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SUMMARY
Vaccination against SARS-CoV-2 protects from infection and improves clinical outcomes in breakthrough in-
fections, likely reflecting residual vaccine-elicited immunity and recall of immunological memory. Here, we
define the early kinetics of spike-specific humoral and cellular immunity after vaccination of seropositive
individuals and after Delta or Omicron breakthrough infection in vaccinated individuals. Early longitudinal
sampling revealed the timing and magnitude of recall, with the phenotypic activation of B cells preceding
an increase in neutralizing antibody titers. While vaccination of seropositive individuals resulted in robust
recall of humoral and T cell immunity, recall of vaccine-elicited responses was delayed and variable in magni-
tude during breakthrough infections and depended on the infecting variant of concern. While the delayed
kinetics of immune recall provides a potential mechanism for the lack of early control of viral replication,
the recall of antibodies coincided with viral clearance and likely underpins the protective effects of vaccina-
tion against severe COVID-19.
INTRODUCTION

Vaccines encoding the spike (S) antigen of SARS-CoV-2 are

effective in reducing the risk of symptomatic SARS-CoV-2 infec-

tion, as well as progression to severe COVID-19 disease (Chung

et al., 2021). Neutralizing antibodies are a correlate of protection

(Gilbert et al., 2021; Khoury et al., 2021) and likely act to prevent

infection by blocking viral attachment and entry. However, as

antibody titers naturally wane (Wheatley et al., 2021a), vaccine

effectiveness drops (Cromer et al., 2022) and the frequency of

‘‘breakthrough infections’’ among vaccinated individuals in-

creases in the population. The emergence of antigenic variants

including Beta and Omicron have highlighted the potential for

viral escape from neutralizing antibody recognition, which can

considerably reduce vaccine effectiveness against acquisition

of SARS-CoV-2 infection (Roessler et al., 2021). Nevertheless,
1316 Immunity 55, 1316–1326, July 12, 2022 ª 2022 Elsevier Inc.
vaccine-elicited immunity continues to provide robust protection

against severe disease outcomes, even in the face of viral vari-

ants (Tang et al., 2021). Viral growth rates and peak viral RNA

load in the upper respiratory tract are similar between vaccinated

and unvaccinated infected individuals during the first week of

infection (Chia et al., 2022; Kissler et al., 2021; Singanayagam

et al., 2022) though vaccinated individuals consistently display

more rapid clearance of viral RNA than unvaccinated controls

during the second week of infection (Chia et al., 2022; Kissler

et al., 2021). Importantly, there is a lower probability of culturing

infectious virus from respiratory samples of infected vaccinated

individuals (Shamier et al., 2021). The immunological mecha-

nisms that underpin accelerated viral clearance remain unclear.

The comparable viral load within vaccinated and unvaccinated

individuals in the first week of infection suggest that residual

(post-vaccination, pre-infection) antibody or T cell immunity fails

mailto:a.wheatley@unimelb.edu.au
mailto:jennifer.juno@unimelb.edu.au
mailto:m.davenport@unsw.edu.au
mailto:skent@unimelb.edu.au
mailto:skent@unimelb.edu.au
https://doi.org/10.1016/j.immuni.2022.05.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2022.05.018&domain=pdf


A

D

E

H I

G

F 

B C

(legend on next page)

ll
Article

Immunity 55, 1316–1326, July 12, 2022 1317



ll
Article
to limit early viral replication in the respiratory tract. However, the

recall of SARS-CoV-2-specific antibodies, memory B and T cell

responses following breakthrough infection could contribute to

viral clearance and temper disease severity, as is thought to be

the case for other respiratory viral infections (Ferdinands et al.,

2021; Patel et al., 2021). In addition, the dynamics of immune

recall are likely to be influenced by the infecting viral strain,

with less cross-reactive recognition predicted for antigenically

distant variants such as Omicron. Understanding the mecha-

nisms and effectiveness of recall responses in protecting from

severe SARS-CoV-2 infection is critical to informing the optimal

deployment of current vaccines and guiding the design of novel

vaccines to maintain maximal protection against severe disease.

To date, the precise kinetics of immune recall in the context of

breakthrough SARS-CoV-2 infection have not been clearly

resolved. To address that, we performed thorough longitudinal

sampling of seropositive individuals following vaccination, and

of vaccinated individuals following breakthrough infection with

Delta or Omicron variants of concern (VOCs). By analyzing the

recall kinetics of S-specific humoral and cellular immunity, we

found that immune recall following breakthrough infection is de-

layed compared with vaccination. Following breakthrough infec-

tion, peak viral load preceded the recall of S-specific antibodies,

which coincided with viral clearance and likely underpins the

protective effects of vaccination against severe COVID-19.

RESULTS

Spike-specific immunity is rapidly recalled following
vaccination of seropositive individuals
To understand the dynamics of recall of SARS-CoV-2 spike-

specific immunity, we first analyzed immune responses after

vaccination of seropositive individuals. We recruited and longitu-

dinally sampled a cohort of 25 individuals with previous PCR-

confirmed SARS-CoV-2 infection and/or baseline spike protein

seropositivity (seropositive group), with a comparator group of

8 seronegative individuals with no history of SARS-CoV-2 infec-

tion (naive group) (Table S1). We undertook early longitudinal

sampling from day 3 onward after vaccination with either

BNT162b2 or ChAdOx1 nCoV-19 vaccines. In seropositive indi-

viduals, S- and receptor binding domain (RBD)-specific antibody

titers began to increase 5 days after vaccination, with titers peak-

ing between days 10 and 14 (Figures 1A and 1B). In naive individ-

uals, S and RBD antibody titers emerged later after the first dose

(day 9 onward) and remained lower compared with immunized

seropositive individuals, in line with other reports of primary im-

munization of immunologically naive individuals (Sahin et al.,

2021). We also assessed serological responses using a live virus
Figure 1. Spike-specific humoral immunity is rapidly recalled following

(A–C) Serological analysis of samples following one dose of BNT162b2 or ChAdO

measured by ELISA and neutralizing antibodies measured by a live virus neutrali

N = 19, naive N = 8).

(D and E) Representative flow cytometry plots (D) and frequency (E) of antibody-

viduals.

(F and G) Representative flow cytometry plots (F) and frequency (G) of S-specific

(H and I) Representative flow cytometry plots (H) and frequency (I) of activation m

vaccinated seropositive individuals. (D–I) N = 21.

See also Figure S1.
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neutralization assay (Wheatley et al., 2021b). At the time of vacci-

nation, only 47% of previously infected individuals had detect-

able plasma neutralization activity, which reflected residual

activity following waning from peak neutralization titers seen in

early convalescence (Figure 1C). Following the first vaccine

dose, neutralizing titers increased from day 6, concomitant

with the rise in S and RBD-binding antibodies, and peaked be-

tween days 10 and 14 (Figure 1C). In contrast, immunization of

naive individuals elicited much lower titers of neutralizing anti-

bodies, which only emerged around day 12 post-first dose. We

applied a piecewise linear regressionmodel to estimate the initial

period of delay, the rate of increase, and fold change over base-

line in the recall of antibodies (Table S2). We estimated that the

initial delay phase before neutralizing antibody titers increased

was 4.85 days, with a doubling time of 0.74 days thereafter

and with a peak fold change over baseline of 25.8.

Memory B cells constitute an important arm of durable vac-

cine-elicited immunity, rapidly responding to secondary antigen

exposure via differentiation into antibody-secreting cells (ASCs).

To better understand memory B cell re-activation in vivo, we

assessed changes in the frequency and phenotype of SARS-

CoV-2-specific memory B cells in seropositive individuals (n =

21) in response to immunization. ASCs (CD19+CD20loCD71+,

commonly termed plasmablasts) expanded in peripheral

blood, increasing from as early as day 3 based on flow cytometry

(estimated by piecewise linear regression modeling to occur

as early as day 2.4), peaking between days 7 and 9 before con-

tracting to near baseline frequencies from day 11 onward

(Figures 1D and 1E). S-specific class-switched memory B cells

(Spike+IgD�CD19+ cells), which, unlike ASCs, constitute a stable

population of quiescent memory (Wheatley et al., 2021a), were

detectable in all seropositive individuals prior to vaccination

(0.31%–1.5% of IgD� B cells). Following vaccination, the fre-

quency of S-specific class-switched B cells increased from

day 7 onward based on flow cytometry (estimated as early as

day 6.5) and peaked by day 10 (Figures 1F and 1G). The activa-

tion state of S-specific B cells was assessed longitudinally using

surface-expressed activationmarkers CD21 andCD71 (Ellebedy

et al., 2016). Consistent with expansion of S-specific B cells,

CD21 downregulation and CD71 upregulation, both denoting

cellular activation, were evident as early as day 3 and were

maximal around day 9 (Figures 1H and 1I).

Given the potential of T cells to contribute to the control of viral

replication and the association of CD4+ T cell responses with the

development of neutralizing antibodies (Koutsakos et al., 2022),

we assessed the recall of S-specific CD4+ and CD8+ T cells

following vaccination of seropositive individuals. Using re-stimu-

lation with recombinant S protein and an activation-induced
vaccination of seropositive individuals

x1 nCoV-19. Kinetics of S-specific IgG (A) and RBD-specific IgG (B) antibodies

zation assay (C) in SARS-CoV-2 naive or seropositive individuals (seropositive

secreting cells (ASCs, CD20loCD71+ B cells) in SARS-CoV-2 seropositive indi-

class-switched B cells (IgD�CD19+) in vaccinated seropositive individuals.

arkers (CD21, CD71) within S-specific class-switched B cells (IgD�CD19+) in
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marker (AIM) assay (Figure S1), an increase in both S-specific

CD4+ memory T cells (CD4+Tmem; CD45RA�CXCR5�)
(Figures 2A and 2B) and circulating CD4+ T follicular helper cells

(cTFH; CD45RA�CXCR5+) was evident from day 5 onward,

peaking around day 9 and declining thereafter (Figures 2C and

2D). Recall of S-specific CD4+ T cell responses has also been

previously reported at an epitope-specific level in a subset of

the vaccination cohort (n = 10 individuals; Wragg et al., 2022).

Use of an HLA-DRB1*15/S751 tetramer to precisely enumerate

antigen-specific T cell frequencies following vaccination pro-

vided similar results to the AIM assay, with recall evident from

day 5 onward and peaking between days 8 and 10 (Figures 2E

and 2F). Similar kinetics were observed for S-specific CD8+

memory T cells (Figures 2G and 2H), albeit at a lower magnitude

than S-specific CD4+ T cell responses. Using the same statistical

approach as above, the initial delay for T cell recall was �4 days

(Table S2). The peak frequencies (among available samples) of

ASCs and S-specific cTFH cells were positively correlated with

the peak binding and neutralizing antibodies, as well as with

each other (Figure S2), consistent with data from primary infec-

tion and vaccination (Koutsakos et al., 2022). Overall, vaccina-

tion of seropositive individuals led to the rapid recall of

S-specific humoral and cellular immunity.

Ancestral spike-specific immunity is variably recalled
following breakthrough infection of vaccinated
individuals with Delta or Omicron
While vaccination of previously infected individuals provides a

tractable model to assess immunological recall, the extent to

which it recapitulates the dynamics of actual breakthrough infec-

tion of vaccinated individuals is unclear. Studies of the early im-

mune kinetics of breakthrough infection are challenging, as the

timing of initial infection is rarely known and is often referenced

from the time of symptom onset (estimated to be a mean of

3.2 days after acquisition for Omicron and 4.3 days after acqui-

sition for Delta) (Backer et al., 2022). Nevertheless, we recruited

16 individuals with generally mild to moderate PCR-confirmed

breakthrough SARS-CoV-2 infections that occurred 1–5 months

after receiving their last dose of a COVID vaccine (Table S3). Of

these individuals, 8 had sequence-confirmed B.1.617.2 (Delta)

infection, and 8 had B.1.1.529 (Omicron BA.1). All individuals

with Delta infection and 3 of 8 individuals with Omicron infection

had previously received 2 doses of a COVID-19 vaccine, while 4

individuals with an Omicron infection had received 3 doses of a

COVID-19 vaccine, and 1 individual had previously recovered

from COVID-19 and received 2 doses of a COVID-19 vaccine.

Serial blood samples and nose swabs were obtained over 1–

59 days after symptom onset, with S-specific antibody and

cellular immune responses analyzed as before. We further

recruited 15 individuals with indeterminate breakthrough

SARS-CoV-2 infections for which one or two plasma samples

were obtained between days 11 and 65 (Table S3).
Figure 2. Spike-specific T cell immunity is rapidly recalled following va

Analysis of S-specific T cells by AIM assay following one dose of BNT162b2 or C

(A–G) Representative staining and frequency of AIMmarkers (CD25, OX-40) on CD

cells (CD3+CD4+CD8�CD45RA�CXCR5+) (C and D), tetramer staining (E and F) or

(G and H) after stimulation with 5 mg/mL of SARS-CoV-2 S protein on different ti

See also Figures S1 and S2.
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We analyzed the recall of immunity established by vaccina-

tions encoding Hu-1 spike (the ancestral strain first isolated in

Wuhan), following Delta or Omicron breakthrough infection.

In the context of Delta breakthrough infection (shown in purple

in Figure 3), where sufficient early time point samples were avail-

able, S- and RBD-binding antibodies as well as neutralizing

antibody titers remained similar to baseline for 5–7 days after

symptom onset before rising during the second and third weeks

(Figures 3A–3C). In contrast, during Omicron breakthrough

infection (shown in green in Figure 3), recall of Hu-1 and/or Om-

icron cross-reactive binding and neutralizing antibodies was

comparably delayed and lower in magnitude, consistent with

the substantial escape from humoral immunity by Omicron (Car-

reño et al., 2022). Activation of vaccine-specific S-specific mem-

ory B cells, measured by CD71 upregulation or CD21 downregu-

lation, was evident in early time points, peaking around day 10

symptom onset for both Delta and Omicron breakthrough infec-

tions and subsiding by day 30 (Figure S3A). The circulating fre-

quencies of S-specific memory B cells peaked around day 14

for Delta breakthrough but remained largely unchanged

following Omicron breakthrough (Figure 3C). ASCs expanded

following both Delta and Omicron breakthrough infections and

peaked around day 7 post-symptom onset. S-specific CD4+

and CD8+ T cell responses, as measured by AIM (Juno et al.,

2020), were limited in the first 7–10 days following Delta or Om-

icron breakthrough infection but increased thereafter in approx-

imately half of the donors (Figures 3E–3G). Overall, following

breakthrough infection of vaccinated individuals, recall of ances-

tral Hu-1 S-specific immunity was variable across humoral and

cellular compartments as well as across infecting VOCs.

Peak viral load precedes the recall of antibodies in
breakthrough infections
To compare vaccination and breakthrough infection, we applied

a piecewise linear regression model to parameterize the kinetics

of immune recall. We considered the delay from exposure to

symptom onset (which was known in 4 of 16 subjects and

conservatively assumed this to also be 3 days in the others).

The estimated time to initial increase in neutralizing and spike-

binding antibody titers was longer for Omicron breakthrough

infection (14.9 and 10.9 days post-exposure) compared with

that of Delta breakthrough infection (7.6 and 7 days post-expo-

sure) (Figure 4A; Table S4), both of which were delayed

compared with vaccination (4.9 and 5.4 post-vaccination;

Table S2). Interestingly, the time to increase in spike-specific

memory B cells was not significantly different between Delta

andOmicron breakthrough infections (9.9 and 10.8 respectively),

though this was delayed compared with vaccination (6.5 days

post-vaccination). We further stratified Delta breakthrough infec-

tions based on symptom severity, duration of symptoms or time

since last vaccine dose (Figure S4; Table S4) and found no differ-

ences in time to recall of neutralizing antibodies, spike-specific
ccination of seropositive individuals

hAdOx1 nCoV-19 in SARS-CoV-2 naive or seropositive individuals.

4+ Tmem cells (CD3+CD4+CD8�CD45RA�CXCR5�) (A and B) and CD4+ cTFH

AIMmarkers (CD69, CD137) on CD8+ Tmem cells (CD3+CD8+CD4�non-naive)
mepoints after vaccination.
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Figure 3. The recall of spike-specific humoral immunity is variable following breakthrough infection with Delta or Omicron

(A and B) (A) Kinetics of S- and RBD-specific IgG antibodies measured by ELISA and (B) of neutralizing antibodies measured by a live virus microneutralization

assay. (A and B) N = 8 participants for Delta (purple), N = 8 for Omicron (green), N = 15 for indeterminate (blue).

(legend continued on next page)
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IgG and spike-specific memory B cells, although our statistical

power was limited due to the small sample sizes and lack of se-

vere breakthrough infections.

To investigate the relationship between recall immunity and

viral control, we analyzed viral load kinetics by qPCR of nucleo-

capsid (N) (Figure 4B), RNA-dependent RNA polymerase (RDRP)

and S (Figures S3B and S3C) genes in serial nasopharyngeal

swabs from 4 individuals with Delta and 7 individuals with Omi-

cron breakthrough infection. This indicated a peak of viral repli-

cation (among available time points) on day 4–5 after symptom

onset, followed by rapid viral clearance thereafter. Longitudinal

neutralizing and binding antibody titers against the Hu-1 strain

were negatively correlated with viral loads in Delta but not Omi-

cron breakthrough infection (Figures 4C, 4D, and S3D–S3G).

Comparison of viral load kinetics with the recall of antibodies

indicated that the peak of viral load (day 5–6) preceded the rise

in neutralizing antibodies (day 7 onward) (Figures 4E and 4F;

Table S4) and that recall of humoral immunity coincided with a

decrease in viral load for Delta but not Omicron breakthrough

infection (Figures 4E and 4F). In summary, following break-

through infection, immune recall of ancestral Hu-1 immunity

was delayed compared with vaccination and depended on the

infecting VOC, with peak viral load preceding the recall of

S-specific antibodies.

DISCUSSION

Our intensive longitudinal sampling during vaccination of SARS-

CoV-2 seropositive subjects and breakthrough infection re-

vealed the sequence and dynamics of recalled immune memory

to ancestral Hu-1 SARS-CoV-2 S protein. Following vaccination

of subjects previously infected in 2020 with ancestral viruses

(Hu-1, D614G), phenotypic activation of S-specific memory

B cells coincided with the rapid expansion of ASCs (as early as

day 3 after vaccination) and was followed by an increase of an-

tigen-specific T cells in the blood (day 5 onwards). Subsequently,

serological titers of both binding and neutralizing antibodies

rapidly increased (day 5 onwards) and were stably maintained

for at least 30 days after antigen re-exposure, with increases in

frequencies of antigen-specific memory B cells following a

similar trajectory. Although recall dynamics of antibody re-

sponses were relatively uniform in the context of vaccination,

this was more variable in timing and magnitude during break-

through infection of vaccinated individuals. This likely reflects

the inherent heterogeneity of viral replication and timing of symp-

tom onset between individuals, as well as the virological and

antigenic differences between specific SARS-CoV-2 variants.

Where the timing of exposure was more clearly defined, the

delay between infection and antibody recall following Delta

breakthrough infection was �7–8 days post-exposure. In

contrast, breakthrough infections with Omicron were associated

with modest recall of ancestral Hu-1 spike immunity, and where
(C and D) (C) Frequencies of S-specific class-switched B cells (IgD�CD19+) and
cytometry.

(E–G) (E) Frequencies of AIM+ (CD25, OX-40) S-specific CD4+ Tmem cells (

CD8�CD45RA�CXCR5+) and (G) AIM+ (CD69, CD137) S-specific CD8+ Tmem c

2 S protein. (C–G) N = 8 participants for Delta (purple), N = 6 for Omicron (green

See also Figure S3.
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detectable, rises in neutralizing responses were delayed relative

to Delta by 7 days and binding antibodies by 4 days. The longer

delay in recall of immunity following infection compared with

vaccination may reflect differences in antigen accumulation be-

tween respiratory acquisition of infection compared with the

bolus introduction of S-encoding mRNA or adenovirus following

intramuscular vaccination. Nonetheless, the kinetics of recall of

immune memory in SARS-CoV-2 is broadly consistent with

studies of human influenza infection (Nguyen et al., 2021; Rahil

et al., 2020).

Previous studies show viral growth rates and peak viral loads

are comparable between vaccinated and unvaccinated individ-

uals following SARS-CoV-2 infection, although vaccinated sub-

jects show a faster viral clearance after the peak (Chia et al.,

2022; Kissler et al., 2021). A major question is to identify which

immune responses mediate rapid viral clearance and if this is

mechanistically linked to protection from severe infection in

vaccinated subjects. Several lines of evidence suggest neutral-

izing antibody responses may play a major role in protection

from severe disease. For example, early treatment of COVID-

19 patients with potently neutralizing monoclonal antibody

treatments significantly reduces the risk of progression to severe

disease (Chen et al., 2021; Stadler et al., 2022; Weinreich et al.,

2021). Protection is generally not observed following analogous

administration of convalescent plasma, suggesting while anti-

bodies alone appear sufficient to moderate disease severity,

neutralization potency is likely a critical determinant (RECOVERY

Collaborative Group, 2021; Joyner et al., 2021). Despite the non-

trivial differences between recall of endogenous antibody and

passive antibody therapy, the timing and magnitude of the in-

crease in neutralizing antibody titers in breakthrough infection

constitute a plausible modality for the reduced risk of severe dis-

ease observed in population studies of breakthrough infections

(Tenforde et al., 2021). Specifically, we found that viral loads

peaked about 1 day prior to the recall of antibody responses

for Delta breakthrough infections. Studies of intranasal SARS-

CoV-2 challenge after intramuscular vaccination of non-human

primates (Francica et al., 2021; Gagne et al., 2021) indicate a

temporal disconnect in recall kinetics between anatomical com-

partments, with both SARS-CoV-2-specific and non-specific

IgG titers increasing in the bronchoalveolar lavage fluid prior to

antibody recall in the serum, though this may reflect inflamma-

tion-induced exudation.

While systemic recall of T cell responses was variable and

limited in the first 10 days, we cannot preclude T cell migration

to the site of infection. Therefore, any contribution of T cells in

mitigating disease severity of breakthrough infections requires

investigation in larger cohorts, with particular attention paid to

SARS-CoV-2-specific T cells in the respiratory tract which would

be favorably localized to temper viral replication. The use of HLA-

peptide tetramers to track frequencies and phenotype of

S-specific T cells may provide further insights to the contribution
(D) antibody-secreting cells (ASCs, CD20loCD71+ B cells) determined by flow

CD3+CD4+CD8�CD45RA�CXCR5�), (F) AIM+ CD4+ cTFH cells (CD3+CD4+

ells (CD3+CD8+CD4�non-naive) after stimulation with 5 mg/mL of SARS-CoV-

).
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Figure 4. Immune recall following breakthrough infections is delayed compared with vaccination and preceded by peak viral load

(A) Comparative kinetics of immune recall following vaccination of seropositive individuals (black) and breakthrough infection of vaccinated individuals (Delta in

purple, Omicron in green).

(legend continued on next page)
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of T cells in the control of breakthrough infection (Wragg et al.,

2022). Indeed, spike-specific CD8+ T cells identified by class I

dextramers show evidence of activation following either Delta

or Omicron breakthrough infection at an average of day 10–11

post-infection, though the kinetics of such recall remains to be

determined (Kared et al., 2022).

Encouragingly, we found breakthrough infection of vaccinated

individuals with the Delta strain of SARS-CoV-2 reliably drove re-

expansion of humoral immune memory with augmented neutral-

izing antibodies, albeit with some delay. This suggests that recall

of immunitymay plausibly contribute to the eventual mitigation of

breakthrough disease severity. However, Omicron breakthrough

infections, which generally have a milder clinical course (Nyberg

et al., 2022), were markedly less capable of boosting prior re-

sponses to ancestral Hu-1 spike, in line with the extensive anti-

genic changes reported for this VOC (Cameroni et al., 2022).

Therefore, while it seems breakthrough infection will play an

important role in augmenting population level immunity against

SARS-CoV-2, potentially reducing healthcare burdens and

smoothing a pathway toward endemicity, this will be heavily

influenced by the circulating viral strain and in particular, the de-

gree of antigenic divergence from existing immune memory.
Limitations of the study
Some important caveats of our study include the significant age

difference between the seronegative and the seropositive vacci-

nees and the lack of mucosal sampling of the upper or lower res-

piratory tracts. A major difficulty in studying the early kinetics of

vaccine breakthrough infections has been rapid changes in (1)

dominant viral strains in circulation and (2) vaccination status

of the population over time. In this study, we collected break-

through infections that covered the Delta to Omicron transition

in Australia as well as the rollout of third dose boosters. This

potentially confounds aspects of the study, where baseline dis-

tribution of boosters differed between the Delta (0 of 8) and Om-

icron (4 of 8) infections. Furthermore, the breakthrough infections

studied to date have had favorable clinical outcomes, precluding

meaningful analysis of immune recall stratified by disease

severity. Expansion into larger cohorts will allow finer dissection

of the drivers of breakthrough recall kinetics and magnitude.
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CD25 BC96 APC BioLegend Cat#302610; RRID:AB_314280

CCR7 150503 AF700 BD Biosciences Cat#561143; RRID:AB_10562031

CD137 4B4-1 BV421 BioLegend Cat#309820; RRID:AB_2563830

CD4 RPA-T4 BV605 BioLegend Cat#300556; RRID:AB_2564391

CD8 RPA-T8 BV650 BioLegend Cat#301042; RRID:AB_2563505

CXCR5 MU5UBEE PE ThermoFisher Cat#12-9185-42; RRID:AB_11219877

CD45RA HI100 PE-Cy7 BD Biosciences Cat#560675; RRID:AB_1727498

CD3 SK7 BUV395 BD Biosciences Cat#564000; RRID:AB_2744382

Bacterial and virus strains

SARS-CoV-2 (CoV/Australia/VIC/01/2020) Victorian Infectious Diseases

Reference Laboratory

N/A

Biological samples

Whole blood samples and derivatives (peripheral

bloodmononuclear cells (PBMCs), plasma and serum)

fromuninfected controls, COVID-19 convalescent

donors and COVID-19 vaccinated subjects

The University of Melbourne N/A

Chemicals, peptides, and recombinant proteins

Recombinant SARS-CoV-2 spike protein The University of Melbourne In house

Recombinant SARS-CoV-2 RBD protein The University of Melbourne In house

TMB substrate Sigma Cat#T0440-1L

Deposited data

Longitudinal data for HLA-DRB1*15/S751

tetramer-specific CD4+ T cells

Wragg et al., 2022 N/A

Experimental models: Cell lines

Vero cells Victorian Infectious Disease

Reference Laboratory

N/A

Software and algorithms

FlowJo v10 Tree Star https://www.flowjo.com/

GraphPad Prism v8 GraphPad https://www.graphpad.com/

Monolix Lixoft https://lixoft.com/products/monolix/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Stephen

Kent (skent@unimelb.edu.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This study did not generate any unique datasets or code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
A cohort of subjects with either a prior positive nasal PCR for SARS-CoV-2 or a positive ELISA for SARS-CoV-2 S and RBD protein

were recruited to provide blood samples following vaccination against SARS-CoV-2. Contemporaneous controls who had not pre-

viously experienced any symptoms of COVID-19 and who were confirmed to be seronegative were also recruited to provide blood

samples prior to and following vaccination for SARS-CoV-2 (Table S1). A cohort of previously vaccinated participants with a nasal

PCR-confirmed breakthrough COVID-19 were recruited through contacts with the investigators and invited to provide serial blood

samples (Table S3). Individuals who reported a positive PCR and/or rapid antigen test within the past 35 days were invited to provide

up to 2 samples for serological analysis. For all participants, whole blood was collected with sodium heparin anticoagulant. Plasma

was collected and stored at -80�C, and PBMCs were isolated via Ficoll-Paque separation, cryopreserved in 10% DMSO/FCS and

stored in liquid nitrogen.

The study protocols were approved by the University of Melbourne Human Research Ethics Committee (2021-21198-15398-3,

2056689), and all associated procedures were carried out in accordance with approved guidelines. All participants provided written

informed consent in accordance with the Declaration of Helsinki.

METHOD DETAILS

ELISA
Antibody binding to SARS-CoV-2 S or RBD proteins was tested by ELISA. The expression of recombinant S and RBD has been

described previously (Juno et al., 2020). For ELISA, 96-well Maxisorp plates (Thermo Fisher) were coated overnight at 4�C with

2 mg/ml recombinant S or RBD proteins. After blocking with 1% FCS in phosphate-buffered saline (PBS), duplicate wells of serially

diluted plasma were added and incubated for 2 h at room temperature. Plates were washed in PBS-T (0.05% Tween-20 in PBS) and

PBS before incubation with 1:20,000 dilution of HRP-conjugated anti-human IgG (Sigma) for 1 h at room temperature. Plates were

washed and developed using TMB substrate (Sigma), stopped using sulphuric acid and read at 450 nm. Endpoint titers were calcu-

lated as the reciprocal serum dilution giving signal 23 background using a fitted curve (4 parameter log regression).

Microneutralization assay with ELISA-based readout
Plasma neutralization activity against SARS-CoV-2 was measured using a microneutralization assay as previously described

(Wheatley et al., 2021b). Wildtype SARS-CoV-2 (CoV/Australia/VIC/01/2020) isolate was passaged in Vero cells and stored at

-80�C. 96-well flat bottom plates were seeded with Vero cells (20,000 cells per well in 100ml). The next day, Vero cells were washed

once with 200 ml serum-free DMEM and added with 150ml of infection media (serum-free DMEM with 1.33 mg/ml TPCK trypsin). 2.5-

fold serial dilutions of heat-inactivated plasma (1:20-1:12207) were incubated with SARS-CoV-2 virus at 2000 TCID50/ml at 37�C for 1

hour. Next, plasma-virus mixtures (50ml) were added to Vero cells in duplicate and incubated at 37�C for 48 hours. ‘Cells only’ and

‘virus+cells’ controls were included to represent 0% and 100% infectivity respectively. After 48 hours, all cell culture media were

carefully removed from wells and 200 ml of 4% formaldehyde was added to fix the cells for 30 mins at room temperature. The plates

were then dunked in a 1% formaldehyde bath for 30 minutes to inactivate any residual virus prior to removal from the BSL3 facility.

Cells were washed once in PBS and then permeabilised with 150ml of 0.1% Triton-X for 15minutes. Following one wash in PBS, wells

were blocked with 200ml of blocking solution (4% BSA with 0.1% Tween-20) for 1 hour. After three washes in PBST (PBS with 0.05%

Tween-20), wells were incubated with 100ml of rabbit polyclonal anti-SARS-CoV N antibody (Rockland, #200-401-A50) at a 1:8000

dilution in dilution buffer (PBS with 0.2% Tween-20, 0.1% BSA and 0.5% NP-40) for 1 hour. Plates were then washed six times in

PBST and added with 100ml of goat anti-rabbit IgG (Abcam, #ab6721) at a 1:8000 dilution for 1 hour. After six washes in PBST, plates

were developed with TMB and stopped with 0.15M H2SO4. OD values read at 450nm were then used to calculate %neutralization

with the following formula: (‘Virus + cells’ – ‘sample’) O (‘Virus + cells’ – ‘Cells only’) 3 100. IC50 values were determined using
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four-parameter nonlinear regression in GraphPad Prismwith curve fits constrained to have a minimum of 0% andmaximum of 100%

neutralization.

Flow cytometric detection of SARS-CoV-2-reactive B cells
Probes for delineating SARS-CoV-2 S-specific B cells within cryopreserved human PBMCswere generated by sequential addition of

streptavidin-phycoerythrin (PE) (Thermo Fisher) to trimeric S protein biotinylated using recombinant Bir-A (Avidity). Cells were stained

with Aqua viability dye (Thermo Fisher) in PBS. Cells were then stained with S-PE probes and surface monoclonal antibodies in 1%

FCS in PBS for 30 mins at 4�C. Monoclonal antibodies for surface staining included CD19-ECD (J3-119, 1:150) (Beckman Coulter),

IgM BUV395 (G20-127, 1:150), CD21 BUV737 (B-ly4, 1:150), IgG BV786 (G18-145, 1:75), streptavidin-BV510 (1:600), CD11c (B-ly6,

1:100) (BDBiosciences), CD20 APC-Cy7 (2H7, 1:150), CD14BV510 (M5E2, 1:300), CD3 BV510 (OKT3, 1:600), CD8aBV510 (RPA-T8,

1:1500), CD16 BV510 (3G8, 1:500), CD10 BV510 (HI10a, 1:750) and CD27 BV605 (O323, 1:150), CD71 PeCy7 (CY1G4, 1:100)

(BioLegend), IgD AF488 (Goat polyclonal, 1:100) (Southern Biotech), IgA VioBlue (IS11-8E10, 1:100) (Miltenyi Biotec). Cells were

washed, fixed with 1% formaldehyde (Polysciences) and acquired on a BD LSR Fortessa.

Flow cytometric detection of antigen-specific T cells
Analysis of SARS-CoV-2-specific T cells was performed as previously described (Juno et al., 2020). Briefly, cryopreserved human

PBMCs were thawed and rested for 4 h at 37�C. Cells were cultured in 96-well plates at 0.5-4 3 106 cells per well and stimulated

for 20 h with 5 mg ml�1 of protein (BSA, SARS-CoV-2 S). Cells from selected donors were also stimulated with SEB (5 mg ml�1)
as a positive control. An CD154 APC-Cy7 (TRAP-1, BD Biosciences) antibody was included in the culture medium for the duration

of the stimulation. After stimulation, cells were washed, stained with Live/Dead blue viability dye (Thermo Fisher) and incubated in a

cocktail of monoclonal antibodies: CD27 BV510 (L128, 1:50), CCR7 Alexa700 (150503, 1:50), CD45RA PE-Cy7 (HI100, 1:200), (BD

Biosciences), CD3 BUV395 (SK7, 1:100), CD4 BV605 (RPA-T4, 1:100), CD8 BV650 (RPA-T8, 1:400), CD25 APC (BC96, 1:50), OX-40

PerCP-Cy5.5 (ACT35, 1:50), CCR6 BV785 (G034E3, 1:100), CXCR3 PE-Dazzle 594 (G02H57, 1:50), CD69 FITC (FN50, 1:200), CD137

BV421 (4B4-1, 1:100) (BioLegend) andCXCR5 PE (MU5UBEE, Thermo Fisher, 1:50). Cells were washed, fixedwith 1% formaldehyde

and acquired on a BD LSR Fortessa using BD FACS Diva.

The HLA-DRB1*15/S751 tetramer (ProImmune) and associated data are described in Wragg et al (Wragg et al., 2022). Briefly, cells

were incubated with 50nM dasatinib for 30 minutes at 37�C, then stained with PE-conjugated tetramer at 4ug/mL for 60 minutes at

37�C. Cells were washed in PBS, labelled with Live/Dead green viability dye, and stained with a cocktail of surface antibodies for

30 minutes at 4�C. Surface stain antibodies included: CD45RA PerCP-Cy5.5 (HI100), CD4 BV605 (RPA-T4), CD3 BUV395 (SK7)

and CD20 BUV805 (2H7) (BD Biosciences).

Analysis of viral RNA load by qPCR
Nucleic acid extraction and complementary DNA (cDNA) synthesis

For viral RNA extraction, 200 mL of sample was extracted with the QIAamp 96 Virus QIAcube HT kit (Qiagen, Germany) on the

QIAcube HT System (Qiagen) according to manufacturer’s instructions. Purified nucleic acid was then immediately converted to

cDNA by reverse transcription with random hexamers using the SensiFAST cDNA Synthesis Kit (Bioline Reagents, UK) according

tomanufacturer’s instructions. cDNAwas used immediately in the rRT-PCR or stored at -20�C. Threemicrolitres of cDNAwas added

to a commercial real-time PCR master mix (PrecisionFast qPCR Master Mix; Primer Design, UK) in a 20 mL reaction mix containing

primers and probe with a final concentration of 0.9mMand 0.2mM for each primer and the probe, respectively. Samples were tested

for the presence of SARS-CoV-2 RNA-dependent RNA polymerase (RdRp)/helicase (Hel), spike (S), and nucleocapsid (N) genes us-

ing previously described primers and probes (Chan et al., 2020; Corman et al., 2020). Thermal cycling and rRT-PCR analyses for all

assays were performed on the ABI 7500 FAST real-time PCR system (Applied Biosystems, USA) with the following thermal cycling

profile: 95C for 2 min, followed by 45 PCR cycles of 95C for 5 s and 60C for 25 s for N gene and 95C for 2 min, followed by 45 PCR

cycles of 95C for 5 s and 55C for 25 s for RdRP/Helicase gene and S gene.

QUANTIFICATION AND STATISTICAL ANALYSIS

Modelling the kinetics of immune recall
We used a piecewise linear regression model to estimate the activation time and growth rate of various immune responses after

vaccination and breakthrough infection. The model of the immune response y for subject i at time yi can be written as:

yiðtÞ =

8<
:

ðB+biÞ; t RT1 + t1 i
ðB+biÞeðG+giÞðt�ðT1 + t1 iÞÞ; T1 + t1 i % t < T2 + t2 i
ðB+biÞeðG+giÞððT2 + t2 iÞ� ðT1 + t1 iÞÞ 3 e�ðD+diÞðt�ðT2 + t2 iÞÞ; tRT2 + t2 i:

The model has 5 parameters: B;G;T1;D; and T2. For a period before T1, we assumed a constant baseline value B for the immune

response. After the activation time T1, the immune responsewill grow at a rate ofG until T2. From T2, the immune responsewill decay

at a rate of D. For each subject i, the parameters were taken from a normal distribution, with each parameter having its own mean

(fixed effect). A diagonal random effect structure was used, where we assumed there was no correlation within the random effects.

The model was fitted to the log-transformed data values, with a constant error model distributed around zero with a standard
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deviation s. To account for the values less than the limit of detection, a censored mixed effect regression was used to fit the model.

Values less 20, 100, and 0.0001 were censored for the neutralization, IgG bindings, and T cell data respectively. A binary covariate

was used to quantify the difference in parameters between different groups (i.e. Delta vs Omicron breakthrough infection), and sig-

nificance was determined based on the value of this binary covariate using a Wald test. Delta breakthrough infections were further

stratified by symptom severity (mild vs moderate), duration of symptoms (<5.5 days vsR5.5 days) and time since last vaccine dose

(<3 months vsR3 months). Further subgroup analysis within omicron breakthrough infections was not possible due to limited recall

of immune responses. Model fitting was performed using MonolixR2019b.
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