less frequently, viruses such as influenza and adenoviruses, or

fungi. The bacteria that are most often found in severe COVID-19 cases
include Streptococci, Staphylococcus aureus or hemolyticus, Hemophilus
influenzae or parainfluenzae, Klebsiella pneumoniae, Mycoplasma pneumo-
niae, Escherichia coli, Acinetobacter baumanii, and Pseudomonas aerugi-
nosa (e.g.,[234-381]),

Additional hypothesis: Viral and bacterial mimicry of
coagulation and complement proteins may directly
alter function

Autoimmunity may not be the only factor at work in COVID-19-
associated coagulopathies: viral and/or bacterial mimics may directly
modify blood coagulation or platelet activation. For example, SARS-
CoV-2 spike protein is structurally similar enough to some blood coag-
ulation factors that Factors Xa and Flla are able to cleave it, stimulating
enhanced viral entry into susceptible cells.[3?! The implications of this
similarity for direct intervention by SARS-CoV-2 proteins or COVID-
19-associated bacterial antigens by Factors Xa and Flla have not yet
been investigated and may extend to other blood protein mimics.

The purpose of this paper is to explore the range of similarities
between human blood protein antigens and SARS-CoV-2 compared
with other respiratory viruses such as influenza and adenoviruses, as
well as the range of similarities between human blood proteins and
bacteria highly associated with severe COVID-19 such as Streptococci,

Staphylococci, E. coli, Pseudomonas, and Acinetobacter baumannii.

METHODS
Similarity search procedures

Two types of similarity searches were carried out to identify likely
molecular mimics shared by SARS-CoV-2 proteins (accessed on 2 May
2021 from https://viralzone.expasy.org/8996) and human blood pro-
teins. The first type of search utilized BLASTP (version 2.2.31+) on
the www.expasy.org server. BLOSUMB80 was used to identify the type
of short, continuous sequences approximately 10-15 amino acids in
length that are presented by Human Leukocyte Antigens (HLA) to T
and B cells.[4041] The E value was set to 1000; filter low complexity
regions on; no gaps; 3000 best scoring and best alignments to show.
Only matches that had a Waterman-Eggert score of at least 50, an E
value of less than 1.0 and which contained a sequence of 10 amino acids
in which at least six were identical, were counted as sufficiently simi-
lar to induce possible cross-reactive immunity; this criterion is based
on substantial research demonstrating that sequences exhibiting this
degree of similarity have a high probability of being cross-reactive
under experimental conditions.[42-45]

The second search method employed LALIGN (www.expasy.org) to
do a deeper dive into the SARS-CoV-2 protein similarities identified
by the BLAST searches. The search algorithm was set to BLOSUMB80;
gap penalty at -10.0; E value, 10; 20 best matches displayed. The con-

trol viruses were poliovirus type 1, coxsackievirus B3, hepatitis A virus,
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TABLE 1 Summary table of LALIGN search results comparing human blood proteins with SARS-COV-2 proteins
(https://viralzone.expasy.org/8996), poliovirus type 1 PO3300; coxsackievirus B3 P03313; hepatitis A virus P06441; Rhinovirus 2 P04936;
Adenovirus C5 complete genome https://www.ncbi.nlm.nih.gov/nuccore/AC_000008.1; and Influenza HI1IN1 (Wilson): HIN1 Neuraminidase
P03470: H1IN1 Matrix Protein P05777; HIN1 Hemagglutinin P03454;H1N1 PBP2 P03427;H1N1 HDRP P03430; H1N1 Non-Struct.

Q82506;H1IN1 PAP P15659'H1IN1 Nucleoprotein P15682

VIRUS TOT CL SerAlb Clg C3 C4 C5 PDE2-5 RhA-D F2 VWF FIX F10 ADTS13 B2GP CD55 PF4

Poliovirus type 1 polyprotein 22 0 O 0 2 3 0 2 0 0 7 0 0 2 2 4 0
(13 proteins)

Coxsackievirus B3 polyprotein 24 0 O 3 1 & 2 |3 0 3 2 0 1 1 0 2 0
(13 proteins)

Hepatitis A virus polyprotein 23 0 3 2 2 0o 0 2 2 2 3 2 0 1 1 2 1
(14 proteins)

Rhinovirus C3 poly-protein(17 34 0 3 1 2 3 2 4 5 0 5 0 0 2 2 4 1
proteins)

Adenovirus 5 (36 proteins) >69 0 2 1 2 2 7 13 6 >20* 3 2 2 2 0 7*

Influenza HIN1 (Wilson) (9 66 0 1 3 10 5 1 6 3 7 [ 9* 1
proteins)

AVERAGE # of MATCHES (17 362 0 15 18 18 32 20 34 2.7 24 43 15 15 16 2.0 0.9 0.8
proteins)

COVID-19 (13 proteins) Totals 169 0 6 2 11 8 6 42 32 9 15 7 7 12 3 6 2

COVID-19 Replicase 1a 57 0 2 1 1 3 5 16 15 5 1 1 0 2 1 2 2
PODTC1

COVID-19 Spike Protein 30 0 O 0 3 1 0 9 6 3 3 2 1 2 0 0 0
PODTC2

COVID-19 Protein3aPODTC3 10 0 2 0 1 0 0 2 0 0 1 0 2 2 0 0 0

COVID-19 Small Envelope 4 0O O 0 0O O o0 2 1 0 0 0 1 0 0 0 0
PODTC4

COVID-19 Membrane protein 13 0 1 0 2 1 1 1 3 0 2 1 0 0] 1 0 0
PODTC5

COVID-19 Non-Struct PODTC6 5 0 O 0 O 0O o0 2 1 0 1 0 0 1 0 0 0

COVID-19 Protein 7a PODTC7 6 0 0 0 1 0 0 1 1 1 0 0 0 1 0 1 0

COVID-19 Protein 8 PODTC8 3 0O O 0 0 0O 0 O 0 0 0 0 1 1 0 1 0

COVID-19 Nucleoprotein 13 0 O 1 1 1 0 3 0 0 3 1 0 2 0 1 0
PODTC9

COVID-19 Replicase 1ab 17 0 O 0 1 2 0 3 4 0 2 1 2 0 1 1 0
PODTD1 &

COVID-19 Protein 9b PODTD2 4 0O 0 0 1 0 0 O 0 0 2 1 0 0 0 0 0

COVID-19 NS14 PODTD3 5 0o 1 0 0 0O O 2 1 0 0 0 0 1 0 0 0

COVID-19 Protein 7b PODTD8 1 0 O 0 0O 0O 0 O 0 0 0 0 0 1 0 0 0

These viral proteins were compared with the following human proteins: Ser Alb = serum albumin P02768; # PDE = Platelet phosphodiesterase: PDE2
095551; PDE2a O00408; PDE3a Q92484; PDE3b Q13370; PDE5a O76074; ~ Rh = Rhesus blood types: Rhesus A Q02094; Rhesus B Q9H310; Rhesus
C Q9UBD6; Rhesus CE P18577; Rhesus D Q02161; & C = Complement: C1q P02745; C3 P01024; C4 POCOL4; C5 P01031;; F2 = prothrombin (Factor
2) PO0734; VWF = von Willebrand Factor P04275; F IX = Factor IX PO0740.; Factor X P0O0742; ADAMTS13 (von Willebrand factor-cleaving protease or
VWEFCP) Q76LX8; B2GP (beta-2 glycoprotein 1) P02749; CD55/DAF P08174; PF4 (platelet factor 4) P02776; CL = cardiolipin. & = PODTD1 (Replicase 1ab)
overlaps PODTC1 (Replicase 1a), so only additional (1b) protein matches are recorded.# = number; > = greater than; * = not counted in averages because sig-
nificantly out of range of other data points. Out-of-range data were defined as being values at least three times the value of the averages of the other values
for that protein. Underlined, numbers are at least five times the average for those proteins.

rhinovirus 2, adenovirus 5, and influenza virus H1IN1 (Wilson). UniProt
accession numbers for the viruses and for the human blood proteins, as
well as a list of the blood proteins, are provided in the TABLE captions.
As with the BLAST searches, and for the same reasons, the LALIGN
results were further culled for sequences with E < 1, Waterman-Eggert

score >45 and sequence similarity having a region containing at least

six out of ten identities. The number of matches simultaneously satisfy-
ing the E value, Waterman-Eggert, and 6-of-10 criteria were tabulated
(Table 1) and representative matches provided (Figure 1).

The same BLAST protocol described above was employed to ana-
lyze possible bacterial similarities to human blood proteins. Each blood

protein listed above was used as a search string against the entire
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PDE2 095551 vs COVID1S PODTD1
WE score| 79; 29.3 bits; E(1) < 0.0024
260 270 280
spl095 ATVIFAGDTNLRDREVTRCGGLPNNIV
N A N A N RN |
COVID1l ATCEFCGTENLTKEGATTCGYLPQNAV
340 350 360

PDE2 095551 vs COVID19 PODTD1
WE 68; 25.2 bits; E(1)< 0.067
40
sp 1095 ASVASCDAAVAQC

Poribrrr seed
COVID1 AHVASCDAIMTRC
6200

PDE3b Q13370 vs COVID19 PODTC1
WE 75; 27.7 bits; E(1)< 0.022
1030 1040
sp|Q13 DEDGEELDTEDEEME
PEE Db bt
COVID1 DEDEEEGDCEEEEFE
930 940

PDE2 095551 vs COVID19 PODTD2
WE 53; 20.2 bits; E(1) < 0.68
280
splQ13 PLHPRLSSAAEE
Plel 1zl 11
COVID1 PLQPELDSFKEE
1140 1150

PDE3a Q14432 vs COVID19 PODTC2
WE 52; 19.9 bits; E(1) < 0.77
790 800
sp|Q14 DSDSGFTHGHMGY
I I T
COVID1 DSSSGWTAGAAAY
260

PDE5a 076074 vs COVID19 PODTC1l
WE 71; 26.1 bits; E(1) < 0.052
700 710
sp|076 ILNSPGNQILSGLSIEEYKTTLKIIKQA
[ N L S R T 0 N
COVID1l ITTYPG-QGLNGYTVEEAKTVLKKCKSA
1330 1340 1350

RHBG_HUMAN QSH310 vs COVID19 PODTC1
WE 67; 25:3 bits; E < 0.046
300 310 320 330
sp|Q9H MMLTPFGALAAGFLAGTVSTLGYKFFTPILES
LR I I N N
COVID1l IILASFSASTSAFVE-TVKGLDYKAFKQIVES
480 490 500

RHBG_HUMAN Q9H310 vs COVID-19 PODTC5
WE score 72; 26:7 bits; E(1)< 0.00092
50
COVID1 IIKLIFLWLLWP
st
sp|Q9H MIGTIFLWIFWP
230

RHD Q02161 vs COVID19 PODTC2 .
WE score| 55; 21.0 bits; E(1) < 0.22
300
sp|Q02 PWLAMVLGLVAGLISV
N R N
COVID1 PWY-IWLGFIAGLIAI
1220

CO3_HUMAN (C3) P01024| vs COVID19 PODTCS
WE 53; 21.0 bits; E(1) < 0.17
530
sp|P01 FIPSFRLVA
e |
COVID1 FIASFRLFA
100

CO3_HUMAN (C3) P01024| vs COVID19 PODTCY
WE 62; 22.6 bits; E(1) < 0.1
880 890
sp| P01 KRRHQQTVTIPPKSSL
A N N I
COVID1 RQKKQQTVTLLPAADL
390 400

CO4A HUMAN (C4A) POCOL4 vs COVID1S9 PODTD1
WE 67; 25.0 bits; E(1) < 0.31
1220
sp | POC VAHNNLMAMAQETG
Stk el
COVID1l LATNNLVVMAYITG
590 600

CO5_HUMAN (C5) P01031 vs COVID19 PODTD1
WE 71; 25.6 bits; E(1) < 0.2
4880
COVID1 CYDGGCINANQ
Ftbedel e
sp| P01 CYDGACVNNDE
700

VWF P04275 vs COVID19 PODTC9
WE 55; 21.4 bits; E(1l) < 0.35
20 30
sp|P04 LPGTLCAEGTRGRSSTA

FENe e Jeee
COVID1 LPKGFYAEGSRGGSQAS
170 180

Factor IX P00740 vs COVID19 PODTC1l
WE 65; 24.0 bits; E(1) < 0.17
30
sp| P00 LLSAECTVFLD
slhelbbrad |
COVID1 VLAAECTIFKD
2920

Factor IX P00740 vs COVID19 PODTC2
WE 58; 21.6 bits; E(1) < 0.17
120
sp| P00 NSYECWCPFG
FErer red
COVID1 NSYECDIPIG
660

FIGURE 1 Selected similarities between SARS-CoV-2 proteins and human blood proteins. WE = Waterman-Eggert; lines represent identical
amino acids in the compared sequences while colons represent amino acid similarities. Blood protein abbreviations can be found in the caption to

Table 1
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TABLE 2 Paired T-test statistics for Table 1 data

Poliovirus
Paired T-test type 1 Coxsackie B3 Hepatitis A
Coxsackie B3 t=1.6653,
P=0.12
Hepatitis A t=0.2215, t=0.9787,
P=0.83 P=0.35
Rhinovirus C t=2.9245, t=0.3801, t=2.0903,
P=0.01 P=0.71 P=0.06
InfluenzaHIN1  t=2.6687, t=1.3756, t=2.2191,
P=0.02 P=0.19 P=0.05
Adenovirus 5 t=2.0368, t=1.9858, t=2.0872,
P=0.050 P=0.056 P=0.045
Virus Average t=3.8000, t=0.0957, t=1.7165,
P=0.002 P=0.93 P=0.11
SARS-CoV-2 t=28.9314, t=6.7729, t=7.7645,
P <0.0001 P <0.0001 P <0.0001

Influenza

Rhinovirus C HiN1 Adeno-virus 5 Virus Average
t=1.1825,

P=0.26
t=1.5385, t=0.1201,

P=0.13 P=0.91
t=0.8062, t=1.8953, t=1.6388,

P=043 P=0.08 P=0.11
t=7.2111, t=6.0688, t=2.4551, t=7.8312,

P <0.0001 P <0.0001 P=0.027 P <0.0001

To satisfy p = 0.05 after a Bonferroni correction for the 28 pairwise comparisons made in this Table, the p value must be <0.002; to satisfy p = 0.01, the
corrected value must be <0.0005. Of the control comparisons, only polio as compared with the virus average is statistically significant after correction. All
SARS-CoV-2 comparisons with other viruses and the virus average are highly statistically significant by satisfying a Bonferroni-corrected P value of <0.002

(T > 3.75). Significant results are highlighted in bold.

UniProtKB bacterial database. The results were then screened for the
presence of bacteria associated with COVID-19 (see Introduction):
Acinetobacter baumanii, E. coli, H. influenzae and parainfluenzae, Klebsiella,
M. pneumoniae, Mycobacteria (tuberculosis as well as atypical forms),
P.aeruginosa, S. aureus, and pathogenic or commensal streptococci. The
results were, as above, screened for significance using the criterion of
six identities in a sequence of 10 amino acids.

Cardiolipin could not be searched using either BLAST or LALIGN
since it is not a protein but its presence in each bacterium was deter-

mined from existing experimental literature.[46:47]

Statistics

Statistics were applied to the tabulated LALIGN results using a
paired T-test to explore pairwise comparisons between each class
of virus-human protein combination and every other (https://www.
graphpad.com/quickcalcs/ttest2/). Since all possible (28) permutations
of the results were explored, a Bonferroni correction was applied
to the resulting p values (https://www.easycalculation.com/statistics/
bonferroni-correction-calculator.php). To satisfy p = 0.05 after a Bon-
ferroni correction, the uncorrected p value had to be <0.0024 (T >
3.75) and to satisfy p = 0.01, the uncorrected value had to be <0.0005.

RESULTS
SARS-CoV-2 mimicry of human blood proteins

Table 1 displays the LALIGN results comparing each viral protein
with the human blood-related proteins. One hundred and sixty-nine

matches that satisfied the criteria laid out in the Methods (briefly, a
WE score over 50, E less than 1.0, and at least six amino acid identi-
tiesin asequence of 10) were found between SARS-CoV-2 proteins and
the human blood and serum proteins. The SARS-CoV-2 total compared
with an average of 26 matches for poliovirus type 1, coxsackievirus B3,
hepatitis A virus, and rhinovirus C - a six point five-fold difference -
and an average of about 66 matches for the adenovirus 5 and Influenza
virus HIN1 (Wilson) pair - a three-fold difference. In short, SARS-CoV-
2 incorporates many times the number of human blood mimics than any
other respiratory virus. Two SARS-CoV-2 proteins accounted for the
majority of these matches: the replicase 1a (PODTC1) and spike protein
(PODTCZ2); these matches occurred more than six times as frequently
as in any of the control viruses. The spike protein (PODTC2) displays
as many similarities to human blood proteins as does the entire pro-
teome of the average virus while replicase 1a exhibits as many sim-
ilarities as the entire proteome of adenovirus 5 and influenza virus
H1IN1.

The statistical significance of differences in incidence of human
blood protein in Table 1 was evaluated using a paired T-test with a Bon-
ferroni correction (Table 2). SARS-CoV-2 exhibits antigenic mimicry
with human blood proteins at a rate statistically significantly greater
than the control virus average and from each of the viruses individu-
ally except adenovirus 5. Of the control comparisons, only polio, ade-
novirus, and influenza virus differed significantly from the virus aver-
age and also differed significantly from each other. The remaining con-
trol comparisons were statistically non-significant compared with each
other and with the virus average.

Examples of the SARS-CoV-2 protein-human protein matches are
provided in Figure 1, which includes additional statistical measures
(Waterman-Eggert or WE scores as well as E values). WE scores above
50 and E values below 1.0 are generally considered to be statistically
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TABLE 3 Selected similarities between COVID-19-associated bacterial proteins and human blood proteins and summarized SARS-CoV-2 and

adenovirus data from Table 1

Bacterial species TOTCAT CL SerAlb Clq C3 C4 C5 PDE2-5 RhA-D F2 VWF FIX FX ADAMTS13 pB2GP CD55 PF4

Acinetobacter 7 x X X

Chlamydia 1 X

Clostridium 3 X

Escherichia coli 7 x X X

Hemophilus 2 X

Klebsiella 4 x X

Mycobacterium 3 X X

Mycoplasma 1 X

Pseudomonas 3 x X

Staphylococci 4 X

Streptococci 8 X X X

SARS-CoV-2 11 X X X X
Spike Protein 5 X X
Adenovirus 5 3 X

X X x X
X X
X X X X X
X
X X
X
X
X X X
X X X X
x x x x x X X
X X X
X X

The following human proteins were compared to the entire UniProtKB bacterial protein database using BLAST 2.1: Ser Alb = serum albumin P02768; #
PDE = phosphodiesterase: PDE2 095551; PDE2a O00408; PDE3a Q92484; PDE3b Q13370; PDE5a O76074; Rh = Rhesus blood types: Rhesus A Q02094;
Rhesus B Q9H310; Rhesus C Q9UBD6; Rhesus CE P18577; Rhesus D Q02161; C = Complement: C1q P02745; C3 P01024; C4 POCOL4; C5 P01031; F2
= prothrombin (Factor 2) PO0734; VWF = von Willebrand Factor P04275; F IX = Factor IX P0O0740.; Factor X PO0742; ADAMTS13 (von Willebrand factor-
cleaving protease or VWFCP) Q76LX8; 32GP = beta-2 glycoprotein | P02749; CD55/DAF (decay accelerating factor) PO8174; PF4 (platelet factor 4) P02776;

CL = cardiolipin.

significant when the E value for the search has been set at 1000, as it
was here. The largest group of similarities (Table 1) involves similarities
between the SARS-CoV-2 Replicase 1a or spike protein and platelet
phosphodiesterases or Rh blood group proteins. Additional matches
above the statistical virus average occur between these two SARS-
CoV-2 proteins and complement C3, C4, and C5 and prothrombin. The
overall SARS-CoV-2 proteome exhibits significantly increased (three-
fold or more) similarities to serum albumin, clotting factors, platelet
phosphodiesterases, Rh blood group proteins, prothrombin, VWF, Fac-
tor IX, Factor Xa, ADAMTS13, and CD55/DAF.

Notably, adenovirus 5, which is used as a vector for the SARS-CoV-2
spike protein in the AstraZeneca COVID-19 vaccine, also has an unusu-
ally large number of similarities to some human blood proteins, includ-
ing complement factor C5, various phosphodiesterases, prothrombin,
and especially platelet factor 4 (Table 1). More than 20 sequences (the
limit that LALIGN can identify) within the adenovirus proteome match
prothrombin (Figure 2).

Influenza A virus HIN1 exhibits an unusually large num-
ber of similarities to complement factor C3 and to ADAMTS13
(Table 1).

Overall, both influenza and adenoviruses have significantly more
similarities with human blood proteins than do rhinoviruses, coxsack-
ieviruses, polioviruses, or hepatitis A viruses or the overall virus aver-
age. Both viruses, however, display significantly fewer similarities than
does SARS-CoV-2.

COVID-19-associated bacteria mimicry of human
blood proteins

While pairwise similarity searches between the viruses and human
blood proteins were performed using LALIGN, bacteria have thousands
of proteins making such pairwise impossibly laborious, so BLAST was
used instead. Thus, the bacteria results are not directly comparable to
the virus results. Rather than investigating how many distinct bacte-
rial proteins matched human blood proteins, Table 3 displays instead
only whether any particular bacterial species displayed at least one
significant similarity that satisfied the stringent criteria employed (a
Waterman-Eggert score above 50 and at least six amino acid identities
ina 10 amino acid sequence).

As can be seen from Table 3, only some of the bacteria identified as
co-infections of SARS-CoV-2 display significant similarities with human
blood proteins. Streptococci, E. coli, and A. baumannii each exhibited sim-
ilarities to six or seven classes of blood proteins, including serum albu-
min, VWF, prothrombin, beta-2-glycoprotein I, CD55/DAF, and platelet
factor 4. Some of these similarities are illustrated in Figure 3. Figure 3
also displays two sets of extraordinary similarities, one between A. bau-
mannii and complement factor 4 (C4), and the other between both
S. pneumoniae and E. coli with complement factor C1q, which repeats
dozens of times within the protein.

Staphylococci (pyogenes and aureus species) and Klebsiella (pneu-
moniae and michiganiensis) each displayed similarities with three classes



ROOT-BERNSTEIN B?OEssayS 7of 17

Prothrombin POO734|THRB_HUMAN Factor IX P00740|FA9_HUMAN
WE score 71; 25.2 bits; E(1l) < 0.2 WE: 75; 24.0 bits; E(1) < 0.22

90 100 210 220
Prothr TACE--TARTPRDKLAAC F9 STEAETILDNITQSTQSFNDF

Pl TP EEer | [ 2 T I B B I O
ADENOV TACDNSTARTPRDCCTEC ADENOV ST-LEAMLRNDT-NDQSFNDY

10380 10050 7200 7210
Repeated at: 10038, 13090, 12652, 12487, _
12324, 11982, 11783, 11148, 11053, 10833, Phosphodiesterase 2 095551 | TYDP2_HUMAN
10656, 10519, 10147, 9893, 9624, 9390, WE: 78; 24.9 bits; E(1) < 0.14
9123, 8275, and 7706 10 20

PDE2 GREAAEEEGEPEVKKRRLL

Platelet Factor 4 P02776|PLF4_HUMAN slelesi i 1l Il
WE: 54; 20.3 bits; E(1) < 0.66 ADENQV ARDAGQEEGEEEVPVERLIM
50 60 3270 3280

PF4 KTTSQVRPRHITSLEVIKAGPHCP
[1:: I T WE: 75; 24.1 bits; E(1) < 0.23

ADENOV KNSTARTPRKDCCTERIDALPHAP 40
10660 10670 PDE2 EFASVASCDAAVA
Phbsstl HEE |
WE: 53; 20.0 bits; E(1) < 0.74 ADENOV EFATTASTDAANA
70 8420 8430
PF4 CETAQLIATLIN C1q 202745 |C1gA_HOMAN
ADENOV CETVARIATIKN WE: 66; Zlég bits; E(1) < 0.59
13160

Clqg PSGNPGKVGY
R RN

ADENOV PSGTPGHVAY
2750

WE: 51; 19.4 bits; E(1) < 0.87
70 80
PF4 PT-AQLIATLKNGRK
[ I I I I I T I
ADENOV PTRANSLATIKNMRR
4870 4880

C3 P01024|CO3_HUMAN
WE: 96; 29.5 bits; E(1) < 0.03
1450 1460
C3 LDKHSEDDCL-AFKVH
AN T T T Y I I O O O
ADENOV LAAHIEVDCIPAFTVY

WE: 51; 19.4 bits; E(1) < 0.87
10
PF4 GFCASRPGLLFLGL

SRty 10720 10730
ADENOV GFQESPPGVLSLRL C4 POCOL4 |CO4A HUMAN
11390 11400 WE: 75; 23.9 bits; E(1) < 0.78
. 140 150
WE: 49;0 18.7 bl;gr E(1) < 0.95 c4 RR-GHLFLQTDQPIYNPGOR
(N N N A NN
PF4 A9L¥ATPKNGRKI ADENOV RRPAALQHQQDQPQAHPGQR
R 1310 1320 1330
ADENOV ANSLATIKNMRHI
10 C5 P01031|CO5_HUMAN ADENOVirus C5
) WE: 75; 24.7 bits; E(1) < 0.57
WE: 49; 18.7 bits; E(1) < 0.95 440 450
40 c5 PDLPEENQAREGYRA

PF4 AEEDGDLQCL IR

I oeteleld ADENOV PPLAQEQQQRQGYRS
ADENOV AEIEGELKCL 9640 9650
8110

Factor IX P00740|FA9 HUMAN WE: 71; 23.6 bits; E(1) < 0.83

WE: 77; 25.0 bits; E(1) < 0.17 1000
16 <o 6o cs QEGINILTHLPK-GSAE
F9 NKILNRPKRYNSGKLEEFVOGNLER [ireett: 111 |

ADENOV QEGIDLLTFPPAPGSPE

S N R Il 90 100

ADENOV DALLQRVARYNSGN----VQTNLDR
4350 4360

FIGURE 2 Selected similarities between adenovirus 5 (‘“ADENO”) and human blood proteins. WE = Waterman-Eggert; lines represent
identical amino acids in the compared sequences while colons represent amino acid similarities. Blood protein abbreviations can be found in the
caption to Table 1
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Klebsiella michiganensis (AOA7H9GT58) vs Platelet
Factor 4 (P02776), WE = 57
PF4 63  AGPHCPTAQLIATLK 77
AG H PTA+ IATLK
K.mich 442 AGVHAPTAEDIATLK 456

Escherichia coli (AOA6N7NDI1) vs. Platelet Factor 4
(P02776), WE =54
PF4 56  TSLEVIKAGPHCPTAQLIA 74
T++ I+A HCPTA+L+A
E.coli 144 TAVAAIEALRHCPTARLLA 162

Escherichia coli (SIFFF4) vs Von Willebrand’s Factor,

VWEF (P04275) WE = 68

VWF 216 EMQKGLWEQCQLLKSTSVFARCH 238
E QKG+WE C +KST+ F H

E.coli 295 ENQKGMWENCLTVKSTAWFPTTH 317

Acinetobacter baumannii AOA265AH29) vs Von

Willebrand’s Factor, VWF (P04275) WE = 67

VWF 1507 DKIGEADFNRSKEFMEEVIQRMDVGQDSI
+KIG+ DFN S EF ++I+ D+ +D I

A.baum 347 EKIGDPDFNISNEFCGKIIEIQDIYKDYI

Streptococcus anginosus (AOA2T0G819) vs Von

Willebrand’s Factor, VWF (P04275) WE = 65

VWF 482 IQHTVTASVRLSYGEDLQOMDWD 503
I+H SV L YG+D+Q+DWD

S.angi 214 IKHGKDFSVYLGYGKDVQIDWD 235

Staphylococcus aureus (AOA4V1S772) vs ADAMTS13, VWF

protease (Q76LX8), WE =74

ADAMTS13 214 TGFDLGVTIAHEIGHSFGLEHDG 236

TG G+ I+HE+GH++GL HDG

S.aureus 328 TGEAAGMVITHEVGHTLGLGHDG 350

Acinetobacter baumannii (DOCFY1) vs ADAMTS13, VWF
protease (Q761LX8), WE = 83

ADAMTS13 217 DLGVTIAHEIGHSFGLEHDGAPGS 240

DL +TIAHE+GH++GL+H \ PG+

S.aureus 284 DLRLTIAHELGHALGLKHSDQPGA 307

Streptococcus pneumoniae (AGA656DRD7) &

Streptococcus parasanguinus (AOA6L6LLA1) vs Beta 2

Glycoprotein 1 (P02749), WE = (63)

B2GP 322 VPKCFKEHSSLAFWKTDASDVKP 344
V K F+EH S+++W+ DA D+ P

Strep 483 VAKLFEEHGSVIWWERDAKDLLP 505

Escherichia coli (AOA377DX06) vs Beta 2 Glycoprotein 1
(P02749), WE = (60)
B2GP 32  STVVPLKTFYEPGEEITYSCKP 53
S+ +PLKTF EP +\ +S KP
E.coli 219 SAFMPLKTFAEPSQAERFSAKP 240

Acinetobacter baumannii (AOA3S8VI30) ) vs Prothrombin
P2 (P00734), WE = 87
A.baum 47 QSYICSGSLVADRWVVTAAHCI 68
Q+ +C /SL++DRWV+TAAHC+

Album 387 QELLCGASLISDRWVLTAAHCLLYPP 412

LC A+LI+ R VLTA+HCLL PP
E.coli 77 LCTATLITSRLVLTAGHCLLAPP 99
Escherichia coli (AOA6MOPV13) vs prothrombin P2

(P02768), WE = 87

Klebsiella pneumoniae (AOAOH3GMYO0) vs Prothrombin

P2 (P0O0734), WE = 80

Album 390 LCGASLISDRWVLTAAHCLLYPP 412
LC A+LIS + +LTA HCLL PP

K.pneu 65 LCTATLISPHLALTAGHCLLTPP 87

Streptococcus urinalis (G5KDE6) vs Serum Albumin

(P02768), WE = 62

S.urin 91 DKLTPLLEDNQONLVQKNYELLNYVRSLERQ
D+ PL+E+ QNL+++N EL + + + Q

Albumin 399 DEFKPLVEEPQNLIKONCELFEQLGEYKFQ
D ++PLV+ Q /+N EL EQL E ++Q

S.sang 150 DAYQPLVDPGQYEKPTNAELKEQLSEEQYQ

Streptococcus sanguinis (AOAOB7GMY4) vs Serum

Albumin (P02768), WE = 63

Acinetobacter baumannii (AOAGH3ECK4) vs C4 (POCOL4), WE = 163
c4 1355 EEELQFSLGSKINVKVGGNSKGTLKVLRTYNVLDMKNTTCQDLQIEVTVKGHVEYTMEAN 14
EEELQFSLGSKINV+V GNS+GTLKVLR+YNV+DM NTTCQDLQIEVTV GHVEYTMEA

A.baum 1

Cc4 1415 EDYEDYEYDELPAKDDPDAPLQPVTP 1440
EDYE+YEY++ PA DDP+A +PVTP

A.baum 61 EDYEEYEYEDSPAGDDPEARSRPVTP 86

Streptococcus pyogenes (Q9ACN1) vs Clq (P02745), WE = 126

EEELQFSLGSKINVEVRGNSRGTLKVLRSYNVMDMTNTTCQDLQIEVTVMGHVEYTMEAE 60

Streptococcus pneumoniae (AOA7H4XHTO) vs C1q (P02745), WE = 123
S.pyog 165 GAKGEPGAKGEPGPKGEPGAKGEPGPKGEPGPKGEPGAKGEPGAKG 210
G +G G +GEPGP G PG/ G PGP G G +G PG KG G+ G

Clqg 62 GIQGLKGDQGEPGPSGNPGKVGYPGPSGPLGARGIPGIKGTKGSPGNIKDQ 112
G +G G +GEPGP G+ G G GP GP G G G KG KG PG
E.coli 307 GPKGDAGPRGEPGPKGDTGPRGEAGPPGPQGPAGQTGPKGDKGEPG 363

Escherichia coli (AOASC8XUL6) vs C1q ((P02745), WE = 137
BOTH SIMILARITIES REPEATED DOZENS OF TIMES WITHIN THE SAME PROTEIN

FIGURE 3 Selected BLAST similarities between COVID-19-associated bacterial proteins and human blood proteins. WE is Waterman-Eggert

score; + represents amino acid similarity. Protein abbreviations can be found in the caption to Table 1
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of human blood proteins (Table 3 and Figure 3), while P. aeruginosa,
Mycobacterium (tuberculosis and avium), and Clostridium (perfringens,
clostridioforme, and difficile) displayed similarities to only two classes;
Haemophilus influenzae exhibited only one, and Chlamydia pneumoniae
and Mycoplasma species, none. Some bacteria associated with COVID-
19 are therefore significantly more likely to mimic human blood pro-
teins than others and therefore to participate as possible inducers of
autoimmune coagulopathies in the presence of SARS-CoV-2.

Note that all the bacteria listed in Table 3 are known to incorporate
cardiolipin in their cell membranes!4¢47] and therefore to have an anti-
genic mimic to human cardiolipin. No virus is known to do so (Table 1).
Since anti-cardiolipin antibodies are found in COVID-19 coagulopathy
patients, but rarely in mild and asymptomatic patients (see Introduc-
tion), the presence of anti-cardiolipin antibodies is strong evidence for

bacterial coinfections in COVID-19 coagulopathies.

DISCUSSION

SARS-CoV-2 proteins contain extraordinarily large
numbers of blood protein mimics

SARS-CoV-2 proteins contain an extraordinarily large number of anti-
gens that mimic human blood proteins compared with any of the
other viruses (mostly respiratory) that were examined. While mimicry
between proteins does not translate directly into increased risk of
autoimmune disease (an important fact that will be discussed further
below), the unusual number of such similarities certainly increases
the probability of inducing cross-reactive antibodies - in this case,
up to six times the probability of such cross-reactivity occurring fol-
lowing other virus infections. This result correlates well with the fact
that hospitalized SARS-CoV-2-infected patients are about 10 times
more likely to develop coagulopathies than are hospitalized influenza
patients.[5:10-12]

The most common SARS-CoV-2 similarities with blood proteins
involved the virus spike protein and replicase 1a protein and these dis-
played numerous similarities to platelet phosphodiesterases and Rhe-
sus blood antigens as well as prothrombin and VWF (Tables 1 and 2).
The nucleoprotein and membrane protein also displayed an unusually
large number of blood proteins similarities.

The unexpectedly large number of antigenic similarities between
SARS-CoV-2 proteins and blood proteins discovered in this study pro-
vides two possible mechanisms by which SARS-CoV-2 may cause blood
coagulation. One is to induce antibodies against SARS-CoV-2 proteins
that cross-react with red blood cells (RBC), platelet proteins and serum
albumin resulting in thickening of blood, microclotting, and/or throm-
bosis. The other is by directly participating in blood coagulation path-
ways, either as agonists or antagonists. Antibodies against SARS-CoV-
2 proteins, particularly the replicase 1ab (PODTC1 and PODTD1), spike
protein (PODTC2), membrane protein (PODTC5), and nucleoprotein
(PODTC9), have a significant probability of being cross-reactive with
complement factors C3, C4, and C5 (but not C1q), all Rhesus antigens
and platelet phosphodiesterases 2, 3, and 5 (Table 1 and Figure 1). It is

also possible that the mimicry between SARS-CoV-2 proteins and com-
plement factors, VWF and Factor IX might result in direct viral stim-
ulation of inappropriate blood clotting or, alternatively, to idiopathic
thrombocytopenia resulting from SARS-CoV-2 protein interference in
the blood clotting pathway. Each of these possibilities will be dissected
further below.

The observed antigenic similarities make sense as triggers of SARS-
CoV-2-induced blood clotting in terms of the observed pathology.
Phosphodiesterases would make targets of both RBC and platelets.
While phosphodiesterases 2, 3, and 5 are generally characterized as

being intracellular proteins within platelets (e.g.,[48])

and erythrocytes
(e.g.4%]), phosphodiesterases have been found to be incorporated into
lipid rafts and cellular membranes and may therefore present antibody-
accessible epitopes not only on RBC and platelets but also smooth and
cardiac muscle (e.g.,[°).

A role for Rh factors as a determinant of COVID-19 coagulopathies
is also strongly suggested by the large number of SARS-CoV-2 sim-
ilarities revealed by this study. Rh proteins are involved in ammo-
nia transport and regulation in both erythrocytes and in the kidneys
of mammals{5152] and distant evolutionary relatives of these trans-
porters are present in the cell membranes of all bacteria.l53! In several
large studies, Rh-negative individuals (particularly type O-negative)
have substantially lower risk of severe COVID-19 than do Rh-positive
individuals, after controlling for other risk factorsl>4-57! though three
studies found no significant difference in COVID-19 susceptibility
associated with Rh status.[58-¢0] SARS-CoV-2 mimicry of Rh antigens
and their glycosylations may camouflage SARS-CoV-2 from immune
surveillance since glycans like those that N-glycosylate position 37 in
Rh proteins function as T-cell checkpoints.[é1] Should tolerance to Rh
antigens be broken, however, the resulting immunity induced by SARS-
CoV-2 would be likely to cross-react with erythrocytes, inducing an
autoimmune response. The bacteria listed in Table 3 may stimulate tol-
erance abrogation because all express a V8 proteinasel62] that directly
cleaves Rh proteins at position 34, just to the N-terminal side of the N-
glycosylation position.[¢3] This cleavage is likely to result in the produc-
tion of unusual proteolytic fragments with higher-than-normal auto-
antigenicity. Because Rh proteins are involved in ammonia transport
and regulation, autoimmunity directed at Rh proteins should adversely
affect not only erythrocytes but also kidney function,[51:52] the latter
problem occurring in up to 25% of severely ill COVID-19 patients con-
current with coagulopathies.[64:65]

Probable roles of bacteria in triggering COVID-19
coagulopathies

Similarities between SARS-CoV-2 proteins and human blood pro-
teins do not account for some of the key autoantibodies observed in
COVID-19 patients with coagulopathies including anti-phospholipid
antibodies observed in most coagulopathy patients.[721-24] Cardiolipin
is a diphosphatidylglycerol lipid found in human mitochondrial mem-
branes, including those of RBC, but as such it is a “hidden antigen”

unlikely to trigger autoimmunity directly. Cardiolipin is not present
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in any known virus but is almost ubiquitous in the cell membranes
of all the bacteria associated with severe COVID-19.14647] Addition-
ally, cardiolipin antibodies have been found to activate the formation
of NETs,7:23] neutrophil extracellular traps, which are often consid-
ered to be diagnostic for the presence of bacterial infection and which
were highly associated with onset of thrombocytopenia even before
COVID-19.166671 NETs — webs of chromatin, microbicidal proteins,
and oxidant enzymes — are released in response to bacterial infec-
tions - stimulating cytokine release.l8] Cytokine over-production,
in turn, is correlated with the presence of bacterial coinfections of
SARS-CoV-2 and the severity of COVID-19 (reviewed in Ref. [69]).
Other evidence of bacterial co-infections in severe COVID-19 are
the presence of elevated ferritin,[ 797! C-reactive protein,[71-74] pro-
calcitonin levels, 71741 as well as eosinopenia and lymphopenial74.75!
and cytokine overproduction syndrome (reviewed inlé%}), all of which
are independently diagnostic for bacterial infections and differentiate
severe cases from mild and asymptomatic ones. The preceding con-
siderations along with direct evidence of bacterial infections in non-
COVID thrombocytopenias!’¢77] and some COVID-19 coagulopathy
cases!78-81] have led Di Micco et al.[82] to conclude that, “Patients with
COVID-19, because of its tendency to induce leucopenia and over-
lapping of bacterial infection, may experience sudden disseminated

intravascular coagulation (DIC).”

Why have these results not been reported before?
Relationship of results to previous studies

The results of the current study differ from some previous ones. Dotan
et all?] searched previously for SARS-CoV-2 similarities to human
proteins but identified none of those listed in this paper. This difference
is due to their using a different search algorithm that limited results to
sequential heptapeptide identities thereby missing the significant mim-
ics reported here. On the other hand, Greinacher et al.[*8] have previ-
ously reported similarities between platelet factor 4/heparin and the
SARS-CoV-2 spike protein but found experimentally that these spike
protein regions were not recognized by PF4 antibodies nor did anti-
bodies against the spike protein recognize PF4 peptides. None of the
Greinacher et al., similarities are among those reported here, however.
Once again, methodology may matter.

Finally, it is important to emphasize that no one has previously
explored COVID-19-associated bacteria for human-blood protein sim-
ilarities, which may provide the most important clues as to the origins
of coagulopathies in COVID-19.

Interpreting the results in terms of different
autoimmune disease theories

The major question these results leave unresolved is why the abun-
dance of autoantigen-inducing targets presented by SARS-CoV-2 pro-
teins and its associated bacterial co-infections fail to result in autoim-

mune complications such as microclotting or thrombocytopenia in all,

or at least the majority of, individuals infected with these microbes.
The obvious conclusion, which has been reached previously in stud-
ies of other autoimmune diseases, is that molecular mimicry may be
necessary to induce auto-reactive B and T cells but is clearly not
sufficient to induce autoimmune disease.[2283-86] This point is essen-
tial for understanding how many hospitalized COVID-19 patients are
found transiently to express anti-phospholipid antibodies (aPL), anti-
PL4,b2GPI, and other blood cell antibodies!7:21-27.87.88] byt only a frac-
tion of these develop coagulopathies(253087.88] and also why SARS-
CoV-2 vaccines (to be discussed in “Implications of bacterial and viral
coinfections for understanding vaccine-induced coagulopathies”) often
induce autoantibodies but rarely autoimmune disease. Mimicry may
frequently induce autoantibody production but rarely leads to overt
autoimmune disease or, alternatively, mimics may be perceived by the
immune system as “self” antigens resulting in T cell tolerance. The dif-
ficulty with this explanation is that it leaves open why such tolerance
should occur in the majority of people but not in the minority that
develop coagulopathies.

Two other theories of autoimmune disease may explain how autoim-
munity develops into autoimmune disease in this minority of cases.
One is the bystander activation theory which proposes a non-specific
secondary infection or adjuvant causes hyper-activation the innate
immune system, preventing the development of tolerance in T-cells,
thereby setting the stage for autoimmune disease when molecu-

t.[8489.90] Certainly, one result of bacterial co-

lar mimicry is presen
infections of SARS-CoV-2 is dramatically up-regulated Toll-like recep-
tor (TLR) activation. Briefly, bacterial antigens primarily activate TLRs
1, 2, and 4 while viral antigens primarily activate TLRs 3, 7, 8, and/or 9
and the many of these viral and bacterial pathways are synergistic, pro-
ducing cytokine overproduction (reviewed inl6%:91]).

The complementary antigen theory also suggests that SARS-
CoV-2 requires a co-infection to hyper-stimulate innate immunity
and break tolerance to molecular mimicsté%91] but differs from the
bystander theory in presupposing that the co-infection must also
express antigens that mimic the target tissue and are complementary
to the viral ones.[76:858691-94] Because the viral and bacterial anti-
genic triggers are molecularly complementary, the resulting immune
responses will also be molecularly complementary resulting effectively
in idiotype-anti-idiotype antibody pairs that will form circulating
immune complexes (CIC) that stimulate cytokine production. Platelet-
activating CIC are found in all severely ill COVID-19 patients but
not mild cases.[95-971 Notably, neither molecular mimicry theory nor
bystander theory predicts the formation of CIC. Complementary anti-
bodies will, in turn, target molecularly complementary host antigens
of which many examples exist in Tables 1 and 2. For example, both
beta-2-glycoprotein | (32GPI) and phosphatidylserine/prothrombin
(Factor 2) bind to cardiolipin; cardiolipin can be provided by any of
the bacteria listed in Table 3, while SARS-CoV-2 can provide antigenic
mimics to both f2GPI and Factor 2 (Table 1 and Figure 1). Thus,
SARS-CoV-2 could synergize with any of the bacteria to trigger
autoimmunity directed at these antigenic pairs. Another example of
complementary antigens consists of PF4 binding to VWF producing an

antigenic complex that induces thrombus formation!?8l; Streptococcus,
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Staphylococcus, Klebsiella, and E. coli all express PF4 mimics, while
SARS-CoV-2is a source of VWF mimics (Table 3), potentially producing
an antigenic complex mimicking the PF4-heparin complex responsible
for heparin-induced thrombocytopenia (HIT).[99:1901 A very important
implication of the complementary antigen theory is that SARS-CoV-2
is not sufficient to induce coagulopathies and there are likely to be
multiple molecular targets involved in coagulopathy pathogenesis.

Implications of bacterial and viral coinfections for
understanding vaccine-induced coagulopathies

Vaccine-related coagulopathies may also be explained by molecular
mimicry combined with either bystander activation or complementary
antigens. The mRNA-based vaccines (Pfizer-Biontech and Moderna)
and the AstraZeneca and Johnson-and-Johnson adenovirus-based vac-
cines all employ the SARS-CoV-2 spike protein as their main antigen.
The spike protein (Table 1) is particularly rich in PDE and Rh mimics
and also expresses mimics of VWF and prothrombin and other blood
proteins. Adenovirus 5, which is used in the AstraZeneca vaccine, is
particularly rich in PDE, prothrombin, and PF4 mimics. Additionally,
adenoviruses bind to coxsackie and adenovirus receptors (CXAR) on
both red blood cells and platelets,[191] cause the release of VWF from
endothelial cells,!202] and the virus can bind directly to Factors IX and
X.[102.103] Thys, intravenous delivery of adenovirus vectors! 101:104.105]
and adenovirus pneumonial 98! are both highly associated with throm-
bocytopenia. While intramuscular injection of replication-impaired
adenovirus vectors is presumably much safer than intravenous deliv-
ery or actively replicating virus, direct adenoviral interactions with
coagulation-related proteins and cells may be important in under-
standing vaccine-associated coagulopathy risks.

Fortunately, the development of thrombotic thrombocytopenia and
other coagulopathies following COVID-19 vaccination is rare despite
a significant rate of autoantibody production against blood proteins.
Transient but significant titers of anti-PF4 antibodies were found in
5.6% of BNT162p (the Pfizer-Biontech mRNA vaccine) and around
8.0% of ChAdOx1 nCoV-19 (the AstraZeneca adenovirus 5-based
vaccine) in several studies!107-1091 and low-titer antibodies in 67%
of vaccinees in another AstraZeneca vaccine study.!11%] No one in
these studies developed clinically overt coagulopathies, again empha-
sizing the point that molecular mimicry may induce autoantibodies
without inducing autoimmune disease and making antibody positiv-
ity studies of limited value in predicting complications.[107-111] How-
ever, these transient anti-PF4 antibodies could result in sub-clinical
interference with blood clotting by blocking PF4’s antagonism of hep-
arin, thereby resulting in some SARS-CoV-2 vaccinees experiencing
longer blood-clotting times, developing blood blisters or bruises more
easily, and causing some women to experience unusually heavy and
early menstrual periods.[12] Clinically evident coagulopathy follow-
ing vaccination does involve PF4 antibodies producing a heparin-
induced thrombocytopenia (HIT)-like syndrome characterized by acti-
vation of platelet aggregation but in the absence of previous exposure

to heparin.[18:20.112-115] Cyrrent evidence suggests that mRNA-based

vaccines provoke autoimmune reactions less often than adenovirus-
vectored vaccines!11¢] as predictable from the many adenovirus-PF4
mimics listed Table 1 and Figure 2. The rarity of these complications,
however, argues once again that molecular mimicry is not sufficient to
induce vaccine-associated coagulopathies which may require concomi-
tant bacterial co-infections or other causes of hyperactivation of innate

immunity in vaccinees.

Direct interference in coagulopathy pathways by
SARS-CoV-2 blood protein mimics

Molecular mimics may also interfere directly with coagulation path-
ways. For example, C1q binds to C4 and C3b binds to C5 in the com-
plement pathway; prothrombin binds to Factor Xa; VWF binds to Fac-
tors VIII, and Factor VIl interacts with IX and X. Various combinations
of viruses and bacteria might directly interfere in all of these pathways
(Tables 1 and 2).

Additionally, all group A streptococci, E. coli, M. pneumonia, and
S. aureus express a plasminogen (plasmin) receptor (glyceraldehyde-
3-phosphate dehydrogenase) on their cell membranes that binds up
serum plasminogen, blocking plasminogen’s conversion to plasmin and

its fibrinolytic activity.[117:118]

Thus, these bacteria may participate
both in the induction of coagulopathies and by actively preventing fib-
rinolysis. Notably, plasminogen levels, and consequently plasmin levels,
increase significantly in COVID-19 patients experiencing thrombosis,
resulting in facilitated production of the fibrin-breakdown product, D-

Dimer,[119] which characterizes such cases.

Proposed experimental and clinical tests of the
hypotheses

In sum, it is proposed that coagulopathies following SARS-CoV-2 infec-
tion or vaccination are due to viral proteins expressing antigenic mim-
ics of human blood proteins that require either a generalized bystander
activation or a specific complementary activation by a bacterial (or pos-
sibly viral) coinfection to break self-tolerance and induce autoimmune
disease. Some SARS-CoV-2 proteins may also interfere directly with
coagulation processes through such mimics. The hypotheses proposed
here are experimentally testable in many complementary ways.
Animals susceptible to SARS-CoV-2, such as the Syrian Gold Ham-
ster, might be infected with both the virus and a group A strepto-
coccus, Staphylococcus, A. baumannii, or other bacteria and viruses
listed here as potential blood protein mimics, with the prediction that
the combinations, but not the individual agents, will induce coagu-
lopathies. The potential for bacterial or viral infections to stimulate
coagulopathies when present at the time of SARS-CoV-2 vaccination
can be tested similarly. Direct interference with coagulation by SARS-
CoV-2 mimics of blood proteins can be tested by introducing the appro-
priate SARS-CoV-2 proteins, or the peptide mimics illustrated in Fig-
ures 1-3, intravenously into an appropriate animal model or adding

them to freshly drawn human blood, where their presence should
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alter coagulation parameters. The coagulant effects of SARS-CoV-2
antibodies might be tested similarly, both alone and in combination
with bacterial, adenovirus or influenza antibodies that cross-react with
blood protein mimics. Once again, it is predicted that SARS-CoV-2
antibodies combined with bacterial or viral antibodies from the mim-
ics identified here will result in the induction of coagulopathies. The
detailed mechanisms might be tested by using such microbial anti-
bodies to determine whether they bind to the particular human blood
protein mimics identified here. Conversely, anti-PF4, anti-cardiolipin,
and other autoantibodies isolated from human COVID-19 coagulopa-
thy patients, or raised against purified proteins in rodents, may be
tested for binding to the SARS-CoV-2 proteins using enzyme-linked
immunoadsorption assays, Western blots or similar immunological
techniques. A final implication of the results reported here is that
some SARS-CoV-2 antigens are complementary to some bacterial anti-
gens so that polyclonal antibodies against SARS-CoV-2 may precip-
itate (by acting like anti-idiotypes) the polyclonal antibodies against
COVID-19-associated bacteria; such complementarity has previously
been demonstrated for influenza A virus and Hib bacterial antigens as

well as their antibodies.[43]

CONCLUSIONS: TESTING AND PREVENTING
COVID-19 AUTOIMMUNITY AND MAKING
VACCINES SAFER

If the hypotheses proposed here are valid, then several important diag-
nostic and therapeutic conclusions follow. One is that hospitalized
patients need to be screened for potential bacterial or viral coinfec-
tions that might trigger coagulopathies. Sites of coinfection such as gas-
trointestinal, bladder, kidney, and gums should be considered in addi-
tion to blood stream and respiratory system.[120-123] Because SARS-
CoV-2 might synergize with a variety of co-infections, there will be
no single cause for coagulopathies and therefore no single treatment
that is optimal for all patients; the particular spectrum of autoanti-
bodies needs to be determined. However, steroids along with either
intravenous immunoglobulins! 1241251 or plasmapheresis{126127] are
each effective treatments for COVID-19-associated coagulopathies
(additional evidence that these are autoimmune in origin). Vacci-
nation against SARS-CoV-2 as well as against recognized coinfec-
tions such as Streptococci, Haemophilus, and influenza virus should
decrease risk of coagulopathies by preventing bystander or comple-
mentary co-infections, just as they decrease risk of severe COVID-19
in general.[128-136] Additionally, the results reported here may provide
insight into the causes of menstruation alterations reported by some

women following SARS-CoV-2 vaccination.[112]

Finally, the present
work has implications for future SARS-CoV-2 vaccine design, imply-
ing that whole virus SARS-CoV-2 vaccines may present an extraordi-
nary risk of inducing coagulopathies compared with the mRNA, pep-
tide, or subunit vaccines because of the very large number of blood
protein mimics present; however removing molecular mimicry regions
from SARS-CoV-2 mRNAs, proteins and their virus vectors may signifi-

cantly improve vaccine safety.
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