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Background. Kawasaki disease (KD) is a febrile illness of young childhood that can result in coronary artery aneurysms and
death. Coronavirus disease 2019 (COVID-19) mitigation strategies resulted in a marked decrease in KD cases worldwide,
supporting a transmissible respiratory agent as the cause. We previously reported a peptide epitope recognized by monoclonal
antibodies (MAbs) derived from clonally expanded peripheral blood plasmablasts from 3 of 11 KD children, suggesting a
common disease trigger in a subset of patients with KD.

Methods. We performed amino acid substitution scans to develop modified peptides with improved recognition by KD MAbs.
We prepared additional MAbs from KD peripheral blood plasmablasts and assessed MAb characteristics that were associated with
binding to the modified peptides.

Results. We report a modified peptide epitope that is recognized by 20 MAbs from 11 of 12 KD patients. These MAbs
predominantly use heavy chain VH3-74; two-thirds of VH3-74 plasmablasts from these patients recognize the epitope. The

MAbs were nonidentical between patients but share a common complementarity-determining region 3 (CDR3) motif.

Conclusions.

These results demonstrate a convergent VH3-74 plasmablast response to a specific protein antigen in children

with KD, supporting one predominant causative agent in the etiopathogenesis of the illness.
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Kawasaki disease (KD) is an acute febrile illness of childhood
with the clinical features of oral and conjunctival erythema,
rash, cervical adenopathy, and redness and swelling of the hands
and feet. The disorder is distinctive in its potential to cause severe
and persisting coronary artery aneurysms that can lead to myo-
cardial infarction, aneurysm rupture, and sudden death [1-3].
However, no diagnostic test exists, and diagnosis can be difficult
because many infectious and inflammatory conditions of child-
hood can mimic KD. This recently led to confusion between KD
and multisystem inflammatory syndrome in children (MIS-C),
which share some clinical features [4].
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We previously reported an oligoclonal immunoglobulin A
(IgA) response in acute KD coronary arteries [5], and others
have reported an oligoclonal B-cell response in peripheral blood
mononuclear cells from children with KD [6]. We recently iden-
tified a protein epitope targeted by monoclonal antibodies
(MAbs) derived from clonally expanded peripheral blood plas-
mablasts from 3/11 children with recently diagnosed KD that
bind to intracytoplasmic inclusion bodies in KD tissues [7].
Incubation of KD MAbs with human protein arrays that display
full-length or near full-length proteins of 80% of the canonical
proteome did not yield a human target of the antibodies, and a
microbial, likely viral, target seems most likely, especially in
view of the binding of the MAbs to RNA-containing inclusion
bodies in KD tissues that we observed to have virus-like particles
in close proximity [7-9]. Recently, coronavirus disease 2019
(COVID-19) mitigation strategies such as masking and social
distancing resulted in a significant reduction in KD cases
worldwide, providing a real-world experiment supporting a
presently unknown respiratory virus as the most likely causative
agent [10-15].

In this work, we report our discovery of a convergent plas-
mablast response to a specific protein epitope in 11/12 children
with KD. We identified this epitope using amino acid
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substitution matrix analyses of the epitope we previously re-
ported, with the goal of identifying whether a modified protein
sequence would result in improved binding to KD MAbs [7].
We discovered that MAbs that bind to the epitope were pre-
dominantly of the variable heavy 3-74 (VH3-74) family, char-
acteristic of a convergent response, and that these antibodies
shared a common complementarity-determining region 3
(CDR3) motif. Because convergent antibody responses are typ-
ical of the B-cell response to distinct antigens of specific path-
ogens, the refined epitope likely represents either a linear
epitope or a mimotope of an antigen derived from the trigger-
ing agent of KD [16, 17]. These results strongly favor one pre-
dominant cause of KD and provide significant new insight into
its pathogenesis.

METHODS

Patients

This study was approved by the Institutional Review Board of
the Ann and Robert H. Lurie Children’s Hospital of Chicago.
Clinical and plasmablast data on the 12 patients are described
in Table 1. We deliberately focused the patient dataset on chil-
dren who presented with coronary artery aneurysms, as the di-
agnosis of KD is most certain in such patients.

Flow Cytometry

CD37CD19"CD38""CD27"" peripheral blood mononuclear
cells were gated and single cells sorted into individual wells
of 96-well plates, as previously described [7].

Amplification, Sequencing, and Cloning of Inmunoglobulin Variable
Region Genes

Reverse transcription, polymerase chain reaction amplification
of heavy and light chain variable genes, and cloning into immu-
noglobulin expression vectors were performed as previously
described [7, 18]. Heavy and light chains of the MAbs produced
for this study have been submitted to GenBank with accession
numbers OP207904 through OP207952.

Antibody Production and Analysis

Antibodies were produced by transfection of 293F suspension
cells with immunoglobulin expression vectors as described in
Supplementary Methods.

Substitution Analysis

Substitution analysis was performed on peptides recognized by
KD MADs by creating a peptide array that includes stepwise sub-
stitution of all amino acid positions of the peptide with all 20
amino acids, to determine the amino acids that yielded optimal
antibody binding (PEPperPRINT, www.pepperprint.com).

ELISA for Binding of Peptides to KD Monoclonal Antibodies

Immulon 2 HB 96-well plates (ThermoFisher) were coated with
synthetic peptides and incubated with KD MAbs as described
in Supplementary Methods. We used 2-sample ¢ tests to com-
pare the difference in MADb binding to KDpeptidel and
KDpeptide3 for each monoclonal antibody.

ELISA for Reactivity of KD MAbs With SARS-CoV-2 Proteins

Immulon 2 HB plates were coated with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) spike HexaPro or full-
length nucleocapsid protein followed by KD MAbs as described
in Supplementary Methods.

Western Blot Assay Using Mouse Fc-Concatemerized KD Peptide Fusion
Proteins

We optimized the nucleotide sequence that codes for KD pep-
tide sequences for expression in 293F cells and prepared mouse
Fc fusion proteins containing multimers of KD peptide se-
quences linked by short spacers for use in western blot assays
as described in Supplementary Methods.

RESULTS

To characterize the antibody response in KD patients, we gen-
erated MAbs from clonally expanded peripheral blood plasma-
blasts obtained by single-cell sorting from 12 children with KD
(Figure 1A and Table 1). In our prior work, we reported that
KD MAbs from 3 of 11 patients, designated KD4-2H4,
KD6-2B2, and KD8-1D4, bind to intracytoplasmic inclusion
bodies in tissues from fatal KD cases and recognize a specific
epitope designated as KDpeptidel. These MAbs did not recog-
nize a human protein by protein array analyses [7]. In this
work, we prepared additional KD MAbs from a total of
12 KD patients and performed amino acid substitution arrays
to determine whether the specific epitope could be refined to
optimize binding to KD MAbs. We also analyzed the KD
MAbs that bound to the refined epitope, to determine if
MAbs from different KD patients that bind to the epitope share
sequence similarity (Figure 1B).

Optimizing the Epitope Recognized by KD MAbs Using Amino Acid
Substitution Scans

In our earlier studies, we performed substitution matrix
analysis using MAbs recognizing the initial KD epitope
N’-KPAVIPDREALYQDIDEMEEC-C' (KDpeptidel) [7]. Each
position in the peptide was substituted with all other amino ac-
ids and binding of KD MAbs was evaluated by peptide array.
From these initial substitution matrix arrays, we made amino
acid substitutions in KDpeptidel to determine if they enhanced
binding to KD MAbs. Based on results of substitution scans us-
ing individual KD MAbs, we used slightly modified peptides as
the base peptide in substitution analyses using a total of 13 KD
MAbs, with representative results using 6 KD MAbs shown in

Convergent Antibody Response in KD « JID 2023:228 (15 August) « 413


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad048#supplementary-data
http://www.pepperprint.com
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad048#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad048#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad048#supplementary-data

Table 1. Clinical and Plasmablast Data for Kawasaki Disease Patients in This Study®
Day of lliness  Day of lliness of  Incomplete Total No. of Plasmablasts
Patient  Age Sex Race/Ethnicity of Sample IVIG Given KD Zmax RCA/LAD (Isotype)
KD1 4y F Hispanic 17 13 No RCA 4.7 119 (49A, 28G, 42 M)
KD2 4y F White 24 8 No Normal 115 (64A, 22G, 29 M)
KD3 5y M Black 20 19 Yes Normal 67 (33A, 31G, 3 M)
KD4 3 mo M Hispanic 8 6 Yes RCA 3.0, LAD 3.5 153 (102G, 30A, 21 M)
KD5 11 mo F Caucasian, Asian 14 10 Yes Normal 115 (63G, 39A, 13 M)
(Vietnamese)
KD6 4y F Black 13 5and 8 No RCA 3.0 80 (43A, 23G, 14 M)
KD7 177mo M  Caucasian 13 9 No RCA 9.8, LAD5.7 121 (56A, 50G, 15 M)
KD8 17mo M Caucasian 14 12 Yes LAD 3.5 85 (41A, 34G, 10 M)
KD9 3y M Asian (Indian) 9 6 No Normal 81 (30A, 38G, 13 M)
KD10 5y F Asian (1/2 Japanese, 1 7 No RCA 5.4, LAD 7.4, distal 88 (41A, 41G, 6 M)
1/2 Korean) large aneurysms
KD11 3y F Caucasian 15 5 No RCA 2.55, distal L main 132 (36A, 50G, 46 M)
5.6
KD12 7 mo M Caucasian 22 18 No RCA 4.3, LAD 11.6 159 (69A, 34G, 56 M)

Abbreviations: IVIG, intravenous gammaglobulin; KD, Kawasaki disease; LAD, left anterior descending coronary artery; RCA, right coronary artery; Zmax , maximal Z score.

#Patients 1-11 were previously reported in Rowley et al [7].

Figure 2. The results are depicted in a heat map with red indi-
cating strong binding and blue indicating decreased or no bind-
ing compared to the base peptide. The sequential use of the
substitution scans led to development of a second KD peptide
KPAVIPDREMLIQSIVEMEEC (KDpeptide2) and then to a
third peptide PAVIPDRPMLFQSIVEMEEC (KDpeptide3).
Multiple substitution scans demonstrated the essential or near-
essential nature of P%, L'°, Q"% "%, and I'* of KDpeptide3 for
binding to the MAbs, with M® and V' highly favored and
F'! less essential, allowing for substitution by V, T, or I at
that
KDpeptide3, where position 1=P and position 20=C;

position (amino acid numbering is based on

Figure 2).

MAbs From Children With KD Show Preferential Binding to KDpeptide3

We directly compared binding of KD MAbs to KDpeptidel,
KDpeptide2, and KDpeptide3, as shown in Figure 3A and
Supplementary Figure 1. Serial dilutions of MAb reactivity
against KDpeptide3 are shown in Supplementary Figure 2.
The 3 previously identified KD MAbs that bind to
KDpeptidel and 13 newly generated KD MAbs from multiple
patients preferentially recognized KDpeptide3 over the other
peptides. A subset of antibodies demonstrated binding to
KDpeptide3 and KDpeptide2, but did not bind to KD peptide
1 (KD1-2B1, KD1-1H8, KD2-1D10, KD5-2D7, KD6-2H3,
KD7-2H5, KD7-1B5, KD10-1G3, KD11-2A12,
KD11-2E4; Figure 3A and Supplementary Figure 1). Of note,
substitution of P* in KDpeptide3 for E at the corresponding po-

and

sition in KDpeptidel and KDpeptide2 resulted in a significant
enhancement of binding for multiple KD MAbs. BLAST anal-
yses of the core sequence PMLF(V, T)QSIV did not yield

human protein hits. Because we have previously demonstrated
that KD inclusion bodies identified by KD MAbs contain RNA
and not DNA [9], we also performed BLASTp analyses restrict-
ed to RNA viruses, yielding remote hits to diverse RNA viruses.
These analyses were largely uninformative because of the lim-
itations of the short core sequence length of about 8 amino ac-
ids, similar to the length of other linear epitopes bound by
antibodies [19], and because the KD agent is likely one whose
sequence is not present in established databases. Moreover,
acute plasmablast responses to viral infection are often target-
ed at viral surface proteins, which are less conserved between
viral families and can even be divergent between different vi-
ral genotypes of the same virus, making it less likely that ho-
mology to a known virus could be readily identified [20-22].

We also prepared mouse-Fc fusion proteins containing
3 copies of KDpeptidel and KDpeptide3 for use in western
blot assays with KD MAbs to assess binding of the MADbs to
these fusion proteins. Western blot results using the MAbs
were comparable to enzyme-linked immunosorbent assay
(ELISA) using the peptides themselves. KD MAbs demonstrat-
ed enhanced binding to fusion proteins containing KDpeptide3
compared with those containing KDpeptidel (KD4-2H4;
Figure 3A and 3B). Some MAbs recognized fusion proteins
containing KDpeptide3 but did not recognize those containing
KDpeptidel, similar to the ELISA results (KD6-2H3; Figure 3B
and Supplementary Figure 1).

Importantly, all KD MAbs that were initially discovered to
bind to KDpeptidel showed stronger binding to KDpeptide3
(P value <.01 for all MAbs; Figure 3A), indicating that
KDpeptide3 is a common epitope in the KD response. These re-
sults suggest that the KDpeptide3 sequence more closely
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Identify consensus KD epitope

Subset of KD
from 3/11 patients bind Peptide 1
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Identify consensus KD antibody

Plasmablasts from KD patients whose
encoded antibodies recognize Peptide 3

Analysis reveals
convergent VH3-74
usage

VvDJ
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KD12 -

Shared CDR3 motif

11/12 KD patients over 5-year time
span recognize common epitope
via convergent VH3-74 response

Figure 1.

Approach to identify antigen-antibody response in KD patients. A, Scheme for analysis of plasmablast response in patients with KD. B, Diagram of the 2 ap-

proaches used to identify a consensus KD epitope and the convergent antibody response in plasmablasts from patients with KD. Abbreviations: CDR3, complementarity-
determining region 3; lg, immunoglobulin; KD, Kawasaki disease; MAb, monoclonal antibody; PB, plasmablast; RT-PCR, reverse transcription polymerase chain reaction;

VH, variable heavy; VL, variable light.

resembles the sequence of the antigen in the KD triggering
agent (either as a linear sequence or as a mimotope) than
does the KDpeptidel sequence.

KD MAbs Binding to KDpeptide3 From 10 of 11 KD Patients Use Heavy
Chain VH3-74 or its Paralogs

KD4-2H4, KD6-2B2, and KD8-1D4, the MAbs originally iden-
tified as binding to KDpeptidel, are members of the VH3-74,
VH3-33, and VH3-72 families. Of the 3 MAbs, KD4-2H4

showed strongest binding to KDpeptidel and is a member of
the VH3-74 family. To determine if plasmablasts encoding an-
tibodies from the VH3-74 family preferentially bind to the epi-
tope, in this study we prepared additional MAbs from 8 KD
patients. This yielded VH3-74 antibodies that recognized
KDpeptidel by ELISA from KD3 (KD3-1C10), KD5
(KD5-2D10), and KD10 (KD10-1A8) (Table 2 [VH3-74
MAbs shown in bold] and Supplementary Table 1). These re-
sults suggested that VH3-74 antibodies and their paralogs
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KD3-1C10 KD1-1H8 KD5-2D10

Carboxyl [E[E bs ALVY ! TFGMWQCKRHANP|[EETVI SDGMLPANCFKQWY HR|[VTSs FDVEIALMGYCKWRNAPQ
terminus |y |y | A b FE sy QLT CFRWMHGKNP||[VIVEI STOLACFYMWP QKNHGR| VIDEV|I TFASYLCMGWKRQHN P
(v LFYawMCc NSADEGHKPRT||IMIVF TDNRMHWKLACEGPQS Y LW VFLYTHEAWKRDS QMC GNP
SSATDMEQRYCFKWGLNVHIP|[SSTEDMARCGKNWHYLVI QFP||sSIsTADMEGRKFYQVWLI HCNEP

o Qe s RMACDFGHI KLNPTVWY||[Q@EVFMACDGHI KLNPRSTWY| oS ETRACDEGHI KLMNPVWY
= [FFI YVLTWHKREMQS CDNAGP||FIl TFVLEYHSDMNRCKQWAGP||VFIVLTYESMWKHROQDNCAGEP
§ LMawy i nvanrcpeckmpRrRsT| L LMcraNnnHAaDEFGI KMPSTVWY||LIkcRWQVAGDEFHI MNPSTY
MMALRI FKVQTHSEYNWCGDP||[MEMFLAQDTSVHNCRI KYGPW [MQTMAVNKESI HRLCF WGYDP
PPAGEI VAHS WCLFTNDYKRM PPEGARCVNQOMHE WKSLTI Y| |[PPAGNEQCVRI SMHFEKWTDLY
Amino [EIE1 VHAMLQGTSDYFRNKPCW [REGVQTPMNSLIDHFARKCY W F?RTVQSHGPA\MYNLEFWKDC}
terminus DE QHLARVNIDMGYFPKTCWS| DEDGLOQPMHVNATICFKWRSY| DDHPAVSQOMERKNGI CFTLYW

KD6-2H3 KD10-1A8 KD7-2H5

Carboxyl E[E DS TCMI YLGFVWQANHKRP|[yTSVDEIFLMAPGRQCKY WNH [EEDVTPSMI LAGFQNYHRKCW
terminus fvlv e b1 cQASTYLFHRWKMNGP| [yWDI ESTLAFCKYWRMHGNOQP||VVDEISTACLFYRMQGHWKN P
i @vyrrawLcADEGKMNPRST [ MlVSFLQANMHECDGT WP Y KR I MVRFACDEGHKL MNP QST WY

IS8 DTAMEYQF WGNKLVCHIPR||sSSTRMDAEGFQWVYLNCI KHP||SITSMGDEARFYKLNQCWI HP V

@ QA CDEFGHI KLMNPRSTV WY [offls N1 AceYHWFDLTKMVEPR||Q@BIWI TEWSACDFGHKL MNPRY
= |FIFY!I WLVTCKMERSQNADGHP| |yFI VLTWYHKERSMQDANCGP||ITVFILYSEMKRHQWDARNCGEP
& [LMratrTcvHADGI KMNPSWY| | MlkwvceErvyDoHi NPAGMARST| LIIRFNYSKWACDEGHI MPQT V
MMT VRI FKLYQWSHECAGDNPI MMQLTKRVAI SEFNHWYGCDP ML MF I EYVTSQWDARPNHGKC
PRI VTNQHF WRLAKSMCDEGY| |pPAQGERSVKNMWHIDFCTVYL||E[PVI DTNESQALMGHREKWYF C|
Aminop |ElY 6T MS 1 VRFLNQKEHWDACP|[RVTPQGHAFRMSENILYKWDC||RIGPNDTEQVHSRI MFLYACWK|
terminus IPIE DS TAQNGLHMI RWPFCVAYK||DVPDTEGAQNHSI| MALFWRKYC|[DEPGDHNI STLRAVWQF MKY C

Figure 2. Amino acid substitution scans using monoclonal antibodies (MAbs) from multiple Kawasaki disease (KD) patients support a consensus PMLFQSIV epitope. The
base peptide used is shown on the far left of each scan. Each amino acid of the base peptide was replaced by each of 20 amino acids and the relative binding of the peptide
with each amino acid replacement is shown. Red indicates strong binding while blue indicates inhibition of binding relative to the base peptide. The base peptide differs
slightly in individual scans. Scans using MAbs from KD patients 1, 3, 5, 6, 7, and 10 are shown; additional scans performed using MAbs from KD patients 2, 4, and 8 gave

similar results.

might be preferentially used by children with KD to respond to
the protein epitope, presumably because the antibody structure
of this family allows for binding to this KD antigen. With mod-
ification of KDpeptidel to KDpeptide2 and KDpeptide3, we
that KD MAbs
KDpeptide3, and using this peptide, we identified additional
KD MAbs that recognized KDpeptide3, some of which did
not bind to KDpeptidel, as noted above. All MAbs binding
to KDpeptide3 derived from VH3-74 or other VH3 MAbs
with >80% similarity to VH3-74 [23] (Table 2 and
Supplementary Table 1). These MAbs were identified in 10 of
11 children with KD, including all of 8 children who developed
coronary aneurysms (Table 1 and Table 2). The single child
(KD9) from whom we did not identify a MAb that binds to
any of the 3 peptides did not have plasmablasts encoding
VH3-74 or paralogs VH3-33 or VH3-72 among the 81 single
cells sequenced. This patient fulfilled clinical diagnostic criteria

found showed optimal binding to

for KD but did not develop coronary artery abnormalities, so
the diagnosis could not be confirmed.

The genetic features of the MAbs prepared for this report are
detailed in Supplementary Table 1. MAbs recognizing
KDpeptide3 differed in CDR3 sequence, with lengths varying
from 11 to 19 amino acids, and with 0 to 15 amino acid muta-
tions from germline. D genes D4-17*01, D3-9*01, D6-13*01,
and D6-19*01, and light chains L2-11*01, L1-44*01,
K3-15%01, K3-20*01, and K1-5%03 were used by 2 or more
MAbs in the dataset (Supplementary Table 1). Overall, 10 of
14 (71%) VH3-74 MAbs and 2 of 3 (67%) VH3-33 MAbs
that we produced from plasmablasts from 11 children with

KD recognized KDpeptide3 (Table 2 and Supplementary
Table 1). We note that neither 3 VHI nor 4 VH4 antibodies
from clonally expanded plasmablasts from the original 11 KD
patients recognized KDpeptidel, 2, or 3, nor did 5 VH3-74
MAbs from these patients, suggesting that the response to
KD likely includes additional epitopes that we have not yet
identified and/or that some VH3-74 MAbs circulating in the
plasmablast pool were not responding to KD (Supplementary
Table 2). The prevalence of VH3-74 MAbs from children
with KD that bind to KDpeptide3 define a convergent plasma-
blast response to a specific protein epitope in KD.

Plasmablast Analysis of KD Patient 12 Also Yields MAbs Binding to
KDpeptide3

Our initial study of KD plasmablasts included children with KD
diagnosed in 2017-2018 [7]. To determine if the antigen that
includes the KDpeptide3 sequence was also recognized by a
KD patient presenting 5 years following our initial study, we se-
quenced 159 single plasmablasts from KD12, an infant with
classic KD who developed a giant coronary artery aneurysm
in 2022. Nine sets of clonally expanded plasmablasts were iden-
tified in this child’s peripheral blood (Supplementary Table 1).
These included 3 sets of clonally expanded VH3-74 plasma-
blasts, 2 of which included plasmablasts of more than 1 isotype
within the set, compatible with isotype switching during an
acute response to infection. One of these VH3-74 plasmablasts,
KD12-2A1, recognized KDpeptide3 but not KDpeptidel or
KDpeptide2 (Table 2 and Figure 3A). MAbs made from 3 addi-
tional clonally related sets of plasmablasts, KD12-1F10,
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Figure 3. KD MAbs show preferential binding to KD peptide 3 over KD peptide 1. A, ELISA of a subset MAbs to the 3 peptides. For all antibodies recognizing KD peptide 3,
binding to KD peptide 3 was significantly greater than KD peptide 1 in triplicate assays, P< .01. B, Western blots of KD peptide 3 (FP3) and KD peptide 1 (FP1) mouse Fc fusion
proteins probed with KD MAbs KD4-2H4 and KD6-2H3. Human IgG (hulgG) was used as a positive control for the secondary anti-human IgG antibody, and stripped blots were
reprobed with anti-mouse IgG (mslgG) to assess protein loading. Abbreviations: ELISA, enzyme-linked immunosorbent assay; lg, immunoglobulin; KD, Kawasaki disease;
MAb, monoclonal antibody; OD, optical density.

Table 2. MAbs Generated From Plasmablasts of Patients With KD That Bind to KD Peptide

HCDRS3 IGHV Amino Acid Mutations K(L) CDR3 IGK(L)V Amino Acid Mutation PB
Patient MAb IGHV JH Length From GL IGK(L)V Length From GL Isotype
Group 1
KD4 KD4-2H4 3-74*01 2 14 4 L2-11*01 10 0 19G
KD6 KD6-2B2 3-33*01 3 12 15 K1-5*01 10 9 IgA
KD8 KD8-1D4 3-72*01 3 12 1 K1-6*01 9 4 IgA
Group 2
KD1 KD1-2B1 3-74*01 6 13 4 L2-11*01 10 3 IgA
KD1 KD1-1H8 3-74*01 2 15 7 K3-15*01 9 2 IgA
KD2 KD2-1D10  3-74*01 4 14 7 L2-8*01 11 4 lgG
KD3 KD3-1C10  3-74*01 6 12 10 K3-20*01 10 9 IgA
KD5 KD5-2D7 3-74*01 6 13 6 L1-44*01 13 6 lgG
KD5 KD5-2D10  3-74*01 3 15 0 K3-15*01 10 0 19G
KD6 KD6-2H3 3-15*01 3 19 9 K3-15*01 8 5 19G
KD7 KD7-2H5 3-74*01 4 11 1 L1-47*01 11 0 IgA
KD7 KD7-1B5 3-33*01 4 12 6 L1-561*01 1 0 IgA
KD10 KD10-1G3 3-73*01 5 15 14 L5-37*01 11 20 IgA
KD10 KD10-1A8  3-74*01 3 1 8 K2-29*02 9 3 19G
KD11 KD11-2E4 3-74*01 4 19 11 K1-5*03 11 4 IgA
KD11 KD11-2A12  3-21*01 4 13 0 K3-20*01 10 0 IgA
Group 3
KD12 KD12-2A1 3-74*01 4 16 1 K3-20*01 9 1 IgA
KD12 KD12-1F10  3-21*01 4 8 0 K1-39*%01 9 0 IgA
KD12 KD12-2A10 3-15*07 4 12 7 K3-20%*01 9 7 19G
KD12 KD12-1G7 3-66*01 4 Il 10 L1-44*01 11 6 IgA

Group 1, KD MAbs previously described to bind KDpep1'”, shown in this report to have improved binding to KDpep3. Group 2, KD MAbs generated from 8 different KD patients in 2017-2018
that bind to KDpep3. Group 3, KD MAbs generated from 1 KD patient in 2022 that recognize KDpep3. Members of the IGHV 3-74 gene family are bolded. Abbreviations: GL, germline; HCDR3,
heavy chain complementarlty-determining region 3 (CDR3); Ig, immunoglobulin; IGHV, heavy chain variable gene; IGK(L)V, light chain lambda (L) or kappa (K) variable gene; JH, heavy chain
junctional gene; KD, Kawasaki disease; K(L) CDR3, light chain K or L CDR3; MAb, monoclonal antibody; PB, plasmablast.
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KD12-1G7, and KD12-2A10, also recognized KDpeptide3 albe-
it with lower binding; these MAbs were of the VH3-21,
VH3-66, and VH3-15 families, respectively [23] (Table 2 and
Supplementary Table 1).

KD MAbs Binding to KDpeptide3 Share a Common CDR3 Epitope

We found that MAbs from KD patients 1-12 that recognize
KDpeptide3 had different CDR3 sequences (Figure 4A).
However, motif-based sequence analysis of the CDR3 amino
acid sequences (https://meme-suite.org/meme/) revealed a stat-
istically significant common motif at 2.3e-6 (Figure 4B). Of the
20 KD MAbs recognizing KDpeptide3 (Table 2), 19 share the
motif, with KD12-1F10 the only exception. These results pro-
vide further evidence of a convergent VH3-74 antibody re-
sponse to the KDpeptide3 protein antigen in children with
KD presenting over a 5-year time period.

KD MAbs do not Demonstrate Cross-reactive Binding to SARS-CoV-2
Proteins by ELISA

Because of some clinical similarities between SARS-CoV-2-
induced MIS-C and KD, some investigators have suggested
that KD might be caused by a virus with homology to
SARS-CoV-2. To determine if KD MAbs were cross-reactive
with SARS-CoV-2 spike or nucleocapsid proteins, we per-
formed ELISA of KD MAbs against these proteins. Control
antibodies to these proteins gave positive results, while none
of 13 KD MADbs reacted with these proteins, including 11 that
react with KDpeptide3, and 2 others whose targets remain un-
known (data not shown).

DISCUSSION

In the present study, we report a refined protein epitope target-
ed by a convergent VH3-74 antibody response with a common
CDR3 motif in 11/12 children with KD. The one patient in
whom this response was not identified had typical features of
the illness but did not develop coronary artery abnormalities.
The possibilities for a lack of detection of a similar response
in this single patient include an insufficient number of plasma-
blasts sequenced, misdiagnosis of another childhood illness as
KD, or a different KD triggering pathogen.

Because no specific infectious etiologic agent has been iden-
tified as the cause of KD to date, it has been speculated that it
could be an autoimmune illness triggered by widely diverse in-
fectious agents. We cannot completely exclude the possibility
that the protein epitope that we have identified as a target of
the KD immune response is a mimotope of a human protein,
but protein arrays that display full-length or near full-length
proteins of 80% of the canonical proteome did not yield a hu-
man target of KD MAbs [7]. Perhaps more importantly, the fea-
tures of KD are difficult to reconcile with an autoimmune
theory of pathogenesis. KD is a febrile illness with distinctive
features and onset that resolves

clinical an abrupt

A

MAb HCDR3 motif
KD5-2D10 ARGVRSGWYADAFDI
KD6-2B2 ARKMSEDDAFDL
KD2-1D10 GRGRSLTPRSAIDY
KD10-1A8 AKDLHWNALDV
KD12-2A1 ARGGGSSNWYPGFFDY
KD8-1D4 ARFLLVADAFDI
KD1-2B1 ARQDGHYYYSMDV
KD4-2H4 ARYAHLGIGWYFDL
KD11-2E4 ATERGLLSGGRWHSSHFDY
KD6-2H3 AIDDYYNLDKAGPFDAFDF
KD12-2A10 TTMYGWKDARDY
KD11-2A12 ASVDSSGWYYFDY
KD7-1B5 ARDLGSGFSLDY
KD12-1G7 GGSVMVSATDY
KD3-1C10 ARGGLFYYGMDV
KD1-1H8 VRGGSDSGDSVPFDL
KD7-2H5 ARALGGWDIDY
KD5-2D7 ARELGYGDYGMDV
KD10-1G3 TTVLSKGDHAVWLGP

HCDR3 motif

Figure 4. Analysis of CDR3 sequences of KD MAbs supports a convergent anti-
body response in KD patients. A, Alignment of CDR3 amino acid sequences from KD
MAbs that recognize KD peptide 3. B, Motif-based sequence analysis of CDR3 ami-
no acid sequences of KD MAbs binding to KD peptide 3. Analysis was performed
using the MEME suite (https:/meme-suite.org/meme/), revealing a statistically sig-
nificant consensus motif at 2.3e-6. Abbreviations: KD, Kawasaki disease; MAb, mono-
clonal antibody.

spontaneously in 1-2 weeks even without therapy in most cas-
es, a very short time span for an autoimmune disease. Coronary
artery disease in KD occurs in the first few weeks following fe-
ver onset but does not worsen over time even without treat-
ment; it seems highly unexpected for autoimmune disease to
cause enough vascular damage to potentially result in myocardi-
al infarction but abruptly cease after a few weeks without recur-
rence of vascular injury. The illness affects a very restricted age
group with peak incidence in infancy, which is a very unusual
age for autoimmunity to arise. KD rarely recurs, but the autoim-
mune theory would predict that another infection could trigger
another episode of KD. The worldwide reports of outbreaks and
epidemics of KD should not be apparent if diverse triggering eti-
ologies in a susceptible host cause KD by an autoimmune
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Figure 5. A proposed model of the pathogenesis of Kawasaki disease (KD). In this model, the KD agent is acquired via the respiratory route and infects ciliated bronchial
epithelial cells, where inclusion bodies can form. It can be picked up by monocyte/macrophages and presented to the immune system, resulting in innate and acquired
immune responses. Monocyte/macrophages travel through the circulation and enter coronary arteries and other tissues, with the most significant damage occurring in
the coronary arteries. The immune system ultimately clears the infection, although inclusion bodies can persist.

mechanism [24, 25]. In contrast, all of these features are consis-
tent with a single causative infectious agent or group of closely
related agents that usually results in asymptomatic infection
but can cause KD in a subset of genetically predisposed children
who generally develop lifelong immunity following the illness
(Figure 5).

Clinical features of KD supporting a viral etiology include
the lack of response to antibiotic therapy, and its self-limited
nature, even without treatment. Epidemiologic data supporting
a respiratory transmissible etiologic agent include the signifi-
cant decrease in KD cases worldwide that occurred when
COVID-19 mitigation strategies were put in place [10-15].
Research data supporting a viral etiology include the discovery
of intracytoplasmic inclusion bodies in KD tissues that are rec-
ognized by KD MAbs and have virus-like particles in close
proximity [7, 8], and the immune signature of cytotoxic T
cell and interferon response in KD coronary arteries [26].

Determining the nucleic acid sequence of the putative KD vi-
ral agent is a research priority. Identification of a novel virus in
this young patient population is particularly challenging, espe-
cially because the target tissues of the disease, the coronary

arteries, are unavailable to the researcher except in rare fatal
cases, which generally occur months to years after the onset
and could therefore contain very low quantities of the agent.
We are presently focusing our efforts to identify the agent on
preparation of proteins from translated unassigned nucleic
acid sequences identified in laser-captured KD intracytoplas-
mic inclusion bodies from acute KD cases, to determine if
they are recognized by sera from KD patients.

Because of some clinical similarities between KD and MIS-C
and the observation that some children with MIS-C can have
dilation of the coronary arteries during their acute illness,
some investigators have postulated that a virus closely related
to SARS-CoV-2 might be the cause of KD. However, coronary
artery dilation arising from MIS-C is mild, short-lived, and
peaks during the acute febrile illness, features that are distinct
from KD and similar to what has been observed in other in-
flammatory conditions associated with marked cytokine release
such as systemic onset juvenile idiopathic arthritis [27-29].
Moreover, autopsy studies on fatal MIS-C cases to date have
not revealed coronary artery inflammation, which is the hall-
mark of KD [1, 30-32]. We tested KD MADs to determine if
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they showed cross-reactivity with SARS-CoV-2 proteins, with
negative results.

Our study has several limitations. Plasmablasts were ob-
tained from children with KD in a single geographic area, be-
cause rapid processing of fresh blood is required for optimal
recovery of these fragile cells. However, we included patients
who presented over a 5-year timespan and obtained similar re-
sults regardless of the month or year of onset of KD. It seems
doubtful that the triggering agent of KD would be consistent
over time in Chicago yet differ from that in other parts of the
world. Moreover, the MAbs we made from children with KD
in our geographic area identified intracytoplasmic inclusion
bodies in ciliated bronchial epithelium of children with KD
from other geographic areas of the United States and from
Japan [7], suggesting that children from different parts of the
world had the same triggering agent for KD. We sequenced ap-
proximately 100 plasmablasts per patient, so could have missed
additional VH3-74 or other plasmablasts that recognize the KD
protein epitope.

CONCLUSION

These results identify a specific protein epitope targeted by
VH3-74 plasmablasts encoding a shared CRD3 motif that is
common to children with KD. Convergent antibody responses
commonly occur to specific antigens of infectious agents [16,
17, 20-22, 33]. The findings support a research focus toward
identification of a predominant etiologic agent for KD and pro-
vide insights into the pathogenesis of this potentially fatal ill-
ness of childhood.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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