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Non-Om icron breakthroug h infection with hig her
viral load and long er vaccination-infection
interval improves SARS-CoV-2 BA.4/5 neutralization
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SUMM ARY

The immune resp onses to SARS-CoV-2 variants in COVID-19 cases are infl uenced
b y various facto rs includ ing p re-ex isting immunity via vaccination and p rio r infec-
tion. Elucid ating the d rivers for up g rad ing neutralizing activity to SARS-CoV-2 in
COVID-19 cases w ith p re-ex isting immunity w ill aid in im p roving COVID-19
booster vaccines w ith enhanced cross-p ro tection ag ainst antig enically d istinct
variants, includ ing the Om icron sub -lineag e BA.4/5. This study revealed that
the m ag nitud e and b read th of neutralization activity to SARS-CoV-2 variants af-
ter b reakthroug h infections are d eterm ined p rim arily b y up p er resp irato ry viral
load and vaccination-infection tim e interval. Extensive neutralizing b read th,
covering even the most antig enically d istant BA .4/5 , w as ob served in cases
w ith hig her viral load and long er tim e intervals. Antig enic cartog rap hy d ep icted
a critical ro le of the tim e interval in expand ing the b read th of neutralization to
SARS-CoV-2 variants. Our results illustrate the im portance o f d osing interval op ti-
m ization as w ell as antig en d esig n in deve lop ing variant-p roof b ooster vaccines.

IN TRODUCTION

The proportion of ind ivid uals in the population with antiviral immunity to severe acute resp iratory syn-

d rome coronavirus type 2 (SARS-CoV-2) has increased d ramatically due to the ong o ing pandemic of coro-

navirus d isease 2019 (COVID-19) and extensive worldwide COVID-19 vaccine campaig ns. N evertheless,

COVID-19 cases continue to increase, causing sig nificant morb id ity and mortality worldwide, due to the

emerg ence of variants of concern (VOCs) with varying levels of increased transm issib ility and resistance

to existing immunity; thus, hig hlig hting the necessity to develop next-g eneration COVID-19 booster vac-

cines. These vaccines must induce a durab le and b road bread th of p rotective immunity covering all SARS-

CoV-2 variants.1 Many open questions remain about how to induce hig h-quality immunity that suppresses

viruses with d istinct antig enicity. A better understand ing of immune responses to SARS-CoV-2 variants

infection will ultimately yield better vaccine desig ns.

The most recently emerg ed VOC, the Omicron (B.1.1.529 lineag e) variant, has spread rap id ly worldwide at

an unp recedented pace and with rap id ly expand ing viral g enome d iversity (W orld Health Org anization

(W HO), http s://www.who.int/pub lications/m/item/weekly-ep idem iolog ical-update-on-covid-19— 8-

march-2022). The Omicron BA.1 is characterized by approximately 30 am ino acid mutations, three short de-

letions, and one insertion in the sp ike protein; 15 mutations are located in the receptor-b ind ing domain

(RBD) and induce evasion of humoral immunity induced by p rior infection or vaccination.2–4 Desp ite the

hig h capab ility for humoral immunity evasion seen in BA.1, cross-neutralizing activity ag ainst BA.1 is eli-

cited in booster vaccinees.2,5,6 Research g roups, includ ing our own, have reported that cross-neutralizing

activity ag ainst BA.1 is elicited in COVID-19 vaccine b reakthroug h infections.7–10 However, the BA.2 sub-

lineag es account for the main Omicron sub-lineag es as of June 2022, and the p roportion of BA.4 and

BA.5 sub-lineag es has been continuously increasing g lobally since July 2022 (W HO, https://www.who .

int/pub lications/m/item/weekly-ep idem io log ical-update-on-covid-19— 22-june-2022). BA.2, which d iffers

from BA.1 in 11 sp ike p rotein mutations, sig nificantly chang es the ab ility of the virus to evade immunity.11–13
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Ascompared to BA.2, BA.4 and BA.5 share some mutations on their sp ike p rotein, includ ing the 69/70 dele-

tion, L452R, and F486V, which have been linked to enhanced immune evasion capab ilities ag ainst the

serum from being vaccinated 3 times.14–16 This poses a major pub lic health concern and could cause an

upcom ing COVID-19 case up surg e.

N otab ly, convalescent sera from patients with breakthroug h infections show more variab le neutralizing

antibody titers ag ainst Om icron sub-lineag es than in those receiving booster vaccinations.14–18 Moreover,

the time interval from vaccination to infection determ ines the induction of cross-neutralization to BA.1 var-

iants; a long er interval contributes to g reater induction of cross-neutralizing antibod ies.7,19 In add ition, it

has been reported that a long dose interval between the first and second shots induces hig her neutralizing

and sp ike-b ind ing antibod ies to non-Om icron VOCs and Om icron BA.1 compared to standard dose inter-

val.20–22 In contrast to a booster vaccination, where both the dose and interval between vaccinations are

contro lled , the time interval between vaccination and breakthroug h infection is not controlled resulting

in d iverse humoral immune responses ag ainst SARS-CoV-2 variants in b reakthroug h infections. However,

other factors, such as symp toms, the infected viral strain, and viral rep lication, are expected to impact

the immune response to SARS-CoV-2 infection. Primary d rivers of humoral immune responses to SARS-

CoV-2 in breakthroug h infections have not been fully elucidated . Research in this area will p rovide funda-

mental insig hts which will contrib ute to better vaccine desig ns, especially for booster vaccines.

W e evaluated the relationship s between the amount of cross-neutralization activity to SARS-CoV-2 variants

includ ing Omicron BA.1, BA.2, and BA.4/5 sub-lineag e viruses at acute and convalescent phases, upper

resp iratory tract viral load , and vaccination-infection time interval in non-Omicron breakthroug h infection,

as well as other case characteristics, and identified the key d rivers of the mag nitude and bread th of neutral-

ization potency to SARS-CoV-2 variants in ind ividuals with p re-existing immunity ag ainst SARS-CoV-2 due

to comb inations of vaccination and b reakthroug h infection.

RESULTS
Upper respirat ory viral load and serum cross-neut ralizing act ivit y
W e performed virolog ical characterization of 220 breakthroug h SARS-CoV-2 infected ind ividuals, d iag -

nosed 14 days after their second vaccination, using upper resp iratory specimens collected within four

days after d iag nosis or d isease onset (interquartile rang e; 0-0 days) (Tab les S1 and S2). Sp ike-mutation

detection po lymerase chain reaction (PCR) and viral g enome analysis showed that most infected viruses

were Delta or Alpha variants (Tab le S1). Viral RNA loads and infectious viral titers in upper resp iratory spec-

imens were sig nificantly hig her in Delta-infected ind ivid uals than in Alpha-infected ind ividuals (Fig ure 1A).

Viral RNA loads and infectious viral titers were positively correlated with the same extent in both variants

(Fig ure S1A), sug g esting no d ifference in the relationship between infectious viral amount and viral RNA

levels between the variants. These results sug g est that the Delta variant rep licates more efficiently in the

upper resp iratory tract in b reakthroug h-infected ind ividuals, consistent with previous reports.23,24

Sera from the enrolled cases were also ob tained at one or two add itional time points after infection. W e

defined the acute phase as within four days after d iag nosis (four days after onset for cases d iag nosed after

onset) and the convalescent phase was defined as seven days after d iag nosis or onset, b ased on the dy-

nam ics of anti-sp ike (S) RBD and anti-nucleop rotein (N ) antibody titers (Fig ures S1B and S1C). W e consid-

ered cases with positive anti-N antibody titers in the acute phase to have a history of p re-existing infection.

Only two cases with a history of a p revious infection were included in our study, and the anti-S antibody

titers in these cases during the convalescent phase were comparab le to those of b reakthroug h infection

cases with no history of p revious infection (Fig ure S1B). Add itionally, cases with acute phase anti-S RBD

antibody titers < 10 U/mL were excluded from this analysis because they were considered as low re-

sponders to COVID-19 vaccination. Following this, 26 cases with sera collected in the acute phase and

51 cases with sera collected in the convalescent phase (16 of whom had both acute and convalescent-phase

sera)were enro lled for further analysis. Serum-neutralizing activity in these cases wasmeasured using pseu-

dovirus-or live virus-based assays (Fig ures 1B and S1D). N eutralization titers to the ancestral and BA.2 vi-

ruses were strong ly correlated (Fig ure S1E). N eutralization titers determ ined by pseudovirus-based assays

were used for further analyses.

N eutralizing activity fo r all variants was hig her in the convalescent phase than in the acute phase.

(Fig ures 1B and S1D). Acute phase sera showed lower neutralizing activity to Beta, Delta, BA.1, BA.2,
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Figure 1. Relat ionship between serum neut ralizat ion t it ers and upper respirat ory viral load in vaccine
breakt hrough SARS-CoV-2 infect ions
(A) Viral load in resp iratory specimens at a near-d iag nosis date. Viral RNA cop ies/reaction and viral titers for cases of

SARS-CoV-2 Delta or Alpha variant infection were measured using reverse transcrip tion qPCR (RT-qPCR; left) and the

med ian tissue culture infectious dose (TCID50; rig ht), respectively. Viral titers are shown in viral isolation-positive cases.

Mean G 95% confidence intervals (CIs) are presented . Viral loads were compared using unpaired t-tests.

(B) Neutralization titers (NTs) in vaccine breakthroug h case sera ag ainst SARS-CoV-2 pseudoviruses at acute and

convalescent phases. Data from the same serum are connected with lines. Mean G 95% CIs are presented for each serum
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and BA.4/5 viruses than to ancestral strain, and more than half o f the neutralizing titers to BA.4/5 virus were

below the detection lim it. Convalescent-phase sera showed lower neutralizing activity to Beta, BA.1, BA.2,

and BA.4/5 viruses than to the ancestral strain. N otab ly, no obvious d ifferences were found in the neutral-

izing activity among BA.1, BA.2, and BA.4/5 viruses in convalescent-phase sera, sug g esting neg lig ib le anti-

g enic d ifference among Omicron sub-lineag es in non-Om icron b reakthroug h sera. Acute and convales-

cent neutralization titers were lower to BA.2 than to ancestral strain (using live virus-based assays)

(Fig ure S1D), which confirmed the results ob tained in the pseudoviruses-based assay. Convalescent-phase

sera from Delta breakthroug h infections showed hig her neutralizing activity ag ainst ancestral and Beta var-

iants than sera from Alpha b reakthroug h infections, and both demonstrated equivalent neutralizing activity

ag ainst Alpha and Delta viruses. N o apparent d ifferences in neutralizing activity for Om icron sub-lineag es

were observed between sera from Delta and Alpha b reakthroug h infections (Fig ure S1F), sug g esting that

neutralizing antibod ies ag ainst the infected variant in b reakthroug h cases were not necessarily induced

preferentially over neutralizing antibod ies ag ainst other variants.

To understand the impact of viral rep lication in breakthroug h infections on antibody response, we analyzed

the relationship between upper resp iratory viral load and neutralizing activity to each variant in the acute or

convalescent phase (Fig ure 1C). In the acute phase, serum neutralization titers ag ainst ancestral strain and

Alpha virus showed a sig nificant neg ative correlation with upper resp iratory viral load ; similar trends were

observed for acute phase serum neutralization titers ag ainst Delta virus; some serum neutralization titers

ag ainst Beta, BA.1, BA.2, and BA.4/5 viruses in the acute phase were below detection lim its, and p recise

correlations were not determ ined . However, convalescent phase serum-neutralizing titers ag ainst all vari-

ants correlated positively with upper resp iratory viral load . N otab ly, the relationship between upper resp i-

ratory viral load and acute phase neutralization was exactly opposite to the relationship between upper res-

p iratory viral load and convalescent phase neutralization. Moreover, the increase in neutralizing activity

ag ainst all variants from the acute to convalescent phases (using paired sera) was strong ly positive-corre-

lated with the upper resp iratory viral load (Fig ure 1D). This ind icates that lower levels of neutralizing anti-

bod ies during the acute phase of b reakthroug h infections are associated with hig her viral rep lication levels

in the upper resp iratory tract and that hig her viral rep lication levels in the upper resp iratory tract at the time

of b reakthroug h infection induce a g reater number of cross-neutralizing antibod ies ag ainst a wide rang e of

variants includ ing Om icron variants in non-Omicron b reakthroug h infections.

Cross-neut ralizing act ivit y
Previously, we reported that the cross-neutralizing activity of b reakthroug h convalescence sera ag ainst

SARS-CoV-2 variants correlates with the vaccination-infection time interval.7 However, the induction of

antiviral immunity is expected to involve add itional factors, includ ing ag e, sex, symp tomolog y, viral line-

ag e, and viral rep lication. To exp lore the primary factors influencing neutralizing activity ag ainst each

variant in b reakthroug h infections, we calculated correlation coefficients for each comb ination of factors:

antib ody titers, neutralization titers, ag e, sex, viral lineag e (Delta, Alpha), viral load , the time interval

from vaccination to infection, and the p resence or absence of symp toms (Fig ure 2A). In the convalescent

phase, all neutralization titers were strong ly and positively correlated . Most neutralization titers were

also positively correlated in the acute phase. However, neutralization titers in acute phase sera d id not

correlate with neutralization titers in the convalescent-phase sera for any variant (Fig ure 2A). This sug g ests

that neutralizing activity in the acute phase does not determ ine subsequent antibody resp onses in the

convalescent phase. Add itionally, sex, ag e, and symp tom onset showed no clear correlation with the

neutralization titers in convalescent-phase sera. Delta variant infection was positively correlated with

neutralization titers to ancestral and Beta viruses only, confirm ing the results shown above (Fig ure S1E).

Conversely, the vaccination-infection interval was positively correlated with neutralization titers to ances-

tral, Beta, BA.1, BA.2, and BA.4/5 viruses in convalescent-phase sera. Add itionally, upper resp iratory viral

load correlated strong ly with the neutralization titers ag ainst all variants in convalescent-phase sera. This

Figure 1. Cont inued
titer. Titers between ancestral and newer variants were compared using ANOVA with Dunnett’s test. Fo ld reductions

are ind icated above the co lumns.

(C) Correlations between viral load in resp iratory specimens at the near-d iag nosis date and neutralization titers ag ainst

the ind icated variant at acute and convalescent phases.

(D) Correlations between viral load and fold-chang es in neutralization titers in acute and convalescent phases. (C and D)

show reg ression lines, Pearson correlation r values, and sig nificance levels. Statistical sig nificance: *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. Dotted lines ind icate cutoff values.
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sug g ests that upper resp iratory viral load at the time of d iag nosis influences antibody responses in the

convalescent phase fo llowing b reakthroug h infection.

To independently evaluate the impacts of these two d ifferent factors on neutralizing activity, we performed

a multip le reg ression analysis on three parameters: neutralization titers for each variant, viral load , and the

Figure 2. Det erminants of serum neut ralizat ion t it ers against SARS-CoV-2 variant s in breakt hrough infect ions
(A) Spearman correlation matrix of antibody titers, viral load , and case characteristics for ind ividuals with SARS-CoV-2

breakthroug h infections. Neutralizing titers from pseudovirus neutralization tests, viral RNA cop iesused to represent viral

load , and the time from vaccination to infection was emp loyed herein. Male sex, d isease onset, and Delta (vs. Alpha)

variant infection were set as dummy variab les (1 vs. 0). Spearman correlation r values were ind icated using the square size

and a heat scale. The statistical sig nificance level, corrected using the false-d iscovery rate (FDR), is shown in the square;

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(B) Three-dimensional scatterplot of viral RNA load in respiratory specimens at a near-d iagnosis date, the time interval from

vaccination to infection, and neutralization titers against SARS-CoV-2 variants at the convalescent phase. The dotted p lanes

represent reg ression p lanes. Tab le 1 showsthe resultsof themultiple reg ression analysisrelevantto the findings illustrated herein.
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vaccination-infection time interval (Tab le 1). Further, we evaluated the slope coefficients for viral load and

the vaccination-infection time interval on neutralization titers for each variant. The coefficients fo r viral load

were sig nificant for neutralization titers ag ainst ancestral, Alpha, Beta, Delta, and BA.2 viruses (but not for

BA.1 or BA.4/5). However, althoug h the coefficients for vaccination-infection time interval were sig nificant

for neutralization titers ag ainst BA.1, BA.2, and BA.4/5 viruses, they were not for the ancestral, Alpha, Beta,

or Delta viruses. M oreover, three-d imensional p lots utilizing neutralization titers to each variant, viral load ,

and the vaccination-infection time interval as independent variab les revealed that the reg ression p lane

skewed more toward viral load in neutralizing activity to the ancestral strain, Alpha, and Delta, and more

toward the vaccination-infection time interval in neutralizing activity to Beta, BA.1, BA.2, and BA.4/5 (Fig -

ure 2B). These results sug g est that upper resp iratory viral load more strong ly determines convalescent

phase neutralizing activity to ancestral, Alpha, Beta, and Delta viruses (vs. BA.1, BA.2, and BA.4/5).

Contrarily, the vaccination-infection time interval more strong ly determ ined the convalescent phase

neutralizing activity to BA.1, BA.2, and BA.4/5. Two independent factors (upper resp iratory viral load

and the vaccination-infection time interval) showed d iffering mag nitudes of impact for each variant on

the induction of variant neutralizing antibod ies in breakthroug h infections.

Ant igenic dist ances
To better understand the overall p icture reg ard ing the potency of cross-neutralization, we performed anti-

g enic cartog raphy to locate the variants and sera in a two-d imensional map . Positions of variants and sera

on antig enic maps were calculated based on each serum-neutralizing titer to each variant.25,26 The anti-

g enic d istance between antig enically d ifferent variants is g reater than that between antig enically sim ilar

variants.27 Add itionally, a shorter d istance from serum to a variant on an antig enic map ind icates hig her

neutralizing activity of the serum to the variant compared to other serum-variant pairs, meaning that

sera with shorter variant-serum d istances for many variants have hig her cross-neutralizing activity. Thus,

calculating the d istance between each variant and serum on an antig enic map is useful for comparing

the b read th of neutralizing activity for each serum . First, to evaluate how the antig enic d istances between

variants chang e depend ing on the immuno-history of the sera, an antig enic map was g enerated using

serum-neutralizing titers to each variant ob tained from ind ividuals who were vaccinated twice (2vax) or

three times (3vax) with BNT162b2 (the Pfizer/BioNTech mRNA vaccine) (Fig ures 3A and 3B). For 2vax

sera, neutralization titers ag ainst Beta, BA.1, BA.2, and BA.4/5 were more than 10-fold lower than titers

ag ainst ancestral strain (Fig ure 3A). The positions of each variant in 2vax sera were scattered on the anti-

g enic map , with variants being spaced far apart (Fig ure 3B). Conversely, neutralization titers in 3vax sera

ag ainst Beta, BA.1, and BA.2 variants were only reduced by around four times, and those ag ainst BA.4/5

were reduced by about nine times, compared to the ancestral strain (Fig ure 3A). Althoug h BA.4/5 is the

Table 1. Mult iple regression analysis of neut ralizat ion t it ers, including viral load and the t ime int erval from
vaccinat ion t o infect ion

Pseudovirus Variab le Coefficient 95% CI p-value

Ancestral (log10 NT) Time interval (d) 0.003 0.011, 0.006 0.542

Viral load (log10 copies) 0.135 0.208, 0.062 <0.001

Alpha Time interval 0.002 0.008, 0.011 0.723

Viral load 0.122 0.203, 0.042 0.004

Beta Time interval 0.008 0.018, 0.001 0.077

Viral load 0.123 0.202, 0.043 0.003

Delta Time interval 0.002 0.008, 0.011 0.749

Viral load 0.126 0.206, 0.045 0.003

BA.1 Time interval 0.016 0.024, 0.008 <0.001

Viral load 0.049 0.118, 0.021 0.166

BA.2 Time interval 0.012 0.021, 0.003 0.010

Viral load 0.091 0.169, 0.014 0.022

BA.4/5 Time interval 0.016 0.025, 0.007 0.001

Viral load 0.067 0.146, 0.013 0.097

CI, confidence interval.
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Figure 3. Ant igenic maps of SARS-CoV-2 variant s for each serum source
(A) N eutralization titers of sera obtained from ind ividuals vaccinated twice (2vax) or three times (3vax) ag ainst variants of

SARS-CoV-2 pseudoviruses. Data from the same serum are connected with lines, and the mean G 95% CIs of each serum

titer are presented . The titers between the ancestral and newer variants were compared using one-way ANOVA with

Dunnett’s test; ****p < 0.0001. Fold reductions are ind icated above columns g iven statistical sig nificance. Dotted lines

ind icate cutoff values.

(B) Antig enic cartog raphy of each serum source for the acute and convalescent phases of b reakthroug h infection, 2vax,

and 3vax (ag ainst SARS-CoV-2 variants). The variants are shown as circles and sera are ind icated as squares or d iamonds.

Each square and d iamond corresponds to the sera of one ind ividual; colors represent the serum source. Each g rid square

(1 antig enic unit) corresponds to a 2-fold d ilution in the neutralization assay. Antig enic d istance is interp retab le in any

d irection. The med ian (interquartile rang e) of the d istance among Omicron variants on the map is shown via g ray dotted

lines.
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most antig enically d istant from the ancestral strain, all variants includ ing BA.4/5 were spaced close

tog ether compared to the map of 2vax sera (Fig ure 3B), sug g esting that sera from ind ivid uals with booster

dose vaccinations possess an expanded bread th of neutralizing activity ag ainst SARS-CoV-2 variants

(includ ing BA.1, BA.2, and BA.4/5) compared to those from ind ivid uals who were vaccinated twice. This

result confirms that d istances between each variant on the antig en map vary accord ing to the nature of

the sera used in the analysis. These results are consistent with the p reviously reported find ing of a decrease

in the antig enic d istance between BA.1 and D614G variants in sera from booster vaccinees.28

Then, antig en maps were g enerated using acute phase or convalescent phase serum neutralization titers

from ind ividuals with b reakthroug h infections (Fig ure 3B). There were no obvious d ifferences in the d is-

tances between the variants in the acute and convalescent phases of b reakthroug h infection, and there

was more variation in the serum positions in both the acute and convalescent phases in breakthroug h in-

fections than in maps dep icting 2vax and 3vax sera. This sug g ests that the bread th of neutralizing activity in

b reakthroug h sera is as d iverse from case to case as the mag nitude of neutralizing activity. In contrast, the

antig enic d istances among BA.1, BA.2, and BA.4/5 in the map of the convalescent-phase sera were closer

than those of other serum sources. This sug g ests that the convalescent sera contain robust neutralization

potency ag ainst the am ino acid chang es introduced in the Omicron sub-lineag es includ ing BA.4/5.

Vaccinat ion-infect ion t ime int erval and breadt h of neut ralizing act ivit y
To compare the neutralizing b readth for each serum (ob tained from vaccinees with or without b reak-

throug h infection), an antig enic map was g enerated using 2vax, 3vax, and b reakthroug h infection sera

simultaneously (Fig ure 4A). In this map , 3vax sera tended to be located closer to Beta, BA.1, BA.2, and

BA.4/5 than 2vax sera (Fig ure 4A). W e then calculated variant-serum d istances between each serum and

each variant. In the heatmap clustering ind ivid ual variant-serum d istances, Beta, BA.1, BA.2, and BA.4/5

were clustered in an antig enic g roup (antig enic g roup 2; vs. antig enic g roup 1, which included ancestral

strain, Alpha, and Delta variants) (Fig ure 4B). This sug g ests that Beta, BA.1, BA.2, and BA.4/5 are antig en-

ically d istinct from ancestral strains. Add itionally, almost all 3vax sera (but not 2vax sera) were classified as

type 1 serum , with a short variant-serum d istance for all variants (Fig ure 4B), sug g esting that booster vacci-

nation conferred a g reater b read th of neutralizing activity ag ainst SARS-CoV-2 (includ ing antig enically

d istinct variants). However, in b reakthroug h infection sera, neither acute nor convalescent-phase sera

was classified into a specific serum type (Fig ure 4B), sug g esting that the b read th of neutralizing activity

in b reakthroug h infection was d iversified from case to case.

N ext, variant-serum d istances were compared for 2vax, 3vax, acute phase, and convalescent-phase sera

(Fig ure 4C). A shorter variant-serum d istance ind icated a hig her deg ree of relative neutralization capacity

of the serum to the variant. The variant-serum d istances for the ancestral strain in 2vax, 3vax, acute phase,

and convalescent-phase sera were shorter than those for the other variants and d id not d iffer among serum

sources. Conversely, variant-serum d istances for antig enically d istinct variants, such as Beta, BA.1, BA.2,

and BA.4/5, were relatively long er than those for the ancestral, Alpha, and Delta variants. The variant-serum

d istances for 3vax, acute phase, and convalescent-phase sera (reg ard ing the antig enically d istinct variants)

were statistically sig nificantly shorter than for 2vax, sug g esting that antibod ies with an expanded b read th

of neutralization covering antig enically d istinct variants were induced in booster dose vaccinees, and in the

acute/convalescent phases of b reakthroug h infection. Fo llowing this, we evaluated the impact of the in-

fecting viral lineag e on variant-serum d istances and found no d ifferences in the variant-serum d istance

in either the acute or the convalescent phase (Fig ure S2A). This sug g ests that the b read th of serum neutral-

ization does not vary between Alpha and Delta breakthroug h infections and that Alpha and Delta break-

throug h infections (antig enic g roup 1) equally impact the extent of the b read th of neutralization ag ainst

d ifferent antig enic variants (antig enic g roup 2).

Moreover, to assess the effect of the time interval on the b readth of neutralization, b reakthroug h sera were

d ivided into short (early b reakthroug h) and long (late b reakthroug h) time interval g roups, and variant-

serum d istances were compared for each variant and serum . The variant-serum d istances for BA.1, BA.2,

and BA.4/5 in the sera of the late b reakthroug h g roup were shorter than those in the early b reakthroug h

g roup in the convalescent-phase sera (Fig ure S2B). Intrig uing ly, the variant-serum d istance d id not chang e

between the early and late b reakthroug h g roups for either variant in acute phase sera (Fig ure S2B). These

observations sug g est that the time interval from vaccination to infection strong ly determ ines the b read th of

neutralizing antibod ies in the convalescent phase induced after b reakthroug h infection. W e then evaluated
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Figure 4. Charact erizat ion of het erogeneous serum populat ions based on ant igenic map dist ance, and sources of
variat ion
(A)Antig enic cartog raphy of sera from acute/convalescent phases for b reakthrough infections and for those receiving two

(2vax)or three vaccines (3vax). Variants are shown as circles and sera are ind icated as squaresor d iamonds. Each square or

d iamond corresponds to the sera of one ind ividual; colors represent the serum source. Each g rid square corresponds to a

2-fold d ilution in the neutralization assay. Antig enic d istance is interpretab le in any direction.

(B) Clustering the antig enicity of SARS-CoV-2 variants and serum reactions against the variants. The heatmap shows the

variant-serum d istance from the sera. Two antig enic g roups and three serum types were d ivided by k-means clustering .

The serum sources are ind icated by a co lor bar on the rig ht.

(C) Comparison of variant-serum d istance from the sera. Distances between the serum sources ag ainst 2vax sera were

compared using two-way ANOVA with the Sidak test.

(D) Correlation between the time interval from vaccination to infection and variant-serum d istance at the convalescent

phase.

(E)Correlation between viral load in resp iratory specimensat a near-d iag nosis date and the variant-serum d istance of sera

at the convalescent phase. Statistical sig nificance: ns, not sig nificant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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the correlation between variant-serum d istances in b reakthroug h infection sera, the vaccination-infection

time interval, and the upper resp iratory viral load (Fig ures 4D and 4E). Variant-serum d istances for the

ancestral, Alpha, and Delta variants d id not correlate with the vaccination-infection time interval, while

the variant-serum d istances for antig enically d istinct variants correlated neg atively. Upper resp iratory viral

load d id not correlate with variant-serum d istances for any variants. These results sug g est that the vaccina-

tion-infection time interval acts as a p rimary determ inant of variant-serum d istances for antig enically

d istinct variants from the vaccine antig en and ancestral strain without being lim ited by the antig enicity

of the infecting virus or viral rep lication and that a long er time interval contrib utes to expand ing the

b readth of neutralization reg ard ing antig enically d istinct variants.

Neut ralizing act ivit y of ant i-spike IgG ant ibodies
Finally, the relationship among the amount of anti-sp ike IgG antibod ies in breakthroug h infection sera,

neutralization titer, time interval, and upper resp iratory viral load was exam ined (Fig ure S3). Ig G antibody

levels b ind ing to Om icron BA.1 sp ike were approximately 6-fold lower than those to the ancestral sp ike in

the acute and convalescent sera (Fig ure S3A). However, Ig G antibody levels b ind ing to other variant sp ikes

were comparab le to those to the ancestral sp ike (Fig ure S3A). Then, we evaluated the correlation among

these anti-sp ike Ig G levels, neutralizing titers, the time interval, and the viral load (Fig ure S3B). In the conva-

lescent sera, anti-sp ike IgG antibody levels were hig hly, p ositively correlated with neutralizing titers for all

variants (Fig ures S3B and S3C). However, in acute phase sera, anti-sp ike Ig G antibody levels showed no

clear correlation with neutralizing titers for any of the variants (Fig ures S3B and S3C). These results sug g est

that in b reakthroug h infections, anti-sp ike Ig G antibod ies induced in the convalescent phase after infection

have hig her neutralizing activity than the Ig G antibod ies in sera collected immed iately after infection, and

immune responses induced after b reakthroug h infections promote the p roduction of more potent anti-

sp ike antibod ies Then, we calculated the neutralizing titer per anti-sp ike Ig G antibody amount and evalu-

ated the correlation with time interval and viral load (Fig ure S3D). N eutralizing activity per sp ike-b ind ing

IgG antibody ag ainst Beta and BA.1 variant was hig hly correlated with time interval. Taken tog ether, these

results sug g est that the neutralizing potency of ind ivid ual sp ike-b ind ing Ig G antibod ies to antig enically

d istinct variants imp rove with increasing time interval.

DISCUSSION
COVID-19-vaccine b reakthroug h infections were previously found to elicit robust cross-neutralizing anti-

body responses ag ainst several SARS-CoV-2 variants, which were larg ely recalled from memory B cells

induced by p revious vaccinations.29 Vaccination-infection time interval effect on cross-neutralizing anti-

body responses may also be due to antibody affinity maturation as a result of the accumulation of somatic

mutations in memory B cells and positive/neg ative selection in the g erm inal center (GC).30 The SARS-

CoV-2 mRNA vaccine was reported to induce a GC response that is strong ly associated with the induction

of SARS-CoV-2 b ind ing antibod ies and memory B cells.31,32 The GC response lasted at least 12 weeks after

the second doses of the vaccine, enab ling the g eneration of robust humoral immunity.32 Memory B cells

recog nizing Omicron and other variants are known to p roliferate after the second vaccination33,34 and

memory B cells recog nizing the Omicron sp ike p roliferate after the third vaccination.33 These find ing s sup-

port the contention that a third exposure increases the B cell p opulation producing antibod ies with hig h

cross-neutralizing potency. Indeed , affinity maturation of IgG antibod ies to the sp ike-p rotein-conserved

reg ion persisted for more than three months after SARS-CoV-2 infection in a p rior study.30 Furthermore,

cross-neutralization ab ility ag ainst antig enically d istant variants was induced in a g roup with a long er

first-to-second vaccination interval.32 Our results and p revious find ing s support the importance of the

time interval between vaccinations in the p rog ression of the bread th of neutralization potency to SARS-

CoV-2 reg ard ing both booster vaccinations and breakthroug h infections.

Moreover, we showed that the upper resp iratory viral load in Delta or Alpha (i.e., antig enic g roup 1)

b reakthroug h-infected ind ivid uals correlated with the resulting increase in the mag nitude of the neutral-

ization potency to SARS-CoV-2, includ ing variants belong ing to antig enic g roup 2 (Fig ure 1). This find ing

ind icates that the viral rep lication level in the upper resp iratory tract impacts neutralizing antibody pro-

duction. It has been reported in non-human p rimate infectious models and observational stud ies on

COVID-19 vaccine b reakthroug h infections that low levels of neutralizing antibod ies p rior to infection

allow for efficient viral rep lication in the upper resp iratory tract.35–37 This is consistent with the present

results showing an obvious relationship between acute-phase neutralizing activity and viral load . It has

also been reported that lower viral load in the upper resp iratory tract tends to induce more neutralizing
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antibod ies in unvaccinated SARS-CoV-2-infected patients,38 which is contrary to the p resent results

showing a positive relationship between convalescent phase neutralizing activity and viral load in b reak-

throug h infections. This sug g ests that the induction of neutralizing antibod ies in b reakthroug h infections

involves an interaction between p re-existing immunity ob tained throug h vaccination and viral rep lication

during b reakthroug h infection. Viral rep lication can modulate antiviral immunity by synthesizing viral

antig ens that serve as immunog ens for inducing antiviral antib od ies. Intrig uing ly, the effect of upper res-

p iratory viral load on neutralizing antibody p roduction in Delta/Alpha variant b reakthroug h infections

was seen for both antig enically similar variants (ancestral, Alpha, and Delta variants) and antig enically

d istinct variants (Beta, BA.1, BA.2, BA.4/5) across the antig enic barrier. This sug g ests that viral antig ens

supp lied by upper resp iratory viral rep lication in b reakthroug h infected cases m ig ht be sufficient to over-

come the antig enic barrier by stimulating B cells ag ainst neutralizing ep itopes that are conserved among

variants includ ing antig enically d istinct Om icron variants only in ind ividuals infected after a sufficient time

interval. In add ition, it is noteworthy that both hig h and low levels of cross-neutralizing antibod ies to

BA.4 and BA.5 have been reported in cases of b reakthroug h infections.14–18 This ind icates that some spe-

cific cond itions are required for the induction of b road immunity covering BA.4 and BA.5 after b reak-

throug h infections, supporting our hypothesis. Furthermore, the hypothesis imp lies the potential for a

d ifferent app roach to rational antig en desig n in booster vaccine development aimed at inducing a broad

b readth of p rotective immunity (i.e., covering all SARS-CoV-2 variants). The time interval rather than the

upper resp iratory viral load was shown to expand the b read th of neutralization. However, further evalu-

ation of the impact of upper resp iratory viral load on the expansion of neutralization b readth in b reak-

throug h infections with antig enically d istinct viruses relative to the current vaccine strain is needed to

fully elucid ate the role of viral rep lication as a key d river of upg rad ing neutralizing activity in ind ivid uals

with b reakthroug h infections.

In conclusion, we found that non-Omicron b reakthroug h infections elicited robust cross-neutralizing activ-

ity ag ainst Om icron variants (includ ing BA.4/5 sub-lineag e) across the antig enic barrier. Most importantly,

our find ing s clearly demonstrated that the leng th of the post-vaccination incubation period , but not the

antig enicity of the infecting virus or the upper resp iratory viral load , is a critical d eterm inant in expand ing

the b readth of neutralization to antig enically d istinct variants. Add itionally, the upper resp iratory virus load

at the time of infection is associated with the amount of neutralizing antibody titer p roduced during the

subsequent convalescent phases. Resp iratory viral load and the vaccination-infection time interval each

showed a variab le mag nitude of impact for each variant in reg ard to the induction of neutralizing anti-

bod ies in b reakthroug h-infected ind ividuals. Consequently, antiviral immunity to SARS-CoV-2 is becom ing

increasing ly d iverse in ind ivid uals with breakthroug h infections. Therefore, exp loratory stud ies evaluating

factors contro lling the quality of the immune response after b reakthroug h infection can be a useful g uide

for the development of next-g eneration vaccines with the ab ility to induce a durab le and broad b readth of

p rotective immunity ag ainst all SARS-CoV-2 variants. This study hig hlig hts the importance of dosing inter-

val optim ization to develop a variant-p roof booster vaccine.1

Limit at ions of t he st udy
Desp ite the overall streng ths of this study, it has several lim itations. First, the cases enrolled in this study

were lim ited to b reakthroug h cases infected with the Alpha or Delta variants and d id not include cases

infected with the Omicron variant. Due to an increase in the population who have a long er time interval

between vaccination and infection, infections during the Om icron pandem ic may lead to the develop-

ment of more potent cross-neutralizing antibod ies.17,18 Second , the d isease severity of the b reakthroug h

cases enrolled in this study was predom inantly b iased toward asymp tomatic and m ild cases. However,

COVID-19 d isease severity is reported to be an important determ inant of antib ody induction in unvac-

cinated ind ividuals.30,38 Third , since acute phase sera from ind ivid uals with b reakthroug h infections

showed a low neutralization titer (even ag ainst the ancestral virus) in our investig ation, we could not

determ ine an accurate fo ld reduction in the neutralizing antibody titer or an accurate correlation coeffi-

cient ag ainst resp iratory viral load . Fourth, we d id not assess T-cell immunity and Fc-effector function in

humoral immunity, such as antibody-d ependent cellular cytotoxicity (ADCC) and antibody-depend ent

cellular phag ocytosis (ADCP), which may be associated with vaccine efficacy.37,39–41 Fifth, no ind ividual

who experienced b reakthroug h infection after the booster dose was enrolled in this study. Sixth,

b reakthroug h infection sera for ind ivid uals’vaccination-infection time intervals of more than four months

were not availab le in this study, and the interval that maxim izes cross-neutralization potency remains

unknown. Seventh, the accurate antig en p lacement in standard antig enic cartog raphy requires each
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variant-infected serum .25 However, since this study focused on the relative p lacement of variant antig ens

and sera in the d ifferent immune histories of vaccinated and b reakthroug h-infected sera, Om icron-

infected sera were not necessarily required . Finally, our investig ation d id not evaluate the actual risk

of reinfection by SARS-CoV-2 in ind ivid uals with a history of b reakthroug h infection, althoug h there is

evidence that neutralizing antibody titers can be a correlate of p rotection ag ainst ancestral strains and

d ifferent variants.42–44

It should be noted that contro l o f upper resp iratory viral rep lication in b reakthroug h cases is more d ifficult

to achieve than control of the vaccination-infection time interval, as viral rep lication in the resp iratory tract

is influenced by multip le variab les, includ ing the infecting variant, amount of viral exposure, host suscep-

tib ility, treatment strateg ies (includ ing antiviral d rug s), innate immune response, and comp lex p re-existing

acquired immunity to SARS-CoV-2. For this, inducing hig h-quality antiviral immunity ag ainst SARS-CoV-2

following b reakthroug h infections is d ifficult to control. Therefore, b reakthroug h infection should not be

considered an op tion for boosting immunity.
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STAR+ METHODS

KEY RESOURCESTABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

hCoV-19/Japan/TY-WK-521/2020 National Institute of Infectious Diseases EPI_ISL_408667

hCoV-19/Japan/QHN002/2020 National Institute of Infectious Diseases EPI_ISL_804008

hCoV-19/Japan/TY8-612/2021 National Institute of Infectious Diseases EPI_ISL_1123289

hCoV-19/Japan/TY11-927-P1/2021 National Institute of Infectious Diseases EPI_ISL_2158617

hCoV-19/Japan/TY38-873P0/2021 National Institute of Infectious Diseases EPI_ISL_7418017

hCoV-19/Japan/TY40-158-P0/2022 National Institute of Infectious Diseases EPI_ISL_9595813

hCoV-19/Japan/TY41-702-P1/2022 National Institute of Infectious Diseases EPI_ISL_13241867

VSV pseudovirus bearing SARS-CoV-2 spike protein Tani et al.45 N/A

Biological samples

Human plasma samples obtained from
vaccinated health care workers

Tokyo Shinagawa Hospital N/A

Human serum samples obtained
from breakthrough cases

Miyamoto et al.7 N/A

Human respiratory specimens This paper N/A

Critical commercial assays

Bright-Glo Luciferase Assay System Promega E2620

V-PLEX SARS-CoV-2 Panel 23 Kit Meso Scale Discovery K15567U-2

Elecsys Anti-SARS-CoV-2 (200) RUO Roche Diagnostics 518316181

Elecsys Anti-SARS-CoV-2 S (200) RUO Roche Diagnostics 518316488

QuantiTect Probe RT-PCRKit Qiagen 204445

QIAseq FX DNA Library Kit Qiagen 180473

Experimental models: Cell lines

VeroE6/TMPRSS2 cells JCRB Cell Bank JCRB1819

Oligonucleotides

NIID-N2 primer/probe set Shirato et al.46 N/A

N501Y detection primers:
50- CTTGTAATGGTGTTRAA
GGTTTTAATTGT 50- GGTGCA
TGTAGAAGTTCAAAAGAAAG

This paper N/A

Probes for N501 detection:
50-FAM-CCAACACCATTAGT
GGGTTG-MGB; for 501Y detection:
50-VIC- CCAACACCATAAGTGGGTTG-MGB

This paper N/A

L452Rdetection primers:
50-GCGTTATAGCTTGGAATT
CTAACAATC 50- ATCTCTCTC
AAAAGGTTTGAGATTAGAC

This paper N/A

Probes for L452 detection:
50-FAM-ATTATAATTACCTGT
ATAGATTGT-MGB; for 452Rdetection:
50- VIC-TTATAATTACCGGTATAGATTG-MGB

This paper N/A

Primer/probe for E484K Takara RC345A

(Continued on next page)
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RESOURCE AVAILABILITY
Lead cont act
Add itional information and requests for resources and reag ents should be d irected to the lead contact,

Tadaki Suzuki (tksuzuki@niid .g o.jp ).

Material availabilit y
SARS-CoV-2 viruses in this study are availab le from the National Institute of Infectious Diseases (N IID) un-

der a material transfer ag reement with the N IID, Tokyo, Japan.

Dat a and code availabilit y
All d ata are availab le in the main text or the supp lemental information.

This study d id not g enerate any new codes.

Any add itional information required to reanalyze the data reported in this work paper is availab le from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human part icipant s and sampling
The characteristics of human particip ants included in this study are summarized in Tab le S1. Human p lasma

samp les ob tained from vaccinated healthcare workers with no infections who received two or three doses

of BNT162b2 (Pfizer/BioNTech)mRNA vaccine were collected with written informed consent prior to enroll-

ment and ethics approval by the med ical research ethics committee of the N IID. Blood ob tained from

vaccinated health care workers was collected in Vacutainer cell p reparation tubes (CPT; BD Biosciences,

Franklin Lakes, N J, US) and centrifug ed at 1,800 3 g for 20 m in. Perip heral b lood mononuclear cells

(PBMCs) were suspended in p lasma and harvested into conical tubes, followed by centrifug ation at

300 3 g for 15 m in. The p lasma was then transferred into another conical tube and centrifug ed at

800 3 g fo r 15 m in, and the supernatant was transferred into another tube to comp letely remove PBMCs.

Human serum samp les ob tained from breakthroug h cases were also included in this study. A b reakthroug h

infection was defined accord ing to a positive result in a test detecting SARS-CoV-2 RNA or antig en con-

ducted on a resp iratory specimen collected R 14 days after the second vaccine dose. Demog raphic infor-

mation, vaccination status, and resp iratory samp les for determ ining the infecting variant in the b reak-

throug h cases included in this report were collected as part of the pub lic health activity led by N IID

under the Infectious Diseases Control Law and were pub lished on the N IID website in order to meet stat-

utory requirements. Sera ob tained from b reakthroug h cases were collected concurrently for clinical testing

p rovided by the N IID (with patient consent), and neutralization assays for this report were performed using

residual samp les as a research activity with ethics app roval from the med ical research ethics committee of

N IID and informed consent.

Cont inued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Graphpad Prism 9 Graphpad N/A

R4.1.2 RCore Team https:/ /www.R-project.org/

Racmacs Wilks26 https:/ /github.com/acorg/Racmacs

Other

GroMax Navigator Microplate Luminometer Promega GM2000

MESOQuickPlex SQ 120 Meso Scale Discovery AI0AA-0

cobas e 411 plus Roche Diagnostics N/A

MiSeq System Illumina SY-410-1003
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W e considered cases with positive anti-N antibody titers in the acute phase to have a history of p re-existing

infection. To exam ine neutralization, p lasma and serum samp les were heat-inactivated at 56 C for 30 min

before use. The med ian dose interval between the first and second vaccine dose for both vaccinated un-

infected ind ivid uals and b reakthroug h cases was 21 days (Tab le S1).

Resp iratory specimens were collected throug h nasal swabs, nasopharyng eal swabs, or saliva samp les.

Quantitative reverse transcrip tase po lymerase chain reaction (RT-qPCR) assays were comp leted at N IID

for all resp iratory samp les to confirm samp le quality for g enome sequencing and to quantify the viral

RNA load .

Ethical approval
All samp les, p rotocols, and p rocedures describ ed herein were app roved by the Med ical Research Ethics

Committee of N IID for involving human participants (app roval numbers 1178, 1275, 1316, and 1321).

Cells
HEK293T cells ob tained from the American Type Culture Collection (Manassas, VA, USA) were cultured in

Dulbecco’s mod ified Eag le med ium (DMEM ; Fujifi lm , Tokyo , Japan) supp lemented with 10% fetal bovine

serum (FBS) at 37 C, and were supp lied with 5% CO 2. VeroE6/TMPRSS2 cells (JCRB1819, Japanese Collec-

tion of Research Bioresources Cell Bank; Osaka, Japan) were maintained in low g lucose DMEM (Fujifi lm)

containing 10% heat-inactivated FBS (Biowest, N uaillé , France), 1 mg /mL g eneticin (Thermo Fisher Scien-

tific), and 100 U/mL penicillin/strep tomycin (Thermo Fisher Scientific) at 37 C; these cells were supp lied

with 5% CO 2.

SARS-CoV-2 virus
W e used the SARS-CoV-2 ancestral strain W K-521 (lineag e A, GISAID ID: EPI_ ISL_ 408667) and the Om icron

BA.2 variant TY40-158 (lineag e BA.2.3, EPI_ ISL_ 9595813) in this study; these variants were isolated using

VeroE6/TMPRSS2 cells at N IID with ethics app roval p rovided by the med ical research ethics comm ittee

of N IID for stud ies conducted with human sub jects (#1178). More specifically, to isolate viruses belong ing

to the Omicron BA.2 variant TY40-158 strain, resp iratory specimens co llected from ind ividuals screened at

airport quarantine stations in Japan and transferred to N IID for who le g enome sequencing were sub jected

to viral isolation using VeroE6/TMPRSS2 cells at N IID.

METHOD DETAILS
RNA ext ract ion and RT-qPCR
RNA was extracted from resp iratory samp les using the Maxwell RSC miRNA Plasma and Serum kit (Prom-

eg a, Mad ison, W I, USA). Q uantification cycle (Cq) values (i.e., viral RNA loads) were measured by RT-qPCR

using the QuantiTect Probe RT-PCR Kit (Q iag en, Hilden, Germany) targ eting the SARS-CoV-2 nucleop ro-

tein (N ) reg ion via an N IID-N2 primer/probe set.46 The thermal cycling cond itions were as fo llows: 50 C for

30 min; 95 C for 15 m in; and 45 cycles of 95 C for 15 s and 60 C for 1 m in. The Cq values of samp les judg ed

to be neg ative were analyzed by substituting a Cq value of 45. Cq values were converted to viral nucleo-

protein RNA copy numbers/reaction accord ing to a p reviously reported simp le reg ression line.47 Viral

iso lation and PCR screening for mutations of interest (N501Y, E484K, L452R) were attemp ted for N IID-

N2 primer/p robe set positive samp les.

SARS-CoV-2 viral RNA genome sequencing
For resp iratory specimens with Cq values of less than 32, SARS-CoV-2 whole viral g enome sequences were

determ ined . A primer set mod ified from the ARTIC Network’s V1 primer set (http s://g ithub .com/ItokawaK/

Alt_ nCov2019_ p rimers/tree/master/Primers/ver_ N 3) was used for conducting multip lex RT-PCR. A DNA li-

b rary was constructed from the RT-PCR p roducts using the Q IAseq FX DNA Lib rary Kit (Q iag en) as

describ ed p reviously,48 and was sub jected to next-g eneration sequencing using the M iSeq System (Illu-

m ina, San Dieg o, CA, USA). Consensus sequences of the viral g enome were ob tained using the ARTIC field

b ioinformatics p ipeline, fo llowing the ARTIC-nCoV-b ioinformatics SOP-v1.1.0 (http s://artic.network/ncov-

2019/ncov2019-b ioinformatics-sop .htm l, 2020). The consensus sequences were up loaded to the Global

Initiative on Sharing All Influenza Data (GISAID ; http s://www.g isaid .org /).
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PCR screening for mutat ion det ect ion
To support g enome sequencing analysis to determ ine variants, PCR screening for N 501Y, E484K, and

L452R mutations was comp leted for all RT-qPCR positive samp les. Two in-house PCR assays to detect

N 501Y and L452R mutations, respectively, had p reviously been developed at N IID for pub lic health surveil-

lance purposes. To screen for N 501Y mutations in the sp ike (S) reg ion, we desig ned p rimers [50- CTTG

TAATGGTGTTRAAGGTTTTAATTGT and 50- GGTGCATGTAGAAGTTCAAAAGAAAG] and TaqM an

MGB probes [for N501 detection: 50-FAM-CCAACACCATTAGTGGGTTG-MGB; for 501Y detection:

50-VIC-CCAACACCATAAGTGGGTTG-MGB]. To detect L452R mutations in the S domain, we likewise de-

sig ned p rimers [50-GCGTTATAGCTTGGAATTCTAACAATC and 50- ATCTCTCTCAAAAGGTTTGAGAT

TAGAC] and TaqM an MGB probes [for L452 detection: 50-FAM-ATTATAATTACCTGTATAGATTGT-

MGB; for 452R detection: 50-VIC-TTATAATTACCGGTATAGATTG-MGB]. The final concentrations of the

p rimers and p rob es were 0.6 mM and 0.1 mM , respectively. The reag ents and the reaction cond itions for

RT-qPCRwere as describ ed above. For the E484K mutation, a commercial p rimer/p robe for E484K (Takara,

Kusatsu, Japan) was used .

W e defined SARS-CoV-2 variants as fo llows: (i) Alpha lineag e, samp les in which E484 and 501Y were de-

tected ; (ii) Delta lineag e, samp les in which the 452R was detected ; and (iii) undeterm ined , samp les in which

the 484K was detected or mutation detections failed . There were no d iscordant results for these PCR assays

in reg ard to viral g enome sequencing in included cases until Aug ust 2021.

Viral isolat ion and t it rat ion
Viral iso lation was attemp ted for all RT-qPCR positive cases with availab le residual resp iratory specimens,

as describ ed p reviously.49 Briefly, VeroE6/TMPRSS2 cells50 (JCRB1819, JCRB Cell Bank) were seeded in

96-well flat-bottom p lates, resp iratory specimens m ixed with DMEM supp lemented with 2% FBS and

Antib iotic-Antimycotic So lution (Thermo Fisher Scientific) were inoculated in dup licate, and the culture su-

pernatant was chang ed to fresh med ium one day post-infection (d .p .i.) and was incubated at 37�C and sup-

p lied with 5% CO 2. On one and five d .p .i. , a cytopathic effect was observed . After five days, the supernatant

was collected and RT-qPCR using the SARS-CoV-2 d irect detection RT-qPCR kit (Takara) was performed in

order to confirm the p ropag ation of SARS-CoV-2. The med ian tissue culture infectious dose (TCID 50) in the

residual specimens was determ ined for all viral isolation positive cases.

VSV pseudovirus product ion
The vesicular stomatitis virus (VSV) pseudovirus bearing SARS-CoV-2 sp ike p rotein was g enerated as p re-

viously describ ed .45 Briefly, the sp ike g enes of SARS-CoV-2 ancestral, Alpha, Beta, Delta, Om icron BA.1,

BA.4/5 variants were ob tained from viral RNA extracted from the SARS-CoV-2 W K-521 strain (ancestral

strain), QHN002 (Alpha; lineag e B.1.1.7, G ISAID: EPI_ ISL_ 804008), TY8-612 (Beta; lineag e B.1.351, G ISAID:

EPI_ ISL_ 1123289), TY11-927 (Delta; lineag e B.1.617.2, GISAID: EPI_ ISL_ 2158617), TY38-873 (lineag e BA.1,

G ISAID: EPI_ ISL_ 7418017), and TY41-702 (lineag e BA.5, G ISAID : EPI_ ISL_ 13241867) respectively, b y RT-

PCR (PrimeScrip t II Hig h Fidelity One Step RT-PCR Kit, Takara). The sp ike g enes of the SARS-CoV-2

Omicron variants were ob tained from RNA extracted from nasopharyng eal swab specimens from patients

infected with the SARS-CoV-2 Omicron BA.2 variant (TY40-158) by RT-PCR, as describ ed above. The cyto-

p lasm ic 19 aa-deleted SARS-CoV-2 sp ike g enes were cloned into a pCAGGS/MCS exp ression vector.

HEK293T cells transfected with exp ression p lasm id s encod ing the SARS-CoV-2 sp ike g enes for the ances-

tral, Alpha, Beta, Delta, BA.1, BA.2, and BA.4/5 variants were infected with G-comp lemented VSVDG/Luc.

After 24 h, the culture supernatants containing VSVpseudoviruses were collected and stored at�80�C until

further use.

Elect rochemiluminescence immunoassay (ECLIA)
Antibody titers for the ancestral sp ike (S) recep tor b ind ing domain (RBD) and nucleop rotein (N ) were

measured using Elecsys Anti-SARS-CoV-2 S (Roche, Basel, Switzerland ) and Elecsys Anti-SARS-CoV-2 S

(Roche) kits accord ing to manufacturer instructions. Anti-sp ike IgG antibody levels for variants were

measured using V-PLEX SARS-CoV-2 Panel 23 Kit (Meso Scale Discovery) accord ing to the manufacturer’s

instructions.
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VSV pseudovirus-based neut ralizat ion assay
Neutralization of SARS-CoV-2 pseudoviruses was performed as describ ed p reviously.7,29 Briefly, serially

d iluted serum (with five-fold serial d ilution of serum from participants with second vaccinations, or eig ht-

fold serial d ilution of serum from b reakthroug h infected patients and particip ants with third vaccinations,

starting at a 1:10 d ilution) was m ixed with an equal vo lume of VSV pseudovirus-bearing SARS-CoV-2 sp ike

protein and incubated at 37 C for 1 h. The m ixture was then inoculated into VeroE6/TMPRSS2 cells seeded

on 96-well solid white flat-bottom p lates (Corning ; Corning , NY, USA). At 24 h post-infection, the infectivity

of the VSV pseudovirus was assessed by measuring luciferase activity using a Brig ht-Glo Luciferase Assay

System (Promeg a) and a GloMax Navig ator M icrop late Lum inometer (Promeg a). The recip rocal half-

maximal inhib itory d ilution (ID50) is p resented as the serum neutralization titer.

Live virus neut ralizat ion assay
Live virus neutralization assays were performed as describ ed p reviously.7,29 Briefly, serum samp les were

serially d iluted (via two-fo ld d ilutions starting from 1:5) in hig h-g lucose DMEM supp lemented with 2%

FBS and 100 U/mL penicillin/strep tomycin and were m ixed with 100 TCID50 SARS-CoV-2 viruses (W K-

521, ancestral strain; and TY40-158, Om icron BA.2 variant), fo llowed by incubation at 37 C for 1 h. The vi-

rus-serum mixtures were p laced on VeroE6/TMPRSS2 cells seeded in 96-well p lates and cultured at 37 C

with 5% CO 2 for five days. After culturing , the cells were fixed with 20% formalin (Fujifi lm ) and stained

with crystal vio let so lution (Sig ma-Ald rich, St. Louis, MO , USA). N eutralization titers were defined as the

g eometric mean of the recip rocal of the hig hest samp le d ilution that p rotects at least 50% of the cells

from a cytopathic effect from two to four multip licate series. Since sera from ind ivid uals who suffered

from b reakthroug h infections were lim ited in quantity, this assay was performed only once. All experiments

using authentic viruses were performed in a b iosafety level 3 laboratory at N IID .

QUANTIFICATION AND STATISTICAL ANALYSIS
Ant igenic cart ography
Antig enic maps based on neutralization titers ag ainst SARS-CoV-2 pseudoviruses were created using the

Racmacs R function (The R Pro ject for Statistical Computing , Vienna, Austria) with 2,000 optim izations.25,26

Each g rid square (1 antig enic unit) corresp onded to a two-fo ld d ilution in the neutralization assay. Anti-

g enic d istance (i.e., map d istance) was used as the variant-serum d istance (http s://acorg .g ithub .io/

Racmacs/articles/intro-to-antig enic-cartog raphy.htm l). M ed ians and interquartile rang es of the d istances

between BA.1, BA.2, and BA.4/5 variants were calculated by Pythag orean theorem using the coord inates

of antig enic maps in op tim ization steps. Heatmaps were created to visualize variant-serum d istances using

the ComplexHeatmap R function.

Stat ist ical analysis
Data analysis and visualization were performed using GraphPad Prism 9.3.1 (San Dieg o, CA, USA) and R

4.1.2. M easurements below the detection lim it, exclud ing Cq values, were converted to half the detection

lim it. For statistical analysis, unpaired t-tests, one-way analysis of variance (ANOVA) with Dunnett’s test,

and two-way ANOVA with the Sidak test were used to compare viral loads, antib ody titers, and variant-

serum d istances. Pearson correlation coefficients were used to assess correlations between continuous

variab les. Statistical sig nificance was set at p < 0.05. In correlation matrix analyses, Spearman correlations

between variab les were calculated with false d iscovery rate (FDR) correction and were visualized using the

psych and corrplot R functions, as describ ed previously.51 Coefficients were ind icated using square size and

the aforementioned heat scale.

In multip le reg ression analysis, each neutralization antibody titer ag ainst ancestral and newer SARS-CoV-2

variants in convalescent sera was reg ressed ag ainst resp iratory viral load (x1, viral RNA cop ies) at a near-

d iag nosis date as well as the time interval (x2, d ays) from vaccination to infection. The model for neutrali-

zation titer y for particip ant i can be written as follows:

Log10 yi = b0 + b1 log10 x1i + b2 x2i +εi

b0 rep resents the y-intercep t; and b1, b2, and εrep resent the slope coefficients and error term , respectively.

These analyses and visualizations were performed using the stats and scatterplot3d R functions.
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