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Early Omicron infection is associated with increased
reinfection risk in older adults in long-term care and retirement
facilities
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Summary

Background Older adults are at increased risk of SARS-CoV-2 Omicron infection and severe disease, especially those
in congregate living settings, despite high SARS-CoV-2 vaccine coverage. It is unclear whether hybrid immunity
(combined vaccination and infection) after one Omicron infection provides increased protection against
subsequent Omicron reinfection in older adults.

Methods Incidence of SARS-CoV-2 Omicron infection was examined in 750 vaccinated residents of long-term care
and retirement homes in the observational cohort COVID in Long-Term Care Study in Ontario, Canada, within a
75-day period (July to September 2022). Risk of infection was assessed by Cox proportional hazards regression.
Serum anti-spike and anti-RBD SARS-CoV-2 IgG and IgA antibodies, microneutralization titres, and spike-specific
T cell memory responses, were examined in a subset of 318 residents within the preceding three months.

Findings 133 of 750 participants (17.7%) had a PCR-confirmed Omicron infection during the observation period.
Increased infection risk was associated with prior Omicron infection (at 9-29 days: 47.67 [23.73-95.76]), and this
was not attributed to days since fourth vaccination (1.00 [1.00-1.01]) or residence outbreaks (>6 compared to <6:
0.95 [0.37-2.41]). Instead, reinfected participants had lower serum neutralizing antibodies to ancestral and
Omicron BA.1 SARS-CoV-2, and lower anti-RBD IgG and IgA antibodies, after their initial Omicron infection.

Interpretation Counterintuitively, SARS-CoV-2 Omicron infection was associated with increased risk of Omicron
reinfection in residents of long-term care and retirement homes. Less robust humoral hybrid immune responses
in older adults may contribute to risk of Omicron reinfection.

Funding COVID-19 Immunity Task Force of the Public Health Agency of Canada.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
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Introduction and natural infection) generally provides transient pro-
Infection with severe acute respiratory virus syndrome tection against reinfection and longer-lasting protection
coronavirus 2 (SARS-CoV-2) has lasting and broad ef-  from severe COVID-19.** For older adults, their com-
fects on cellular and humoral immunity." Hybrid im-  plex healthcare needs, multiple comorbidities, as well as
munity (i.e., immunity resulting from both vaccination =~ age-associated changes to the immune system, may
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Research in context

Evidence before this study

Older adults, particularly those in long-term care facilities,
remain the most vulnerable to breakthrough SARS-CoV-2
infections and severe COVID-19 despite high vaccination
rates, so understanding hybrid immunity and its duration
after infection is essential to optimize vaccination strategies.
We previously reported that early Omicron (BA.1 and BA.2)
infection risk was decreased in long-term care and retirement
home residents with recent vaccination and a pre-Omicron
infection, and several studies have found that Omicron BA.1/
BA.2 SARS-CoV-2 infection has protective effects against
reinfection with BA.5 in community-dwelling adults.
However, data on hybrid immunity in older adults in
congregate care facilities remains scarce, and no studies have
investigated Omicron-associated hybrid immunity against
Omicron reinfection in this population.

Added value of this study

To our knowledge, this is the first study to examine risk
factors that may contribute to Omicron reinfection in older
adults in congregate living facilities. In this observational
study of data from a large Canadian cohort of long-term care
and retirement home residents with four monovalent mRNA

contribute to heterogenous and less durable hybrid
immunity.

The emergence of the highly transmissible and im-
mune evasive SARS-CoV-2 Omicron (B1.1.529) variant
caused significant breakthrough infections globally in
2022 Older adults in congregate living facilities are
disproportionately vulnerable to COVID-19 when com-
munity transmission is high.” Accordingly, there were
initial province-wide peaks in SARS-CoV-2 infection
numbers in Ontario, Canada, in mid-January (BA.1) and
mid-April (BA.1/BA.2), with concurrent outbreaks in
many long-term care and retirement homes.* Due to
concerns about waning immunity, fourth monovalent
mRNA vaccine doses were offered to those populations.’
We and others have found that recent monovalent
vaccination was protective against symptomatic early
Omicron BA.1/BA.2 infection.'*"? In addition, we found
that infection with a pre-Omicron variant provided three
months of protection against infection with Omicron
BA.1/BA.2."° Thus, recent monovalent vaccination and
hybrid immunity protected some older adults against
early Omicron infection.

As of July 2022, genomic surveillance showed that
over half of COVID-19 cases in Ontario were caused by
the Omicron subvariant BA.5 (B.1.1.529.5)."”* Despite
the high number of early Omicron infections, and
presumed hybrid immune protection, there was a
province-wide wave of Omicron BA.5 infections and
outbreaks in long-term care homes.® It was unclear
whether less robust or waning protection from

vaccinations, we counterintuitively found that one early
Omicron infection (BA.1/BA.2) was associated with increased
risk of subsequent Omicron infection (BA.5), whereas resident
age, sex, frailty, time since vaccination, and number of prior
residence outbreaks did not significantly affect risk, implying
that there may be an immunological contribution. Our further
exploration of humoral and T cell immunity after initial
Omicron infection suggested that while many older adults did
experience an increase in antibody levels and neutralizing
antibodies after one Omicron infection, individuals with
reinfections had weak humoral hybrid immune responses.

Implications of all the available evidence

Our results suggest that the generation of protective humoral
hybrid immunity is influenced by the heterogeneity of
immune aging as well as the specific SARS-CoV-2 variant of
infection. Many residents of long-term care and retirement
homes do not experience a period of enhanced post-infection
protection against subsequent infection, which highlights the
importance of maintaining high coverage of booster
vaccinations in older adults in both congregate care facilities
and in the community.

vaccination or hybrid immunity contributed to infection
risk in older adults.

At the start of this BA.5-dominanted wave, within
our COVID in Long-Term Care Study cohort of over 1000
residents of 27 long-term care and retirement homes,
~90% of participants had received a fourth SARS-CoV-2
monovalent vaccination, and ~35% had a prior SARS-
CoV-2 infection. We thus retrospectively investigated
the degree to which recent monovalent vaccination and/
or infection provided protection against Omicron BA.5
infection. We found counterintuitively that recent Om-
icron BA.1/2 infection was associated with increased
risk of Omicron BA.5 infection. Individuals with lower
humoral hybrid immune responses after their initial
Omicron infection had Omicron reinfections.

Methods

Ethics

All protocols were approved by the Hamilton Integrated
Research Ethics Board (HIREB #13059) and other site-
specific research ethics boards, and informed consent
was obtained.

Study cohort characteristics, determination of
infection, and blood collection

Study data are from the COVID in Long-Term Care Study
(https://covidinltc.ca). Participants were recruited from
27 long-term care and retirement homes in Ontario,
Canada, beginning in March 2021. Participant
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demographic data were collected at enrollment. Data on
chronological age, sex assigned at birth, vaccinations,
medications and comorbidities, and for determination
of the Clinical Frailty Scale (CFS; a 9-point scale from 1
‘very fit’ to 9 ‘terminally ill’),"* were collected by study
site coordinators from medical records and/or direct
participant communication. SARS-CoV-2 infection his-
tory was determined from documentation of a positive
nasopharyngeal PCR test. The number of facility out-
breaks was identified from the Ontario Ministry of
Long-Term Care COVID-19 datasets for ‘Active out-
breaks’ and ‘Resolved outbreaks’.”

As per Province of Ontario guidelines, most partici-
pants received two doses of Moderna Spikevax 100 pg
(mRNA-1273) or Pfizer Cominarty 30 pg (BNT162b2)
following manufacturer-recommended schedules, and a
third monovalent mRNA vaccination in Fall 2021 at
least 5 months from their second dose.'® Fourth
monovalent mRNA vaccinations began in early 2022.°
750 actively enrolled participants with four monovalent
mRNA vaccine doses as of July 1, 2022, without SARS-
CoV-2 infection within seven days of their fourth
vaccination, were included in this Omicron infection
risk study cohort. Infections from December 15, 2021,
onward (the initial Omicron wave as defined by Public
Health Ontario) were assumed to be Omicron in-
fections, as genetic sequencing was unavailable. The
Ontario COVID-19 Genomic Network reported that in
Ontario, Canada, the Omicron lineage accounted for
67.1% of cases December 12-18, 2021, 88.8% of cases
December 19-25, and 97.7% of cases December 27,
2021 through January 1, 2022.”'* Omicron BA.5
accounted for 60.3% of COVID-19 cases in Ontario as of
July 1, 2022 at the beginning of the observation period,"
and 89.7% of cases as of September 13, 2022 at the end
of the observation period.”

The primary goal of the COVID in LTC study is to
assess SARS-CoV-2 vaccine immunogenicity. Approxi-
mately every 3 months after vaccinations (i.e., 3 months,
6 months, 9 months etc ...), dependent on the absence of
facility outbreaks and participant availability, venous
blood is collected following standard protocols.” Serum
was isolated from anti-coagulant-free vacutainers for
antibody assays, and whole blood was collected in
heparin-coated vacutainers for T cell assays. Of the 750
participants in this study cohort, humoral and cellular
measures were examined in a random subset of 318
participants with blood draws in the three months pre-
ceding the start of the observation window (i.e., April 1
to June 30, 2022), at least 7 days from fourth dose vac-
cinations and/or documented infections.

Measurements of serum anti-SARS-CoV-2
antibodies and neutralization capacity

Serum IgG and IgA anti-SARS-CoV-2 spike and recep-
tor binding domain (RBD) antibodies were measured by
validated ELISA, with assay cutoff defined from a pre-
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COVID-19 population, as previously described.”? Puri-
fied ancestral Wuhan Hu-1 SARS-CoV-2 spike antigen
was obtained from R&D Systems (cat# 11058-CV-100;
YP_009724390.1). The following reagent was produced
under HHSN272201400008C and obtained through BEI
Resources, NIAID, NIH: Vector pCAGGS Containing
the SARS-Related Coronavirus 2, Wuhan-Hu-1 Spike
Glycoprotein Receptor Binding Domain (RBD), NR-
52309. Serum antibody neutralization was assessed by
cell culture assays with live ancestral (SB3) and Omicron
BA.1 SARS-CoV-2, and Vero E6 (ATCC CRL-1586) cells,
following established protocols.” Data were reported as
geometric microneutralization titers at 50% (MNTs),
from below detection (MNTs, = 5; 1:10 dilution) to
MNTs, = 1280.”

Activation-Induced Marker (AIM) assays of T cell
memory responses

T cell recall responses were assessed as published."”!
Whole blood was stimulated with overlapping SARS-
CoV-2 peptide pools (1 pg/mL) of the complete ances-
tral spike protein (#130-127-953; Miltenyi Biotec), the
immunodominant regions of the spike protein (#130-
126-701; Miltenyi Biotec), or the complete Omicron
B1.1.529 (BA.1) spike protein (PM-SARS2-SMUTO08-1,
JPT), with inclusion of a negative media control (unsti-
mulated) and a positive polyclonal stimulation control
(CytoStim™*; #130-092-173; Miltenyi Biotec). Samples
were stained with fluorophore-conjugated monoclonal
antibodies, captured with a CytoFLEX LX (4 laser,
Beckman Coulter, Brea, CA, USA), and analyzed with
FlowJo v10.8.1 Software (BD Life Sciences) following
established protocols.'”’ CD4*AIM* and CD8"AIM* T
cells were identified by co-expression of CD25 and
CD134 (OX40) on CD4™ T cells, and co-expression of
CD69 and CD137 (4-1BB) on CD8" T cells, with sub-
traction of the unstimulated sample (i.e., negative
control)."”!

Statistics

Participant characteristics and antibody and cellular data
were assessed by Student’s t-test (mean; parametric) or
Mann-Whitney U test (median; nonparametric) for
continuous variables according to data normality as
assessed by Shapiro-Wilk test, or by Chi-square test of
independence (proportions) for categorical variables.
Cumulative incidence of Omicron infection within the
observation period of July 1 to September 13, 2022 was
plotted by Kaplan—Meier curves, in individuals with no
prior PCR-confirmed SARS-CoV-2 infections (i.e., no
infections between March 2020 and June 30, 2022), one
prior Omicron infection (i.e., between December 15,
2021 and June 30, 2022), one pre-Omicron infection
(i-e., prior to December 15, 2021),* and multiple prior
infections (i.e., prior to and/or between December 15,
2021 and July 1, 2022), with statistical significance be-
tween the curves determined by log-rank test. Right
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censoring occurred when participants died, declined to
continue in the study, or did not develop the outcome of
a documented PCR-positive SARS-CoV-2 infection at
the end of the follow-up period. Estimation of Omicron
infection hazard ratios, within the observation period of
July 1 to September 13, 2022, was performed by the Cox
proportional-hazards regression model, with the base-
line hazard on July 1, 2022. Variables reflect character-
istics at baseline: age (years), sex assigned at birth
(female, male), hybrid immunity status (one Omicron
infection (0-8 days), one Omicron infection (9-29 days),
one Omicron infection (30-75 days), one pre-Omicron
infection, multiple infections, never infected), four-
dose vaccine combination (mRNA-1273 x 4,
BNT162b2 x 4, any mRNA combination x 4), place of
residence (retirement home, long-term care home),
number of facility outbreaks prior to July 1, 2022 (>6,
<6), Clinical Frailty Scale (<6 (very fit to living with mild
frailty), 6 (living with moderate frailty), >6 (living with
severe frailty to terminally ill), and/or missing), and
time since vaccination (days). The proportional hazard
(PH) assumption was assessed with the Schoenfeld re-
sidual test. One subgroup level of the hybrid immunity
status variable (i.e., one prior Omicron infection)
violated the PH assumption. Interaction terms between
that subgroup level and time were categorized into in-
tervals of 0-8 days, 9-29 days, and 30-75 days in the
model and hazard ratios were estimated within each
interval. These time intervals were selected from the
Kaplan—-Meier curve case distribution, which was low
between 0 and 8 days, steeply increased between 9 and
29 days, and then flattened. This is summarized by the
following formula: H(t) = ho(t) exp [Bj(Age) +
B,(Sex) + Bs(Prior Omicron Infection*0-8 days)
+ By(Prior Omicron Infection*9-29 days) + Bs(Prior
Omicron Infection*30-75 days) + Bg(Prior Pre-Omicron
Infection) + B,(Multiple Prior Infections) + Bg(mRNA-
1273 x 4) + Bo(Other mRNA vaccine combination x
4) + Byg(Place of Residence) + By;(Number of Facility
Outbreaks), By,(Clinical Frailty Scale) + By3(Time Since
Vaccination). Hazard ratios are presented with 95%
confidence intervals based on robust standard errors,
accounting for the clustering of participants by facility.
Kaplan—Meier curves were plotted with R v4.2.0 (R Core
Team). Regression analysis was performed using SAS
v9.4 (SAS Institute Inc). GraphPad Prism v9.4.0 was
used to plot and analyze antibody and cellular data. A P
value of <0.05 was considered statistically significant.

Role of funding source

This work was funded by a grant from the Canadian
COVID-19 Immunity Task Force of the Public Health
Agency of Canada (021-HQ-000138) awarded to APC and
DMEB. DMEB is the Canada Research Chair in Aging &
Immunity. APC is the Schlegel Chair in Clinical Epide-
miology and Aging. MSM holds the Canada Research

Chair in Viral Pandemics. JAB was supported by a
McMaster Institute for Research on Aging Postdoctoral
Fellowship. The study funders had no input in the study
design, data collection, analyses, and interpretation,
manuscript writing, and the decision to submit for
publication. Statements in this article do not necessarily
reflect the position or policies of the funding bodies.

Results
Participant characteristics and Omicron infections
Incidence of Omicron infection during the initial Om-
icron BA.5 wave was retrospectively examined in 750
residents of retirement and long-term care homes be-
tween July 1 and September 13, 2022. At baseline (i.e.,
July 1, 2022), median participant age was 87.0 years,
64.4% of participants were female (n = 483), and 57.1%
were in a long-term care residence (n = 428) (Table 1).
All participants had received four doses of monovalent
mRNA vaccines and had not yet received a bivalent
vaccine. Most participants received a combination of
mRNA-1273 and BNT162b2 vaccines (46.1%, n = 346).
Prior to the observation period, 35.7% (n = 268/750)
of participants had at least one prior SARS-CoV-2
infection, 17.5% (n = 131/750) of whom had one Omi-
cron infection. During the observation period, 17.7%
(n =133/750) of participants had an Omicron infection.
Age and sex were similar for participants with and
without Omicron infection during the observation
period. Participants with an Omicron infection more
often received four BNT162b2 vaccines (Omicron
Infection: 36.8%, n = 49/133; No Omicron Infection:
14.4%, n = 89/617) and resided in long-term care homes
(Omicron Infection: 82.0%, n = 109/133; Infection:
51.7%, n = 319/617), though the incidence of residence
outbreaks was lower (<6 outbreaks—Omicron Infec-
tion: 72.9%, n = 97/133; No Omicron Infection: 56.9%,
n = 351/617). Participants with an Omicron infection in
the observation period were also more likely to have a
Clinical Frailty Score greater than 6 (Omicron Infection:
69.2%, n = 92/133; No Infection: 51.9%, n = 320/617),
though the number of comorbidities was similar (Om-
icron Infection median [IQR]: 4.0 (3.0-6.0); No Omicron
Infection: 4.0 (3.0-6.0) (also see Supplementary
Table S1), and less than 5% of participants were pre-
scribed immunosuppressive medications (also see
Supplementary Tables S2 and S3). During the observa-
tion period, 57.1% (n = 76/133) of participants with an
Omicron infection outcome had a prior Omicron
infection, whereas for participants with an outcome of
no Omicron infection, 71.0% (n = 438/617) had no prior
SARS-CoV-2 infections. This observation is also
apparent by Kaplan-Meier plot (Fig. 1 Panel A), as cu-
mulative probability of Omicron infection was highest
in individuals with one Omicron infection (and no pre-
Omicron SARS-CoV-2 infections) prior to the observa-
tion period (P < 0.0001).
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N No Omicron Infection Omicron Infection Total p°
617 133 750
Age (years)
Mean (SD) 84.9 (9.7) 83.4 (11.5) 84.7 (10.1) =
Median (IQR) 87.0 (80.0-92.0) 86.0 (78.0-92.0) 87.0 (80.0-92.0) 036
Sex—N (%)
Female 402 (65.2%) 81 (60.9%) 483 (64.4%) 0.35
Male 215 (34.9%) 52 (39.1%) 267 (35.6%)
Hybrid immunity status—N (%)
Never infected 438 (71.0%) 44 (33.1%) 482 (64.3%) <0.0001
Multiple infections 58 (9.4%) 3 (2.3%) 61 (8.1%)
One pre-Omicron infection 66 (10.7%) 10 (7.5%) 76 (10.1%)
One prior Omicron infection 55 (8.9%) 76 (57.1%) 131 (17.5%)
mRNA four-dose vaccine combination—N (%)
mRNA1273 x 4 219 (35.5%) 47 (35.3%) 266 (35.5%) <0.0001
BNT162b2 x 4 89 (14.4%) 49 (36.8%) 138 (18.4%)
Other mRNA combination x 4 309 (50.1%) 37 (27.8%) 346 (46.1%)
Time since fourth vaccination to baseline (days)®
Mean (SD) 141 (33) 125 (46) 138 (37) =
Median (IQR) 155 (135-185) 147 (65-176) 154 (130-185) 0.0041
Residence type-N (%)
Long-term care residence 319 (51.7%) 109 (82.0%) 428 (57.1%) <0.0001
Retirement residence 298 (48.3%) 24 (18.0%) 322 (42.9%)
Residence outbreaks—N
Mean (SD) 6.8 (1.8) 6.2 (1.6) 6.7 (1.8) -
Median (IQR) 6.0 (6.0-7.0) 6.0 (5.0-7.0) 6.0 (6.0-7.0) <0.0001
Participants in residences with outbreaks-N (%)
<6 outbreaks 351 (56.9%) 97 (72.9%) 448 (59.7%) 0.0006
>6 outbreaks 266 (43.1%) 36 (27.1%) 302 (40.3%)
Clinical Frailty Scale—(1 to 9 ranking)(I
Missing (N) 120 12 132 -
Mean (SD) 6.5 (1.1) 6.7 (0.8) 6.6 (1.1) -
Median (IQR) 7.0 (6.0-7.0) 7.0 (7.0-7.0) 7.0 (6.0-7.0) 0.036
Clinical Frailty Scale—number of participants—N (%)"
CFS <6 66 (10.7%) 6 (4.5%) 72 (9.6%) 0.016
CFS 6 111 (18.0%) 23 (17.3%) 134 (17.9%)
CFS >6 320 (51.9%) 92 (69.2%) 412 (54.9%)
Comorbidities-N°
Missing (N) 59 4 63 -
Mean (SD) 4.6 (2.0) 4.7 (21) 47 (2.1) -
Median (IQR) 4.0 (3.0-6.0) 4.0 (3.0-6.0) 4.0 (3.0-6.0) 0.90
Immunosuppressive medications—number of participants—N'
Missing 118 8 126 -
No 472 (94.6%) 124 (99.2%) 596 (95.5%) 0.026
Yes 27 (5.4%) 1 (0.8%) 28 (4.5%)
?Data as of baseline on July 1, 2022. Residence outbreaks and Clinical Frailty Scale are reported individually and by grouping participants. ®Data were assessed by non-
parametric Mann-Whitney U-test for two-group comparisons of continuous variables including CFS and by Chi-square test for categorical variables. “All participants had
four mRNA vaccine vaccinations at the start of the observation window on July 1, 2022. “Clinical Frailty Scale is a 9-point scale from 1 (very fit) to 9 (terminally ill). Data are
reported as the CFS and by grouping participants with a CFS <6 (very fit to living with mild frailty), 6 (living with moderate frailty), and >6 (living with severe frailty to
terminally ill). “Incidence of comorbidities also summarized in Supplementary Table S1. List of comorbidities: emphysema, hypertension, diabetes, heart disease, angina,
cancer, memory problems, Alzheimer’s disease/dementia, osteoarthritis, rheumatoid arthritis, peripheral vascular disease, stroke, transient ischemic attack, Parkinson’s
disease, stomach ulcers, bowel disorder, cataracts, glaucoma, macular degeneration, osteoporosis, back problems, thyroidism, and kidney disease. ‘Number of participants
prescribed immunosuppressive medications; a list of medications is provided in Supplementary Table S2 and a summary of medication use within the cohort is provided in
Supplementary Table S3.
Table 1: Cohort demographics at baseline by observation period infection outcome.?

www.thelancet.com Vol = m, 2023


www.thelancet.com/digital-health

Articles

A Kaplan-Meier curve of cumulative Omicron infections
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B Cox proportional hazards regression of risk of SARS-CoV-2 Omicron infection
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Fig. 1: SARS-CoV-2 Omicron infection incidence and risk. In Panel A, time to SARS-CoV-2 Omicron infection from July 1 through September

13, 2022, was estimated in individuals with one prior Omicron infection (i.e., between December 15, 2021 and June 30, 2022, with no pre-
Omicron infections), one pre-Omicron infection (i.e., infection prior to December 15, 2021), multiple prior infections (i.e., prior to and/or
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Risk factors for Omicron BA.5 infection

We next assessed factors that contributed to risk of
Omicron infection using a Cox proportional hazards
regression model (Fig. 1 Panel B; Supplementary
Figure S1; Supplementary Tables S4 and S5). Risk of
Omicron infection was not associated with chronological
age, sex assigned at birth, residence type (retirement
home compared to long-term care home), or number of
previous residence outbreaks. Comparison of four
mRNA-1273 vaccines to four BNT162b2 vaccines
revealed no significant changes in Omicron infection
risk, though there was an associated decreased risk of
infection in participants with four-dose combinations of
both mRNA-1273 and BNT162b2 vaccines compared to
four BNT162b2 vaccines (P = 0.023; HR [95% CI]: 0.49
[0.26-0.90)). Frailty and time since fourth vaccination
were also not associated with Omicron infection risk.
Individuals with a prior Omicron infection had the
highest associated risk of an Omicron infection during
the observation period, in particular between days 9 and
29, with a large confidence interval (P < 0.0001; 47.67
[23.73-95.76]). Most Omicron reinfections occurred at
~5 months after the initial infection (days to reinfection:
mean = SD 156.2 + 41.4 days; median [IQR] 173.0
[118.5-181.0] days). We hypothesized that there may be
individual immune-associated factors that are modifiers
of Omicron reinfection risk after one Omicron infection.

Description of immune analysis cohort

We measured immunological parameters in a random
subset of participants with blood collections (n = 318), as
part of routine vaccine immunogenicity surveillance,
within three months of the start of the observation
period (i.e., April 1 to June 30, 2022). We considered
participant early Omicron infection history (i.e., pre-
sumptive Omicron BA.1/2 infection after December 15,
2021) prior to their blood collection and July 1, 2022
(i.e., the start of the observation period), as well as
Omicron infection outcome (i.e., presumptive Omicron
BA.5 infection) post-blood collection between July 1 and
September 13, 2022 (i.e., the observation period) in
context of their early Omicron BA.1/2 infection history
(Fig. 2). Immune analysis cohort data by pre-observation
period Omicron BA.1/2 infection history are summa-
rized in Supplementary Tables S6-S9, and immune
analysis cohort data by pre- and post-observation period
Omicron BA.5 infection history are summarized in
Supplementary Tables S7-S11. The time intervals be-
tween blood collections and the start of the observation

period were similar between all comparator groups.
Serum anti-spike and anti-RBD IgG and IgA antibodies
(Fig. 3), serum antibody neutralization of ancestral and
Omicron BA.1 subvariant SARS-CoV-2 (Fig. 4), and
whole blood CD4" and CD8" T cell memory responses
to ancestral and Omicron BA.1 spike protein (Fig. 5),
were assessed.

Humoral and cellular immunity after early Omicron
BA.1/2 infection

We first considered all participants with immunoge-
nicity data in context of their early Omicron infection
history, comparing humoral and cellular data collected
from participants with no infections prior to the obser-
vation period (i.e., prior to July 1, 2022) to data collected
from participants after an early Omicron infection
before the observation period (i.e., between December
15, 2021 and June 30, 2022). In the three months before
the observation period, relative to participants with no
Omicron infection, individuals with a prior Omicron
infection (days since Omicron infection median [IQR]:
101.0 [55.0-127.0]) had increased serum antibodies, in
particular anti-spike IgA and anti-RBD IgG and IgA
(Fig. 2, panel A; Supplementary Table S9), as well as
increased neutralization capacity against ancestral and
Omicron BA.1 subvariant SARS-CoV-2 (Fig. 3, panel A).
Notably, serum antibody quantities and their neutral-
izing capacity showed considerable heterogeneity
(Supplementary Figure S2). While on a population-level
there is a positive correlation between micro-
neutralization titres and IgG and IgA antibodies, these
measurements do not necessarily correlate on an indi-
vidual basis. T cell memory responses to the SARS-CoV-
2 spike protein were not different (Fig. 4, panel A). In
summary, humoral immunity was enhanced in partici-
pants with hybrid immunity.

Humoral and cellular immunity with no prior SARS-
CoV-2 infection in context of Omicron BA.5
infection outcome

We next compared humoral and cellular data collected
from participants with no infections prior to the obser-
vation period (i.e., participants with no infections from
Panel A in Figs. 3-5) in context of their Omicron
infection outcome between July 1 and September 13,
2022 (i.e., no Omicron infection or Omicron infection).
There were no distinct differences in humoral and
cellular immunogenicity in this population by infection
outcome. In the three months preceding the observation

between December 15, 2021 and July 1, 2022), and no prior infections (i.e., no infections between March 2020 and June 30, 2022), by means of
the Kaplan-Meier method. Statistical significance between the curves was determined by log-rank test. Shading around the mean line indicates
the 95% confidence interval. The dotted horizontal-vertical line indicates 50% cumulative incidence. In Panel B, the Cox proportional-hazards
regression model was used to estimate hazard ratios of Omicron infection between July 1 and September 13, 2022, with the baseline hazard on
July 1, 2022. Variables (age, sex, previous infection, mRNA vaccine combination, residence type, number of outbreaks, clinical frailty scale, time
since fourth vaccination) reflect characteristics at baseline, with adjustments for study site. The hazard ratios are presented with 95% confidence

intervals based on robust standard errors.
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Residents of longterm care
and retirement homes

Study Cohort
(N=750)

A 4

v v

SARS-CoV-2
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(pre-July 1, 2022)

No Prior Infection
(N=482)

Multiple Prior
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(N=61)
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(N=44)

Omicron Infection
(N=76)

No Infection
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April 1 — June 30
(pre-observation period)

25
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Number of Participants

early Omicron infections
(pre-observation period)

December 15, 2021 April 1., 2022

blood draws

observation period
Omicron infections

September 13, 2022

July 1, 2022

Fig. 2: Overview of the study cohort. An overview of the study cohort by participant infection history and blood collections is shown in Panel A

by flow chart and Panel B as a timeline.

period, individuals with no prior Omicron infection had
similar antibody levels (Fig. 3, panel B; Supplementary
Table S10), microneutralization titres (Fig. 4, panel B),
and T cell memory responses (Fig. 5, panel B), irre-
spective of Omicron infection outcome during the
observation period.

Humoral and cellular immunity after Omicron BA.1/
2 infection in context of Omicron BA.5 infection
outcome

Finally, we compared humoral and cellular data
collected after an early Omicron infection (i.e., be-
tween December 15, 2021 and June 30, 2022) in

participants with prior Omicron infections from Panel
A in Figs. 3-5, according to their Omicron infection
outcome between July 1 and September 13, 2022 (i.e.,
no Omicron infection or Omicron reinfection). The
time interval between prior Omicron infection to the
date of blood draws was comparable (P = 0.34) be-
tween individuals not reinfected (median [IQR]: 105
[49-139] days) and reinfected (101 [65-108] days).
Omicron reinfections occurred (median [IQR]) 72
[48-79] days after the blood collection. This assess-
ment showed that although prior Omicron infection
overall promoted higher serum antibody levels and
neutralization in the three months before the
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A Early Omicron infection increases anti-spike IgA and anti-RBD IgG and IgA antibody levels
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Fig. 3: Serum antibody levels in residents of long-term care and retirement facilities in context of hybrid immunity. Ancestral anti-spike and
anti-RBD (receptor binding domain) IgG and IgA antibody levels were measured by ELISA in serum samples collected within three months prior
to the start of the observation period (i.e., collected between April 1 and June 30 before the July 1 to September 13, 2022 observation period).
Panel A shows data according to Omicron infection history prior to July 1, 2022. Panel B stratifies data by Omicron infection outcome between
July 1 and September 13 in individuals with no prior Omicron infection from panel A. Panel C stratifies data by Omicron reinfection outcome
between July 1 and September 13 in individuals with prior Omicron infection from panel A. Each data point indicates an individual participant.
Data are presented as box and whisker plots, minimum to maximum, with the center line at the median. Dotted lines indicate cutoff thresholds.
Statistical significance was assessed by Mann-Whitney U test. All P-values are shown.

observation period (Figs. 2-4 panel A), this effect was
not consistent. Rather, there were distinct immuno-
logical differences according to whether individuals
were reinfected with Omicron (Figs. 2-4, panel C;
Supplementary Table S11). Individuals with a docu-
mented Omicron infection preceding the observation
period, if they were reinfected during the observation
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period, had significantly lower post-initial Omicron
infection serum anti-RBD IgG and anti-spike IgA an-
tibodies, and a tendency toward lower anti-spike IgG
antibodies, as well as lower neutralization of the
Omicron BA.1 variant. Memory T cell responses were
similar irrespective of infection history or outcome.
Therefore, there were lower humoral but not cellular
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A Early Omicron infection increases SARS-CoV-2 neutralization
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Fig. 4: Serum anti-SARS-CoV-2 microneutralization titres in residents of long-term care and
retirement facilities in context of hybrid immunity. Microneutralization titres (MNTs) of
ancestral and Omicron BA.1 anti-SARS-CoV-2 antibodies in serum samples collected within
three months prior to the start of the observation period (i.e., collected between April 1 and
June 30 before the July 1 to September 13, 2022 observation period). Panel A shows data

10

immune responses after initial Omicron infection in
individuals with an Omicron reinfection.

Humoral immunity before and after Omicron
reinfection

To determine if individuals with Omicron reinfections
had normal immune responses prior to their Omicron
infections, we measured their vaccine responses post-
second and third doses (Fig. 6, Panel A). Prior to
initial Omicron infections, there were no statistically
significant  differences in vaccine responses (as
measured by neutralizing antibodies) between in-
dividuals who were subsequently never infected, had a
single Omicron infection, or those with Omicron rein-
fection. These data indicate that in individuals with
subsequent Omicron reinfection, there were no im-
mune abnormalities impeding the generation of hybrid
humoral immunity against SARS-CoV-2 after their
initial presumptive Omicron BA.1/2 infection, despite
significant differences in humoral immunity after their
initial Omicron BA.1/2 infection (Figs. 3-5). When
immune responses after presumptive Omicron BA.5
infections were investigated, individuals who had two
Omicron infections were able to mount strong hybrid
immune responses after Omicron BA.5 infection (i.e.,
elevated IgG, IgA and neutralizing antibodies;
Supplementary Figure S3). This humoral hybrid im-
mune response after Omicron reinfection was similar to
that of other individuals after a single Omicron infec-
tion, whether BA.1/2 or BA.5 (Fig. 6, Panels B to D).
Collectively, these data support the hypothesis that the
increased risk of Omicron reinfection after an initial
Omicron infection was a result of unique differences in
biological responses to the initial infection, not an un-
derlying immune defect or immunosuppression.

Discussion

In this study, we found that residents of long-term care
and retirement homes who received monovalent vacci-
nations and were infected with the SARS-CoV-2 Omi-
cron BA.1/2 variants in early 2022 had an associated
increased risk of subsequent Omicron BA.5 infection,
compared to individuals who never had an Omicron
infection. As all study participants with an early Omi-
cron infection had received four mRNA vaccines before

according to Omicron infection history prior to July 1, 2022. Panel B
stratifies data by Omicron infection outcome between July 1 and
September 13 in individuals with no prior Omicron infection from
panel A. Panel C stratifies data by Omicron reinfection outcome
between July 1 and September 13 in individuals with prior Omicron
infection from panel A. Dotted lines indicate cutoff thresholds. Each
data point indicates an individual participant. Data are presented on
a log2 scale as box and whisker plots, minimum to maximum, with
the center line at the median. Dotted lines indicate cutoff thresholds.
Statistical significance was assessed by Mann-Whitney U test. All P-
values are shown.
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A Early Omicron infection does not increase CD4* or CD8" T cell memory responses to SARS-CoV-2 spike protein
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Fig. 5: Memory T cell recall responses to SARS-CoV-2 spike protein in residents of long-term care and retirement facilities in context of hybrid
immunity. Memory T cell recall responses to SARS-CoV-2 complete ancestral spike protein, immunodominant regions of ancestral spike protein
(ancestral-ID), and complete Omicron BA.1 spike protein in whole blood were assessed by an Activation-Induced Marker (AIM) flow cytometry
assay within three months prior to the observation period (i.e., collected between April 1 and June 30 before the July 1 to September 13, 2022
observation period). Panel A shows data according to Omicron infection history prior to July 1, 2022. Panel B stratifies data by Omicron
infection outcome between July 1 and September 13 in individuals with no prior Omicron infection from panel A. Panel C stratifies data by
Omicron reinfection outcome between July 1 and September 13 in individuals with prior Omicron infection from panel A. Data are plotted on a
log10 scale. Each data point indicates an individual participant. Data are presented as box and whisker plots, minimum to maximum, with the
center line at the median. Statistical significance was assessed by Mann-Whitney U test. All P-values are shown.

the observation period, and time since vaccination did
not significantly contribute to Omicron infection risk,
these findings challenged the concept that hybrid im-
munity increases protection against subsequent SARS-
CoV-2 infection with Omicron subvariants.

Further investigation of those individuals with an
early presumptive Omicron BA.1/2 infection revealed
that many individuals with hybrid immunity (ie.,
vaccination with natural infection) had elevated post-
infection humoral immune responses. Despite similar
generation of neutralizing antibodies after second and
third vaccinations prior to initial Omicron infections,
individuals with an Omicron reinfection during the
observation period generally had reduced Omicron
neutralization and lower levels of serum antibodies after
their initial Omicron infection compared to individuals
without Omicron reinfection. Yet, after a presumptive
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Omicron BA.5 infection, individuals who had both
BA.1/2 and BA.5 infections were able to mount hybrid
humoral immune responses that were comparable to
responses of individuals with a single Omicron infec-
tion, whether Omicron BA.1/2 or Omicron BA.S.
Moreover, our data showed that older adults have
considerable heterogeneity in humoral responses post-
vaccination and with hybrid immunity, even with
similar vaccination and infection histories. Quantities of
serum IgG and IgA antibodies were not always indica-
tive of SARS-CoV-2 neutralizing capacity, or vice versa.
This heterogeneity of humoral responses is likely re-
flected in the large confidence interval observed for the
association between early Omicron infection and rein-
fection risk.

Despite their established importance in limiting
progression of SARS-CoV-2 infection,* there were no

11
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A SARS-CoV-2 neutralization is similar after second and third dose
vaccinations, irrespective of future Omicron infection outcome
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Fig. 6: Humoral responses to SARS-CoV-2 vaccination and Omicron infections. In Panel A, post-
vaccination neutralizing antibodies against ancestral SARS-CoV-2 were measured after two and
three mRNA vaccine doses and prior to future Omicron BA.1/2 and BA.5 infection outcomes.
Humoral responses were examined in Panels B to D in serum samples collected after the
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differences in ancestral and Omicron BA.1 SARS-CoV-2
spike-specific CD4" and CD8" T cell memory responses
in individuals with an early Omicron BA.1/2 infection,
irrespective of whether they had a subsequent Omicron
BA.5 infection. However, this does not preclude the
possibility that there may be differences in T cell poly-
functional cytokine responses or the roles of CD4" T
cells in supporting antibody production. Future studies
may provide insight into whether the generation of
memory T cells against other components of the SARS-
CoV-2 virus after an initial Omicron infection may also
differ in individuals with Omicron reinfections.

Older adults in congregate living in Canada have
been a priority group for SARS-CoV-2 vaccinations.”
This is likely a contributing factor to their lower rates
of Omicron infections when compared to community-
dwelling older adults, though they still have more se-
vere illness and higher hospitalization rates.” Many
countries, including Canada, have adopted vaccination
guidelines stating that after a confirmed SARS-CoV-2
infection, the ideal time for subsequent vaccination is
6 months, though a shortened interval of 3 months may
be considered in the context of increased risk of
infection or severe outcomes.” The study cohort
included participants from public and private facilities
of a range of sizes, both non-profit and for-profit, which
follow provincially-mandated directives concerning
infection prevention and control practices, and are
representative of typical long-term care and retirement
homes in Ontario, Canada. As most individuals in our
study cohort had an Omicron reinfection at less than 6
months from their prior Omicron infection, a short-
ened vaccination interval may be beneficial in main-
taining immune protection within this population.
Alternatively, bivalent vaccines, with ancestral and
Omicron variant mRNA, may provide superior
longevity of immune protection. Irrespective, when
considering older adults, a more nuanced perspective of
protection provided by hybrid immunity may be
necessary, which considers individualized risk assess-
ments to optimize vaccination strategies. This risk
assessment may need to incorporate measurements of
immunity rather than more traditional assessments
including frailty, as we did not observe an association
between Omicron infection risk and the Clinical Frailty

observation period baseline and Omicron BA.5 infections. Ancestral
anti-spike and anti-RBD (receptor binding domain) IgG and IgA
antibody levels were measured by ELISA. Neutralizing antibodies
against ancestral and Omicron BA.1 anti-SARS-CoV-2 were assessed
by microneutralization assays (MNTs). Each data point indicates an
individual participant. Data are presented as box and whisker plots,
minimum to maximum, with the center line at the median. Data in
Panels A and B are presented on a log2 scale. Dotted lines indicate
cutoff thresholds. Statistical significance was assessed by Kruskal-
Wallis test with Dunn’s multiple comparisons test. P values are
only shown for post-hoc comparisons of statistical significance.
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Scale. As noted above, we found that individuals who
were not reinfected had higher serum antibody levels
and neutralization capacity, compared to individuals
with Omicron reinfection, suggesting that there were
differences in either their initial hybrid immune
response, or the durability of their immunity. While
correlates of protection against Omicron variant rein-
fection remain poorly defined, these observations imply
that maintenance of antibody levels and neutralization
in older adults by vaccination, irrespective of infection
history, is critically important for longevity of immune
protection. Our findings likely extend to community-
dwelling older adults, who may not have the same im-
mune histories as those in retirement or long-term care
homes, but who also experience detrimental immuno-
senescence and inflammaging.”’

Individual histories of SARS-CoV-2 vaccination,
variant exposure, and infection may have an imprinting
effect on immunity and modify protection against cur-
rent and emerging variants of concern.”* Pre-Omicron
infections were reported to provide lasting protection
against reinfection with pre-Omicron variants in older
adults in care homes.”® As mentioned, we in addition
found in older adults that SARS-CoV-2 infection in fall
2022 (i.e., presumptive Delta variant infection) was
associated with reduced risk of early Omicron BA.1/2
infection.”® Early Omicron infections in healthy younger
adults were initially implicated in reducing risk of sub-
sequent Omicron infection, whether in absence of
vaccination, or in context of hybrid immunity.*"*
However, the extent and interval of protection after
early Omicron variant infection may be shorter than
after infection with pre-Omicron variants of concern.**
Neutralizing antibodies produced after Omicron BA.1
infection were reported to be less efficacious against
Omicron BA.5 compared to early Omicron subvariants
and pre-Omicron variants, whether after early Omicron
infection or within infection-naive vaccinated in-
dividuals.”**** After emergence of the more trans-
missible Omicron subvariant BA.5, for example, it was
reported that both mRNA1273 and BNT162b2 vaccines,
after three or four doses, may only offer short-term
protection from BA.5 infection.” These observations
may explain why Omicron BA.5 replaced BA.1/BA.2 as
the dominant circulating virus, and why individuals in
our cohort who had lower humoral hybrid immunity,
including reduced neutralization of the Omicron BA.1
virus, had an Omicron reinfection (most likely a BA.5
infection after initial BA.1/BA.2 infection, based on
infection dates and provincial genomic surveillance
data”). Therefore, consideration of SARS-CoV-2 variant-
specific infection history, as well as circulating Omicron
sub-lineage, are likely important when exploring asso-
ciations of Omicron-associated hybrid immunity and
vaccine efficacy. Further investigations of vaccine
immunogenicity and hybrid immunity in context of
other Omicron subvariants may provide additional
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insights to explain our observations of disparate post-
early Omicron infection humoral responses, and may
facilitate identification of risk factors that contribute to
poor hybrid immunity in older adults.

This study has several limitations. As this was a
retrospective observational study, individuals were not
matched by age, sex, or other factors, asymptomatic in-
fections may have been overlooked, and data should not
be interpreted to confer causality. Although we were able
to rule out residence type or outbreak history as
contributing factors, other environmental and behav-
ioural factors may have influenced individual risk of
exposure. In addition, while frailty was not associated
with increased infection risk, differences in individual
requirements for daily care may require increased in-
teractions, potentially increasing risk of exposure and
infection. Genomic sequencing was unavailable to
confirm infection by a specific Omicron variant. Based on
public health surveillance data, it was assumed that in-
fections were caused by an Omicron BA.1/BA.2 variant
prior to the observation period, or by Omicron BA.5
during the observation period. It was outside the scope of
this study to consider how facility-associated and indi-
vidual health-associated factors influenced humoral and
cellular assessments. As infection symptoms, severity
and outcomes were unknown, risk analyses and immu-
nological measurements were not stratified by those data.

Overall, our observations caution that immunological
features of hybrid immunity are not the same in all
older adults, and hybrid immunity should not be
considered a panacea against future SARS-CoV-2
infection, whether from cross-subvariant Omicron in-
fections, or future variants of concern. Continued public
health surveillance and research are necessary to assess
longevity of vaccine responses and hybrid immunity as
new variants of concern continue to emerge. More
extensive characterization of humoral and cellular
immunity after SARS-CoV-2 infection may aid in
developing interventions to prevent exacerbation of age-
associated immune dysfunction and reinfection risk.
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