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SARS-CoV-2 infection causes scvere symptems in a subsct of paticats, suggesting the
presence of certain unknown risk factors. Although antibodies against the receptor-
binding domain (RBD) of the SARS-CoV-2 spike have been shown prevent SARS-CoV-2
infection, the effects of antibodies against other spike protein domains are largely
unknown. Here, we screened a series of anti-spike monoclonal antibodies from COVID-
19 patients, and found that some of antibodies against the N-terminal domain (NTD)
dramatically enhanced the binding capacity of the spike protein to ACE2, and thus
increased SARS-CoV2 infectivity. Surprisingly, mutational analysis revealed that all the
infoctivity enhancing antibodics recegnized a specific site on the surface of the NTD. The
antibodies against this infectivity-enhancing site were detecied in all samples o.f
hospitalized COVID-19 patients in the study. However, the rafio of infecti ancing
W to neutralizing antibodies differed among patients. Furthermore, the
antibodies against the infectivity-enhancing site were detected in 3 out of 48 uninfected
donors, albeit at low levels. These findings suggest that the production of antibodies ‘ "'
against SARS-CoV-2 infectivity-enhancing site could be considered as a possible
exacerbating factors for COVID-19 and that a spike protein lacking such antibody
epitopes may be required for safe vaccine development, especially for individuals with
pre-existing enhancing antibodies.

Main

SARS-CoV-2 is a novel corcnavirus that causes coronavirus disease 2019 (COVID-19)!.
Although SARS-CoV-2 infection can result in severe symptoms and is associated with high
mortality in some patxents most infected individuals do not exhibit such severe symptoms;
therefore, additional factors are likely to facilitate the progressm" to severe COVID- 19,
SARS-CoV-2, an enveloped positive-strand RNA virus, requires fusion with the host cell
membrane for infection®. The spike protein is the major envelope protein in SARS-CoV-2 and
is composed of S1 and S2 subunits. The S1 subunit is further divided into an N-terminal domain
(NTD) and a receptor-binding domain (RBD)>*. The interaction between the RBD and the host
cell receptor, ACE2, is responsible for SARS-CoV-2 infection of host cells”S.

COVID-19 patients produce antibodies against the RBD of the spike protein, blocking the
SARS-CoV-2 infection’®!!. Therefore, antibody production against the spike protein plays a
pivotal role in host defense against SARS-CoV-2 infection®!!. However, antibodies against
viruses are not always protective'?. For example, antibedies against dengue virus protein can
cause severe diseases that are mediated by the Fc receptor'. In this study, we evaluated the
effect of various types of anti-spike antibodies on ACE2 binding and SARS-CoV-2 infection.

Resulés

Enhanced ACE2 binding to the spike protein by a subset of anti-NTD antibodies

We studied the function of the antibodies produced in COVID-19 patients by generating a series
of anti-spike monaclonal antibodies from COVID-19 patients *  and analyzing their effect
on the binding of recombinant ACE2 to cells expressing the spike protein (Fig. 1a). The binding
specificity of the antibodies was determined using transfectants encoding the membrane form
of the NTD, RBD, or S2 domain of the spike protein (Supplementary Fig. 1a,b). Some anti-
spike antibodies that did not bind to recombinant NTD in previous reports * specifically
recognized NTD expressed on the cell surface. Recombinant ACE2 bound to whole spike and
RBD.TM transfectants but not to NTD-TM or meck transfectants, indicating that recombinant
ACE2 specifically binds to the RBD of the spike protein (Supplementary Fig. 2). As expected,
most of the antibodies against the RBD domain blocked the binding of ACE2 to the spike
protein, and antibodies against the S2 subunit did not affect ACE2 binding. However, a specific
subset of antibodies—8D214, 221011, 236911, 2490!", 2582!! and 2660''—targeting the NTD
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domain (denoted “enhancing antibodies”) were found to enhance the binding of ACE2 to the
spike pretein (Fig. 1a and Supplementary Fig. 2). By contrast, other anti NTD antibodies, such
as 2016 and 4A8', did not affect the binding of ACE2 to the spike protein, although they
recognized the full-length spike protein and the NTD domain to a similar degreee as the
enhancing antibodies (Fig. 1a and Supplementary Fig. Ib). The increased ACE2 binding by the
enhancing antibodies the was not observed in RBD-TM or NTD-TM transfectants
(Supplementary Fig. 2). Furthermore, the enhancement of ACE2 binding to the spike protein
by the eshancing antibedies was dose-dependent (Fig. 1b).

The D614G mutant of the spike protein, discovered in recently isolated strains of SARS-
CoV-2, is rapidly spreading because of its higher infectivity than that of the wild-type spike
protein!®2°. Recent structural analysis indicated that ACE2 binding domain of the RBD is more
exposed in the D614G mutant spike protein than in the wild-type spike protein®>-!7. Corhpatible

“WitH this observation, recombinant ACE2 bound to the D614G spike protein more than to the

wild-type protein, although the cell surface cxpression of the spike proteins were comparab®

(Fig 1c and Supplementary Fig. 1¢). Notably, the effect of the enhancing antibodies on ACE2

binding to the spike protein was higher than that of the D614G mutation'. Moreover, thé%

enhancing antibodics increased the binding of ACE2 to the D614G spike protein.

Since anti-RBD antibodies that block the binding of ACE2 to the spike protein play a
central role in antibody-mediated host defense against SARS-CoV-2 infection®!!, we analyzed
how the cahancing antibedics affected the ACE2 -blocking activity of a represcatative anti-
RBD antibody C144'° (Fig. 1d). Interestingly, the binding of ACE2 to the spike protein
increased in the presence of the enhancing antibodies, even upon addition of C144 at
concentrations up to 1 upg/ml, suggesting that the neutralization activity of the anti-RBD
antibodies is reduced in the presence of the enhancing antibodies.

The cohancing antibodics facilitate SARS CoV -2 infoctivity

The effect of enhancing antibodies on ACE2 binding to the spike protein suggested that the
infectivity of SARS-CoV-2 would also be increased, similar to the effect of the D614G
mutation!®!71920, We utilized vesiculer stomatitis virus (VSV)/AG GFP SARS CoV-2 spike
pseudovirus (SARS-CoV-2 PV) to analyze the effect of representative enhancing antibodies on
SARS-CoV-2 infection. The enhancing antibodies increased the infectivity of SARS-CoV-2
PV to the ACE2 transfected HEK293 cells in a enhancing antibedy dose dependont manner
(Fig. 2a and Supplementary Fig. 3). In contrast, an anti-NTD antibody (4A2) that did not
enhance ACE2 binding to the spike protein (Fig. 1b,d) did not increase the infectivity. The
enhanced infectivity by the antibodies was observed regardless of the amount of the virus (Fig.
2b).

Next, we examined the effect of the enhancing antibodies using authentic SARS-CoV-2
virus. The replication of the authentic SARS-CoV-2 virus in ACE2 transfected HIEK293 cells
increased more than four times in the presence of the enhancing antibodies (Fig. 2¢). Huh7 cells,
with low levels of ACE2%, were also susceptible to SARS-CoV-2 infection. SARS-CoV-2
infection of thc Huh7 cells was also significantly enhanced by the enhancing antibodics. These
data indicated that the enhancing antibodies augment the infectivity of the SARS-CoV-2 virus
to ACE2-expressing cells.

COverlapping cpitopes in NTD reesgnized by the cahanciag antibsdies

We employed competitive binding assays to identify the epitopes of the infectivity-enhancing
antibodies. Surprisingly, all the enhancing antibodies competed for the spike protein with
differing cfficicncics, suggesting that they recognized similar epitopes on the NTD (Fig. 3a).
Next, we generated a series of alanine mutants of NTD with the transmembrane domain
(Supplementary Fig. 1a) and analyzed their binding to the enhancing antibodies. Because the

8D2 mAb contained negatively charged amino acids in the heavy chain CDR3, we analyzed
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the binding of the 8D2 mAbD to lysine- or arginine-mutated NTD. The R214A and K187A
mutants were not recognized by the 8D2 antibedy (Fig. 3b). We then analyzed a scrics of NTD
mutants in which the amino acid residues structurally close to R214 or K187 were mutated to
alanine and found that the binding of the enhancing antibodies to the whole spike protein was
substantially decrcased in W64A, H66A, K187A, V213A, and R214A mutants (Fig. 3b).
Similar observations were made with the full-length spike protein with mutations in these
residues (Fig. 3c). Moreover, the W64A-H66A and V213A-R214A double mutants reduced the
binding of the cnhancing antibedics more than the single mutants did. Furthermore, the
quadruple mutant of W64, H66, V213, and R214 was not recognized by any enhancing antibody.
Significantly, these mutations did not affect the NTD's recognition by a non-enhancing anti-
NTD antibody, 4A8, an anti-RBD antibody, C114, or an antt-S2 antibody, 2454. These data
suggested that mutations of these residues in the NTD did not affect the overall conformation
of the spike protein (Supplementary Fig. 4).

Intercstingly, the cpitopes for the cnhancing antibedics werc in a narrow arca on the NTD
(Fig. 3d and 3e). Based on the epitopes for these antibodies, we generated docking models of
the antibody—spike protein complex and found that all the enhancing antibodies were similarly
bound toc NTD (Supplcmentary Fig. 5). These data suggested that the antibodics binding to
these specific epitopes on the NTD may act in a similar manner, possibly facilitating the binding
to ACE2 by modulating the local conformation of the NTD.

Tnfoctivity cohancinos antbodios in bosnitalized COVIDL 19 ~aéionts
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Because the enhancing antibodies boost SARS-CoV-2 infectivity, we compared the serum
levels of the enhancing antibodies in COVID-19 patients to those of uninfected individuals. We
utilized 2 compctitive binding assay using recombinant spike protein and fluorescence-labeled
8D2 enhancing antibody to analyze the serum levels of the enhancing antibodies (Fig. 4a).
Binding of the 8D2 enhancing antibody to spike protein-coated beads was decreased in the
presence of the scrum from a CCIVD-19 paticnt but not from an uninfected denor (Fig. 4b).
We then measured the enhancing antibody titers in COVID-19 patients using this system.
The enhancing antibodies and neutralizing antibodies were detected in all the hospitalized
COVID-19 paticnts; however, the ratic of the enhancing antibodics to the ncutralizing
antibodies was different among them (Fig. 4c). It has been reported that a few uninfected
individuals possess antibodies against the SARS-CoV-2 spike protein”. Therefore, we

Ao reada
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competitive binding assay used to analyze COVID-19 patients was not sensitive enough to
detect low levels of the enhancing antibodies in uninfected individuals, we measured the levels
of the cahancing antibodics by comparing a serum antibody binding to wild: typc SARS-CoV-
2 NTD and to mutant SARS-CoV-2 NTD (W64A, H66A, KI87A, V213A, and R214A) that
was not bound by enhancing antibodies (Fig. 4d). Some donors, such as #13, possessed
antibodics bound to both the wild type and mutant NTD, suggosting that thoy lacked the
enhancing antibodies (Fig. 4¢). By contrast, other donors, such as #18, produced antibodies
specific to wild-type NTD, suggesting that they had the enhancing antibodies. Some donors
also posscsscd low Iovels of anti RBD antibodics, but there was no comrclation between the
titers of the anti-RBD antibody and the enhancing antibody (Fig. 4f). These data indicate that
antibody responses against specific sites of the SARS-CoV-2 spike protein vary significantly
between individuals.

Eiaatasd st & 3 v s + Ay aen AT et~ AT A D ~raqs
whether the uninfected individuals carricd the cnhancing antibedics. Bocausc the

Discussion
Anti-bsdy- T dant prlnmaonsnesd "‘.DE) of viral infoct A ORI V.. | 2 ..
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such as dengue virus®, feline infectious peritonitis (FIP) coronavirus®>%, SARS?"?, and
MERS?*. Binding of the Fc receptor to anti-virus antibodies complexed with virions has been
thought to be involved in ADE'. However, Fc receptor-mediated ADE is restricted to the
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infection of Fc receptor-expressing cells. In this study, we found a non-ca.nonical Fc receptor-
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indcpendent ncchanisy antibodics against a specific site on the NT
CoV-2 spike protein were found to directly augment the binding of ACE2 to the spike protein,
consequently increasing SARS-CoV-2 infectivity Because the Fc receptor is not involved in
this new type of ADE, the facilitation of infection by the enhancing antibodics could be
involved in the SARS-CoV-2 infection of a broad range of cells.

The spike protein RBD is quite flexible, and ACE2 preferentially binds to the open form

of the RBD?5:3¢_ Most structural studics of the wild type spike protein exhibited onc RBD in the

i Ll 2188 Pt Lol vaal Aa

open conformation. By contrast, two or three RBDs were observed in the open formation in the

D614G mutant, suggesting that the RBD conformation plays a vital role in the infectivity of
SARS CoV.2'529 The BBD i structuralls asnocistad with the NTD of 2 noichborins chaint3t,
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Since the conformations of viral proteins can be altered significantly upon antibody bmdmg”’33
the binding of enhancing antlbodles to a specific site on the NTD may modulate the NTD-RBD
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All the enhancing monoclonal antibodies used in this study were derived from COVID-19
patients. Notably, the enhancing antibodies were detected at similar levels to those of the
neutralizing antibodics in the sera of hospitalized COVID-19 paticnts. In additisg, the ratic of
the two types of antibodies differed among COVID-19 patients. Therefore, the extent of
production of enhancing antibodies relative to that of anti-RBD neutralizing antibodies could

boafactor involved in COVID-19 discasc progrossion.

Surprisingly, a few uninfected individuals possess antibodies that recognize the infectivity-
enhancing site of the NTD. Although anti-spike antibodies are often detected in uninfected
individuals, most of them are dirceted against the S2 subunit?. The sequence homology of the
NTD to common human coronaviruses is low compared to the S2 subunit. In particular, the
antibody epitopes on the enhancing site are not conserved among other coronaviruses. Although

1% 10 vnlane Ao #‘-\r\ Anbanaing antaadiag ~ore mmadriand 19 onaa v Ea {-nd b sdvyal h
‘ 15 GRCLILEAT AlW Wl uuu“uv.ug GnacChils Wit yAvs.uvvd 11 SCIC GainIClic indi viduais, the

production of the enhancing antibodies may be boosted by SARS-CoV-2 infection or
vaccination. Therefore, spike proteins that lack the antibody epitopes at the enhancing site
might have tc be consrdered to vaccinate individuzls with pro-existing enhancing antibodics.
Transfusion of plasma from recovered COVID-19 patients has been proposed as a possible

treatment for COVID-19%. Because the ratio of neutralizing antibodies to enhancing antibodies
in scrum diffcrs amneong COVID-19 paticnts, the plasma lovel of the cohancing sntibodics in the
donor may affect the treatment's effectiveness. Therefore, the function of the enhancing
antibodies in SARS-CoV-2 infection has to be further analyzed in both COVID-19 patients and

healiity individuals.

Methods

Haman Samples

ZEAT R il

The collection and use of human sera and synovial tissues were approved by Osaka University
(2020-10 and 19546), Kobe City Medical Center General Hospital (200924), and Osaka South
Hospital (2-28). Written informed conscent was cbtaincd from the participaats according to the
relevant guidelines of the institutional review board. The diagnoses of SARS-CoV-2 were PCR-
based. The sera from uninfected humans were taken before June 2019 (George King Bio-
Medical). All the sera of the SARS-CoV-2 patients were treated with 2% CHAPS for 30 min
at room temperature to inactivate the remaining virus.

B Poe=am A L | RPN YIS
Cell Excs 258 celf culture

HEK293T cells (RIKEN Cell Bank), Huh7 cells (the National Institute of Infectious Discases )
and TMPRSS2-expressing VeroE6 cells ( Japanese Collection of Research Bioresources Cell
Bank, JCRB1819) were cultured in DMEM (GIBCO, 11995-073) supplemented with 10% FBS
(Biological Industries, USA), penicillin (100 U/mL), and streptomycin (100 pg/mL) (Nacalai,



bioRxiv preprint doi: hitps://doi.ora/10.1101/2020.12.18.423358; this version posted December 18, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Lin et 2l Page 6

Japan) and cultured at 37°C in 5% CO2. The Expi293 cells (Thermo) were cultured with the

Taram i) Al 1o b ~nl- €. 1 USSP e
Expi293 medium. The cells were routinely chocked for mycoplasma centamination.

Genes and plasmids

The SARS-CoV-2 spike genc (NC_045512.2) was proparcd b, gene synthesis (IDT). The
sequences encoding the spike protein lacking C-terminal 19 amino acids (amino acids 1-1254)
were cloned into pME18S expression vector. NTD (amino acids 14-333), RBD (amino acids
335-587), and S2 (amino acids 588-1219) were scparately cloncd into a pME18S c:;;:cmon
vector containing a SLAM signal sequence and a PILRa transmembrane domam35. A series of
alanine mutants were introduced into the SARS-CoV-2 spike protein using the QuickChange
mutagencsis kit -or the QuickChange mult-mutagencsis kit (Agilent). The primers for
mutagenesis were designed on Agilent's website
(https://www.agilent. com/store/primerDesignProgram jsp). The c¢DNA encoding ACE2
(MNM_021804.3) was clened into a pMxs retrovirus vector. The mouse ACE2 15G2a Fe fusion
protein was prepared by cloning the sequence encoding the extracellular domain of 4ce2 (amino
acid residues 20-740) into the pCAGGS expression vector containing the SLAM signal

sequence and the sequence encoding the mouse 1G22 Fo domain as previously described?.

The sequence encoding the spike protein's extracellular domain with a foldon and His-tag at the

C-terminus® was cloned into a pcDNA3.4 expression vector containing the SLAM signal
Ay A ammyvd ot D e 1\61 AG MNLOLAIDLOTA DHLONS T{(\O(D o A ‘7(\071') Ny mgn e 2amdan ""“ced

uv\1 cnce. Als S50, INUWEUCHS & 3 SOOI 00 /D OGS/, AL GU, ah VSO vCIC 1IN Clu
using a Quick change multi-mutagenesis kit (Agilent) for spike protein stabilization'>. The
DNA sequences of these constructs were confirmed by sequencing (ABI3130x1).

Trazsfecticn

A pMEIS8S expression plasmid containing the full-length or subdomain spike protein was
transiently transfected into HEK293T cells using PEI max (PolyScience); the pMx-GFP
cxpression plasmids were uscd as the marker of transfocted colls. ACE2 was stably transfected
into HEK293T cells using the pMxs retrovirus vector. Briefly, pMxs-ACE2 and amphotropic
envelope vectors were co-transfected into PLAT-E packaging cells. The cell culture

+ 5 >
supema T E el Cnno—mn-an fl-m retroviruses were honmnfnfi 48 hCUJ'S ntre aﬂ" mena i ad 171"‘1
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DOTAP (Roche, Switzerland) before spin transfection at 2400 rpm and 32°C for 2 hours.
Afterward, the ACE2-expressing HEK293T cells were purified using a cell sorter (SH800S,
Sony).

Anti-spike antibodies from COVID-19 patients

The V regions of anti SARS-CoV-2 spike mAb from COVID- 19 paticnts waic s ,ut.‘:csmcd
according to the published sequence (IDT)’!!!*. The cDNA sequences of the variable regions
of the heavy chain and light chain were cloned into a pCAGGS vector containing sequences

é‘\nt Avmand ékc Tavimann Taf3 1 Ar lraman constant roois
waac culll UImnan «

A Tl I virith #ha vasirinns TNG"’ln C"““‘.ant

8G1 or kappa constant rogion. The IgG with the murine !

region was used for the competitive binding assay. The pCAGGS vectors containing sequences
encoding the immunoglobulin heavy chain and light chain were co-transfected into HEK293T
cells or Expi293 (Therms) cells, and the cell culture supernatants were collected according to
the manufacturer’s protocols. Recombinant IgG was purified from the culture supernatants
using protein A Sepharose (GE healthcare) except for Fig. 1a. The concentration of unpurified

Tn X2 1 ~ D e e b t eI ToTe was ~d < 4l <. A S
£G in the ccll culturc supomatents used in Fig: 1a-was measured using the protein A-coupled

latex beads (Thermo A37304) and APC-labeled anu-human IgG F(ab")2 antibodies (Jackson)
against IgG standards of known concentration. The concentration of purified IgG was measured
at OD280. DyLight 650 (Thermo) Iabeled 8D2 or C144 mAbs was used te detect the enkancing
antibodies or neutralizing antibodies, respectively. Protein A-purified 8D2'* and C144!°
antibodies were labeled using DyLight 650 amine-reactive dye according to the manufacturer's

protocol.
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Mouse anti-human ACE2 mAb (R&D Systems, USA), rat anti-Flag mAb (L35, Biolegend),
allophycocyanin (APC)-conjugated donkey anti-mouse IgG Fc¢ fragment Ab, APC-conjugated

anti human I2G FPc fragment specific Ab, APC-conjugated anti rat IzG specific Ab, and APC-

Landavesa ywbl‘.;u e e arie

conjugated streptaVIdm (Jackson ImmunoResearch, USA) were used. The pCAGGS vector
containing a sequence that encodes the ACEZ-mouse IgG2a Fc fusion protein was transfected
into the HEK293T cells. Recombinant ACE2 -Fe fissicn pretein was purified from the cell
culture supernatants with the protein A Sepharose (GE Healthcare). The purified ACE2-mouse
IgG2a Fc fusion protein was biotinylated with Sulfo-NHS-LC-Biotin (Thermo), followed by
buffer -exchange with 2 Zebz spin deszlting column, The pcDNA3.4 expression vector
containing the sequence that encodes the His-tagged extracellular domain of the spike protein
was transfected into Fxpi293 cells; then, the His-tagged spike protein produced in the culture
supcrnatants was pwified with-a Talon resin {Clontech).

The flow cytometric analysis of antibodies

The plasmid expressing the full: length SARS CoV-2 spike protein, Flag NTD-PILR- TM, Flag
RBD-PILR-TM, Flag-S2-PILR-TM, or mutated spike proteins were co-transfected with the
GFP vector into HEK293T cells. The transfectants were incubated with the mAbs, followed by
APC conjugated anti human IgG Ab. Then, the antibedics tound to the staincd cclls were
analyzed using flow cytometers (Attune™, Thermo; FACSCalibur BD bioscience). Antibody

binding to the GFP-positive cells were shown in the figures using a FlowJo software (BD
bioscicnce).

ACE2 binding assay

Bccause S‘ABS CC\’I_Z "“;l'c mrntain Anmtaine smteaaallolars vnﬁn«hr\v} aiomal at C t:minusf)’/ﬁs’
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we used spike protein lacking C-terminal 19 amino acids for ACE2 binding assay. C-terminal
deleted spike protein and GFP were cotransfected into HEK293T cells and the transfectants
were mived with varione concentratione of anti-epike antihodies at 4°C for 30 min, followed by
incubation with a biotinylated-ACE2-Fc fusion protein at 1 pg / ml and 4°C for 30 min.
Thereafter, the ACE2 bound to the spike protein was detected using APC-conjugated
streptavidin (2.5 pg/mL). The amount of ACE2 on GFP-positive cells was analyzed by a flow
cytometer.

SAPDS £V 2 gnilre monmdabmad viwmo infantiom oooox:
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The HEK293T cells were transiently transfected with expression plasmids for the SARS-CoV-
2 spike protein lacking C-terminal 19 amino acids*’% Twenty-four hours post transfection,
VSV-G-deficicut VSV \.uu_yuxg a GI'f guac \,umyn,muuou iin trans widl we VSV-G yxutcm

was added for a two-hour incubation. The cells were then carefully washed with DMEM media
without FBS and incubated with DMEM with FBS at 37°C in 5% CO- for 48 hours. The

Sup:rr:t:::‘.t c\;«h‘«“a» thna l\"‘Ar\hMﬂr‘ S/\D(‘ Fﬂ\f ") VHK"ZS was harv Antad and nl,n“«hwl

Al tll;b Laaw L)VM\AVI-J Laang v o '\/\)SU“ “ll“ e \1\4\/9!!\»
before storage at —80°C. The virus titers were determined using TMPRSS2-expressing VeroE6

cells. The pseudotyped SARS-CoV-2 virus was pre-incubated with anti-NTD monoclonal
c\ﬂfq‘\v\A1r\q Fr\r ’2(\ -vunn4-no av\r‘ m: vt\‘i ivr“"} tha A CEZ oX Ao oTT {\n]‘s T"‘Y’\V\"‘Y Frzre laaay s ‘ater’
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dead cells were stained with propidium iodide (Sigma), and the proportions of GFP-expressing
cells in the living cells were analyzed by flow cytometry.

Th(\ Al needtn CADC {"c‘T o] ..o&‘»f-A-.,.-. P e

L ern i an v AL e Anv A “““’"J
The authentic SCoV-2 infection assay was carried out in a Biosafety Level 3 laboratory. The
virus strain was obtained from the Kanagawa Prefectural Institute of Public Health (KNG19-
020). The stock virus was amplified in TMPRSS2-expressing VeroE6 cells. The virus stock
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(6.25 log TCID50) was prediluted 1: 100 in DMEM supplemented with 2% FBS before being
incubated with the cellsat 1 x 105 cells/mL at 37°C in 5% CO: for 3 heurs. The virus was then
removed by washing the cells with DMEM; the cell culture supernatant was collected for
control. The cells were incubated for another 2 days. The cell culture supernatant was collected
for viral RNA extraction using the QIAamp viral RNA extraction kit (Qiagen, Germany) and
subsequently  quantified wusing real-time PCR wusing the N2 primer set
(AGCCTCTTCTCGTTCCTCATCAC and CCGCCATTGCCAGCCATTC).

The competitive binding assay

The binding of the enhancing antibodies containing a mouse IgG2a constant region (1 pg/ml)
to full-length spike transfectants was analyzed in the presence of the human antibodies (10
pg/ml). The effect of compstitors on ACE2-Fc binding to the spike transfectants was also
analyzed. The non-enhancing anti-S2 antibody, 2147, was used as a control. Relative mean
fluorescence intensities observed in the presence of competitor antibodies were calcularated.
The docking model of the enhancing antibodics and spike protein

A homology model of the SARS-CoV-2 prefusion spike trimer was built using a template-based
method. The prefusion spike trimer structure (PDB ID: 7iji) in the all-RBD-down status was
used as the main structural templete. To model missing residues within the S2 demain,
fragments were sampled from other SARS-CoV-2 spike trimer structures. The best fragment
template was selected as the one with the lowest RMSD within flanking regions of the main
template and the complete structure was constructed using MODELLER?. We investigated
possible binding modes of the enhancing antibodies through antibody modelling followed by
docking. Antibody structures were modelled by Repertoire Builder*® and docked onto the NTD
using the HADDOCK?2 4 webserver*! using observed epitope residues as constraints. The top-
scoring docked poses were rendered on the full-length spikec model using PyMOL. Residues
identified by alanine scanning to affect enhancement were represented as a heatmap onto the
surface of the spike model.

The analysis of the enhancing and neutralizing Ab titers

The 4 pm aldehyde/sulfate latex beads (Thermo A37304) were coated with protein A-purified
anti-S2 mAb (2454)"" and then incubated with recombinant spike protein at 7 pg/ml to capture
the recombinant SARS-CoV-2 spike protein on the latex beads. The latex beads containing
recombinant SARS-CoV-2 spike were then incubated with 1:20 dituted serum from COVID-
19 patients or uninfected individuals and stained with DyLight 650-labeled 8D2 mAb at 3 pug/ml)
or C144 mAb at 3 pg/ml. After fixation with 4% paraformaldehyde (Nacalai Tesque), the beads
were anclyzed using flow cytomstry. We defined the high levels of the ephancing and
neutralizing antibody titers in a COVID-19 patient's serum as 1,000 units and used the serum
as a standard to calculate antibody titers of other serum samples.

Petecton sfenbancing antibedy in uninfactod individnals

The plasmids expressing the wild-type NTD-TM, which was recognized by the enhancing
antibodies, and the NTD-TM mutants (W64A, H66A, K187A,V213A, and R214A) not
recognized by all enhancing antibodicswere transfected intc HEK293T cells with the GFP
vector as a transfection marker. The transfectants were mixed with 1:100 diluted serum from
uninfected individuals, and the bound antibodies were detected with the APC-labeled anti-
human IgG Fe antibody. The 4A8 anti-NTD antibedy!# was used as a standard to calenlate the
relative concentration of the antibody against NTD. The stained cells were analyzed by a flow
cytometer. The level of serum antibodies specific to the wild-type or mutant NTD was
calculated by subtracting the mean fluorescence intensity of the antibodies bound to the GFP-
negative cells from those of the GFP-positive cells. The level of the enhancing antibodies was
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calculated by subtracting antibody levels against the mutant NTD from those against the wild-
type NTD. Similarly, the relative level of the anti-RBD antibody was measured using RBD-
TM transfectants and C144 as a standard. One pg/ml of 4A8 and C144 was defined as 1 unit.

Data and statistical analysic
FlowJo version 10.7 (BD Biosciences, USA) was used to analyze the flow cytometry data, and
Graphpad Prism version 7.0e was used for graph generation and statistical analysis.
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Fig. 1. Enhanced ACE2 binding to spike protein by some of anti-NTD antibedies

a, The HEK293 cells transfected with vectors expressing NTD-TM, RBD-TM, and S2-TM were
stained with anti-spike antibodies. The mean fluorescence intensity (MFI) of the stained cells was
calculated (top three columns). The binding of ACE2-Fc-fusion protein to full-length spike

transfectants was analyzed in the presence of the indicated antibodies at 1 pg/ml (bottom column).
The antibodics that cnhanced ACE2-To binding to the spikc transfoctants by morc than 1.9 timcs arc

indicated in red. b, ACE2-Fc binding to the spike transfectants in the various concentrations of
antibodies. ¢, ACE2-Fc binding to the wild-type or D614G spike protein in the presence of 3 pg/ml
of 2490 mAb. The statistical significance derived from an unpaired #-test is indicated. d, ACE2-Fc
binding to wild-type spike protein in the presence of the indicated antibodies at 3 pg/ml and various
concentrations of anti-RBD neutralizing antibody C144 (red line). ACE2-Fc binding in the absence
of the enhancing antibodies was shown as the control (black line). The data from triplicates are
presented as mean = SD. The representative data from three independent experiments are shown.
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Fig. 2. Enhanced SARS-CoV-2 infectivity by specific anti-NTD antibodies

a, The ACE2-expressing HEK293 cells (MOI: 0.3) were infected by a SARS-CoV-2-spike
pseudovirus carrying a GFP reporter gene in the presence of various concentrations of indicated
antibodies. The proportion of GFP-positive infected cells is shown. b, The ACE2-expressing HEK293
cells were infected with a SARS-CoV-2-spike pseudovirus carrying a GFP reporter gene at different
MOIs with (red line, 3 pg/ml) or without (black line) the indicated antibodies. ¢, HEK293 cells,
ACE2-expressing HEK293 cells, and Huh7 cells were infected with authentic SARS-CoV-2 virus in
the presence (+) or absence (—) of enhancing antibody 2490 at 1 pg/ml. The amounts of SARS-CoV-
2 virus produced in the cell culture supernatants were analyzed 48 h after infection. The statistical
significance derived from an unpaired #-test is indicated. NS: Not significant. The data are presented
as mean = SD. The representative data from three independent experiments are shown.
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Fig. 3. Epitope mapping of the SARS-CoV-2 infectivity-enhancing antibodies

a, The binding of the enhancing antibodies (binder) to full-length spike transfectants was analyzed in
the presence of the indicated antibodies (competitor). The effect of competitors on ACE2-Fc binding
to the spike transfectants was also analyzed. The non-enhancing anti-S2 antibody, 2147, was used as
a control. Relative antibody or ACE2 binding lebels obscrved in the presence of competitor are shown.
b, Relative antibody binding levels to a series of NTD mutants compared to wild-type NTD are shown.
Non-enhancing anti-NTD antibody 4A8 was used as a control. The most affected resideus were
shown as red. ¢, The full-length mutant spike proteins were stained with the indicated enhancing
antibodies (red line). Staining of wild-type spike were shown as shaded histogram. d. Amino acid
residues that affected the binding of each enhancing antibodies are shown as a heatmap based on their
percent reduction of the MFIs in b), with higher reduction indicated by darker shades. NTD: dark
grey, RBD: medium grey, other regions: light grey. e, The MFIs reduction of the affected residues
are averaged across the six antibodies and shown as a heatmap.
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Fig. 4. SARS-CoV-2 infectivity-enhancing antibedies in COVID-19 patients and uninfected
individuals

a, A method of detecting the enhancing or neutralizing antibodies using a competitive binding assay.
DyLight 650-labeled 8D2 and C144 were used to detect the enhancing and neutralizing antibodies,
respectively. b, The binding of the enhancing antibody, 8D2, or the neutralizing antibody, C144, to
beads coated with the spike protein was analyzed in the presence of the serially diluted serum of a
representative COVID-19 patient or an uninfected donor. ¢. The levels of SARS-CoV-2 infectivity-
enhancing antibodies (left) and neutralizing antibodies (middle) in COVID-19 patients (red, n=10)
and unifected individuals (blue, n=10) were analyzed using the competitive binding assay. The ratio
of enhancing antibodies to neutralizing antibody levels in each COVID-19 patient is shown (right).
d, The enhancing antibodies were detected by comparing the antibody binding to the wild-type NTD-
TM (WT) to the antibody binding to the mutant NTD TM lacking the enhancing antibody epitopes
(Mut). e, The serum levels of antibodies in uninfected individuals against the wild-type NTD (blue
bar) and mutant NTDs whose epitopes for the enhancing antibodies were mutated (red bar). f, SARS-
CoV-2 infectivity-enhancing antibody titers were calculated by subtracting the antibody levels
against the mutant NTD from those against the wild-type NTD in uninfected individuals. Anti-RBD
antibody titers (green bar) were analyzed using RBD-TM transfectants (green bar).



bioRxiv preprint doi: fitips://doi.org/10.1101/2020 12 18 423358; this version posted December 18, 2020. The copyright hoider for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse aliowed without permission.

Liu et al. Page 16

a
Whote spike [Sig]] NTD || RBD | | S2 IR
NTD-TM Sig|{Flagi| NTD ||TM
RBD-TM [Sig|fFlag|]] RBD |[TM] |
s2-TM  [Sig[[Fiag] sz |||
b
Spike NTD-TM _ RBD-TM S2-TM Spike  NTD-TM _ RBD-TM S2-TM
| ‘I i A
e ,L‘ ,A‘ A /\ f/ e {rA \ -g'\L
P4 / J \ /S &=\ i [\ S
8D2 > 2582 >
ANIAAN A JIAAA AR ]
4A8 > 2660 —>

A 4
e
g
v

v
O
i
T
e,
v

N

-

=)

Y
e
D [
@

!

WT-Spike D614G-Spike

M /\ /f \\
/ ‘ /

al n

[\

AVAIAWA

AR e

Supplementary Fig. 1. The specificities of the antibodies used in this study

a, The expression constructs used to analyze the specificity of the anti-spike antibodies. b,The
plasmids encoding the full-length spike, Flag-NTD-TM, Flag-RBD-TM, and Flag-S2-TM were
cotransfected separately with a GFP vector into HEK293 cells. The transfectants were then stained
with the indicated antibodies. The antibodies bound to the transfectants were detected with APC-
labeled secondary antibodies. The fluoresce intensities of APC on the GFP-expressing cells are
shown (red line). Control stainings were shown as shaded histogram. ¢, The plasmids expressing the
wild-type spike protein and the D614G mutant were cotransfected separately with a GFP vector into

HEK293T cells. The transfectants were stained with the anti-NTD infectivity-enhancing antibody
2490 and anti-NTD non-cnhancing antibody 4A8. The fluorescence intensities of APC on the GFP-

expressing cells are shown (red line). Control stainings were shown as shaded histogram.
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Supplementary Fig. 2. The enhanced binding of ACE2 to the spike protein by specific anti-NTD

antibodies

The plasmids expressing the full-length spike, NTD-TM, RBD-TM, and mock were transfected into
HEK293T cells with the GFP vector, and the transfectants were mixed with the indicated anti-NTD
antibodies at 10 pug/ml. 4A8 is a non-enhancing antibody and the remaining is enhancing antibodies.
Transfectants not mixed with antibodies were used as a control (shaded histogram). Afterward, the
cells were stained with biotin-labeled ACE2-Fc fusion protein, followed by APC-labeled streptavidin.
The fluorescence intensities of APC on the GFP-expressing cells are shown (red line). Mean
fluorescent intensities (MFT) of red lines were shown in the figure.
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Supplementary Fig. 3. Cell surface levels of ACE2 on HEK293-ACE2 stable transfectants
Parental HEK293T cells and ACE2-transfected HEK293T cells were stained with anti-ACE2 mAb
(red line). Control stainings were shown as shaded histogram.



bioRxiv preprint doi: hiips://doi.org/10.1101/2020.12.18.423358; this version posted December 18, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Liu et al. Page 19

WB4A V213A  WB4A HBBA

WB4A HE6A K187A V213A R214A HBBA R214A V213A R214A

m/,\ ,«'[ j/ﬁ /,f‘ // j[ / j /\r
NNANAMAS /\
L M/\ ,/\ f'ﬂ\. / ‘{ / \ ] \ / '\ jf’ |

Supplementary Fig. 4. The binding of anti-spike antibodies against spike mutants with mutated
antibody epitopes in the SARS-CoV-2 infectivity site

The plasmids expressing the full-length spike proteins with alanine mutations at the indicated amino
acid residues were transfected separately with the GFP vector into HEK293 cells, and the binding of
4A8 (anti-NTD non-enhancing antibody), C144 (anti-RBD antibody), and 2454 (anti-S2 antibody)
against the GFP-positive cells were analyzed (red line). Control stainings were shown as shaded
histogram.
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Supplementary Fig. 5. Docking model of SARS-CoV2 infectivity enhancing antibodies with
spike protein Each SARS-CoV2 infectivity enhancing antibody was docked onto the spike protein
as described in Methods.
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Viremia induced by influenza virus

Add to Mendeley .© Share == Cite

A mouse model of influenza A/PR/S virus infection was adopted to investigate the
blood and various tissues of intranasally infected mice for the presence of viral RNA
by using the nested polymerase chain reaction. The nucleoprotein gene was
detected in the red blood cell fraction from 1 to 5 days post-inoculation, while it was
found in the lung and brain up to 14 days and in the liver, spleen, kidney, heart, and
skeletal muscle up to 7 days. The virus-specific messenger RNA was transiently
found in these organs. When mice received the uv-inactivated virus, viremia did not
occur. The prior transfer of the hyperimmune serum prevented pneumonia but not
bronchitis, and viremia was totally abolished. These results suggest: (1) viremia
occurs during the acute phase of infection, (2} the virus is present in various organs
and there the virus gene is transiently expressed, and (3) the virus enters the blood
stream possibly through capillaries of the infected alveolar wall. Viremia may
influence the pathogenesis of influenza.
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2,6.5.5B. PHARMACOKINETICS: ORGAN DISTRIBUTION CONTINUED Test Article: [3H]-Labelled LNP-mRNA formulation containing ALC-0315
S EEEETERSERED and ALC-0159

Report Number: 185350

Species (Strain): Rat (Wistar Han)
Sex/Number of Animals: Male and female/3 animals/sex/timepoint (21 animals/sex total for the 50 pg dose)
Feeding Condition: Fed adlibitum
Method of Administration: Intramuseular injection
Please: 50 pg [3H]-08-A01-CO (lot # NC-0552-1)
Number of Doses: I
Detection: Radioactivity quantitation vsing liquid scintillation counting
Sampling Time (hour): 0.25, 1,2, 4, 8, 24, and 48 hours post-injection
Sample Mean total liptd concentration (pg lipid equivalent/g (or mL) (males G of admimnistered dose (males and females combined)
and females combined)
0.25h Ih 2h 4h 8h 24 h 48 h 0.25h Ih 2h 4h 8 Iy 24 h 48 h
Adipose tissue (.057 0.100 (0126 0.128 0.093 (1.084 0.181 - - - - - - -
Adrenal glands 0.271 1.48 272 2.89 6.80 13.8 18.2 0,001 0.007 0.010 0.015 0.035 0.066 0.106
Bladder 0.041 0.130 0.146 0.167 0.148 0.247 0.365 0.000 0.001 0.001 0.001 0.001 0.002 0.002
Bane (femur) 0.091 0.195 0.266 0.276 0.340 0.342  0.687 - - - - - - -
Bone marrow 0.479 0.960 1.24 1.24 1.84 249 3.77 - - - - - - -
(femur)
Brain 0.045 0.100 0.138 0.115 0.073 0.069 0.068 0.007 0.013 0,020 0.016 0.011 0.010 0.009
Eyes 0.010 0.035 0,052 0.067 0.059 0.091 0.112 0.000 0,001 0.001 0.002 0.002 0,002 0.003
Heart 0,282 1.03 1.40 0.987 (.790 (0.451 0.546 0.018 0.056 0.084 0,060 0,042 0.027 0.030
Injection site 128 394 311 338 213 195 165 19.9 526 31.6 284 219 29.1 24.6
Kidneys 0.391 116 2,05 0.924 0.590 0.426 0.425 0,050 0.124 0.211 0.109 0.075 0.054 0.057
Large intestine 0,013 (0,048 0.093 0.287 0.649 1.10 1.34 0,008 0.025 0.065 0.192 0.405 0.692 0.762
Liver 0.737 4.63 1.0 16.5 26.5 19.2 24.3 0.602 2.87 7.33 11.9 18.1 15.4 16.2
Lung 0.492 1.21 1.83 1.50 115 1.04 1.09 0.052 0.101 0.178 0,169 0.122 0.101 0,101
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ABSTRACT
SARS-CoV-2 proteins were measured in longitudinal plasma samples collected from 13
participants who received two doses of mRNA-1273 vaccine. 11 of 13 participants showed

detectable levels of SARS-CoV-2 protein as early as day one after first vaccine injection.

Clearance of detectable SARS-CoV-2 protein correlated with production of IgG and TgA.

KEY WORDS: COVID-19, mRNA vaccine, SARS-CoV-2 antigens, immune responses,

spike
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INTRODUCTION

Messenger RNA (mRNA) vaccines for coronavirus disease 2019 (COVID-19) have
been widely deployed in the US and are highly effective at inducing protection against
infection and severe disease'. In December 2020, the Food and Drug Administration gave
emergency use authorization (EUA) to the mRNA-1273 vaccine (ModernaTX, Inc), as a two
100 pg dose regimen 28 days apart. mRNA-1273 encodes the severe acute respiratory
syndrome coronavirus (SARS-CoV-2) spike antigen with a transmembrane anchor and S1-S2
cleavage site”. Data have demonstrated the elicitation of binding and neutralization antibodies
against the spike protein by the mRNA-1273 vaccine in humans, thereby inferring that spike
protein was produced and induced an immune response” . However, critical data
demonstrating the direct production of spike protein via translation from the mRNA-1273
vaccine in these studies are missing, precluding a full understanding of the vaccine
mechanism.

Here, we provide evidence that circulating SARS-CoV-2 proteins are present in the
plasma of participants vaccinated with the mRNA-1273 vaccine. We report antigen and
serological data of the mRNA-1273 vaccine in 13 healthcare workers at the Brigham and
Women’s Hospital. Ultrasensitive single-molecule array (Simoa) assays were used for the
detection of SARS-CoV-2 antigens spike (S1-S2 unit), S1, and nucleocapsid and antibodies
IgG, IgA, and TgM against SARS-CoV-2 spike, S, receptor binding domain (RBD), and
nucleocapsid, as previously described®’. The ultralow detection limits of the Simoa assays
enable detection of antigen and antibody production in the early stages post vaccination and

quantification of changes in levels over the course of both vaccine injections.
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MATERIALS AND METHODS

A prospective pilot study of 13 healthcare workers, 18 years and older, with no known
history of SARS-CoV-2 infection was conducted at the Brigham and Women’s Hospital from
December 2020 to March 2021.Full description of study design reported in the
Supplementary Materials. SARS-CoV-2 antigens and antibodies were measured using single-
molecule array assays, as described in the Supplemental Materials (Methods, Figure SI,

Table S2- S4).

RESULTS

Plasma was collected from 13 participants at 10-13 timepoints between 1 and 29 days
after the first injection and 1-28 days after the second injection. There was an equal balance
of sex, median age was 24 years old, and participants from varied racial and ethnic groups

were included (Supplemental Table S1). None of the participants reported prior COVID-19

infection.

Temporal profiling of SARS-CoV-2 antigens and antibodies were acquired using
Simoa assays as previously described®’, providing data on 15 markers to monitor antigen
production and immune responses on cach participant (Supplemental Figure S2 to S14). The
Simoa antigen assays for spike, S1, and nucleocapsid were previously validated in plasma
from pre-pandemic healthy subjects, pre-pandemic patients with respiratory infections,
COVID-19 negative patients, and COVID-19 positive patients.” Authors detected S1 and N in
64% of COVID-19 positive patients and S1 levels were significantly associated with disease
severity. Here, antigens S1 and spike were measured to probe mRNA translation, while
nucleocapsid antigen served as a negative control (Figure 1A, B, C, Supplemental Table S5).

After the first 100 pg dose, the mRNA-1273 vaccine produced detectable levels of S1 antigen
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in plasma in 11 participants and spike antigen was detected in three of 13 participants.
Nucleocapsid antigen was undetectable or at background levels in all participants after both

injections, as expected.

S1 antigen was detected as early as day one post vaccination and peak levels were
detected on average five days after the first injection (Figure 1A). The mean S1 peak levels
was 68 pg/mL +21 pg/mL. S1 in all participants declined and became undetectable by day 14.
No antigen was detected at day zero for 12 of 13 participants, as expected. However, one
individual presented detectable S1 on day zero, possibly due to assay cross reactivity with
other human coronaviruses or asymptomatic infection at the time of vaccination. Spike
protein was detectable in three of 13 participants an average of 15 days after the first
injection. The mean spike peak level was 62 pg/mL = 13 pg/mL. After the second vaccine
dose, no S1 or spike was detectable, and both antigens remained undetectable through day 56.
For one individual (Participant #8), spike was detected at day 29, one day after the second

injection and was undetectable two days later.

Plasma antibodies IgG, IgA, and IgM were measured against spike, S1, RBD, and
nucleocapsid. Antibody levels measured on day zero represent the baseline level in each
participant, all who had no previous report of COVID-19 infection. In all 13 participants, as
expected, IgG levels against spike and S1, and RBD increased after the first injection while
IgG against nucleocapsid showed no change over time (Figures 1D, E, F; individual
participant data are shown in Supplemental Figures S2-S14). IgA is involved in ecarly
neutralization activity and is therefore crucial to target potentially short-lived TgA responses®.
Our Simoa assays detected increased IgA against spike, S1, and RBD after the first injection

(Supplemental Figure S2-S15). Nine participants (such as participants #3, #4, #5, and #7,
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Figure 1G) presented measurable IgG levels against S1 and spike by day 14 after the first
vaccine injection. Four participants (participants #1, #6, #10, #13, Supplemental Figure S2,
S7, S11, and S14), showed a delayed 1gG-S1 and I1gG-spike response, which did not increase
until day 28 after the first injection. Nonetheless, all participants showed additional boost in

IgG-S1 after the second injection.

DISCUSSION

In this study, 11 participants exhibit S1 antigen in plasma after the first injection,
while nucleocapsid concentrations are insignificant in all participants, confirming that the
detected S1 originates from vaccination and not natural infection. The presence of S1 is likely
due to the nature of the encoded mRNA-1273 spike protein, which contains a cleavable S1-
S2 site and enables release of S1 from the spike trimer’. We hypothesize that release of S1
protein could result from cleavage via mammalian cell proteases or circulating proteases. We
observe an increase in S1 over an initial period of one to five days, suggesting that mRNA
translation begins immediately after vaccine inoculation. Interestingly, spike protein appears
in three of thirteen participants on average eight days after S1 is produced. The Simoa antigen
assays for the full spike protein are designed to require antibody binding to both the S1 and
S2 subunits for detection, resulting in a cleaved spike protein to be undetectable.
Additionally, spike protein concentrations in plasma of vaccinated participants may be below
our assay limit of detection. We hypothesize that the cellular immune responses triggered by
T-cell activation, which would occur days after the vaccination, lead to direct killing of cells
presenting spike protein and an additional release of spike into the blood stream’. The
mechanisms underlying release of free S1 and the subsequent detection of the intact spike

protein remain unclear and require further studies.
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We additionally present corresponding antibody data that are consistent with
serological studies done in large trials>'*"* to support our antigen results. Here, the Simoa
serological assays are sensitive enough to identify the production of antibodies at early stages
post vaccination and to profile antibody dynamics for each participant at high resolution. IgG
and IgA against S1, spike, and RBD increase after S1 production in all participants. There is
no significant increase in IgG and IgA against nucleocapsid, confirming that the immune
response was specific to the vaccine, which does not contain mRNA for nucleocapsid. For all
participants, the increase in IgG against S1 and spike directly corresponds to the decline in S1
or spike protein by the second injection. The inverse correlation between antibody and
antigen levels observed is consistent with previous studies investigating SARS-CoV-2 natural
infection, in which patients with severe COVID-19 with high plasma antigen levels exhibited
antigen clearance upon production of antibodies’. Our Simoa antigen assays cannot detect
antigen-antibody immune complexes. Although S1 protein is present in most participants,
serological data shows that some participants exhibit an initial enhancement in antibody
levels by day 14 compared to those who do not show an enhancement until day 28. These
differences in antibody dynamics could be explained by early antibody production due to
previous asymptomatic infection, which has recently been demonstrated in seropositive
participants'’. Here, we observe two participants (Participants #3, #4) with high IgG-spike
baseline levels compared to all other participants who produce increased 1gG-spike levels by

day 14.

Limitations of the current study include the small sample size and potential biases that
result from enrolling healthy, young adults, which may not be representative of the general

population. Future studies should also examine the dynamics of antigen production with
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neutralization antibodies. Nonetheless, evidence of systemic detection of spike and S1 protein
production from the mRNA-1273 vaccine is significant and has not yet been described in any
vaccine study, likely due to limitations in assay sensitivity and timing assessment. The
clinical relevance of this finding is unknown and should be further explored. These data
show that S1 antigen production after the initial vaccination can be detected by day one and is
present beyond the site of injection and the associated regional lymph nodes. Induction of

IgG and IgA immune responses can be detected as early as day five post vaccination and are

associated with clearance of spike and SI antigen in the systemic circulation.
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FIGURE LEGENDS

Figure 1. Time Course of SARS-CoV-2 Antigen and Antibody Levels after mRNA-1273
Vaccination. Data from 13 participants. All participants received the mRNA-1273 injection
on days 1 and 28, where circle and triangle data points represent antigen levels post the first
and second injections, respectively. (A) S1, (C) spike, and (C) nucleocapsid levels shown
were measured using Simoa assays. The dotted line shows the sample limit of detection,
calculated as described in the methods. IgG levels against (D) S1, (E) spike, and (F)
nucleocapsid shown were measured using Simoa assays and reported in units of normalized
Average Enzymes per Bead (AEB). Sample limit of detection in unit of AEB was 0.006 for
1gG-S1, 0.0044 for IgG-spike, and 0.0129 for IgG-Nucleocapsid. (A-F) Bars represent the
average concentration from participants on that day, and error bars represent the standard
deviation, and individual data points are overlayed. Each data point is the average of
duplicate measurements. (G) SI, spike, IgG-S1, and IgG-spike data for individual
participants #3, #4, #5, and #7. Hollow and solid data points represent levels post the first and
second injections, respectively. Each data point represents the average of duplicate

measurements, and error bars are the standard deviation.
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Figure 1
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