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A B S T R A C T

Background: The SARS-CoV-2 (Severe Acute Respiratory Syndrome coronavirus 2) has led to more than
165 million COVID-19 cases and >3.4 million deaths worldwide. Epidemiological analysis has revealed that
the risk of developing severe COVID-19 increases with age. Despite a disproportionate number of older indi-
viduals and long-term care facilities being affected by SARS-CoV-2 and COVID-19, very little is understood
about the immune responses and development of humoral immunity in the extremely old person after
SARS-CoV-2 infection. Here we conducted a serological study to investigate the development of humoral
immunity in centenarians following a SARS-CoV-2 outbreak in a long-term care facility.
Methods: Extreme aged individuals and centenarians who were residents in a long-term care facility and
infected with or exposed to SARS-CoV-2 were investigated between April and June 2020 for the development
of antibodies to SARS-CoV-2. Blood samples were collected from positive and bystander individuals 30 and
60 days after original diagnosis of SARS-CoV-2 infection. Plasma was used to quantify IgG, IgA, and IgM iso-
types and subsequent subclasses of antibodies specific for SARS-CoV-2 spike protein. The function of anti-
spike was then assessed by virus neutralization assays against the native SARS-CoV-2 virus.
Findings: Fifteen long-term care residents were investigated for SARS-CoV-2 infection. All individuals had a Clinical
Frailty scale score�5 andwere of extreme older age orwere centenarians. Sixwomenwith amedian age of 98.8 years
tested positive for SARS-CoV-2. Anti-spike IgG antibody titers were the highest titers observed in our cohort with all
IgG positive individuals having virus neutralization ability. Additionally, 5 out of the 6 positive participants had a
robust IgA anti-SARS-CoV-2 response. In all 5, antibodies were detected after 60 days from initial diagnosis.
ease Organization (VIDO), University of Saskatchewan, Saskatoon, Saskatchewan, S7N 5E3, Canada.
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1. Introduction
Research in Context

Evidence before this study

At this time, we are not aware of any reports on the serocon-
version ability, durability, antibody function or antibody iso-
type landscape of centenarians infected with SARS-CoV-2.
There are numerous studies investigating the humoral
responses of adults and older individuals that are non-cente-
narians in which neutralizing antibodies have been detected
in convalescent participant plasma, with primary focus on IgG
and IgM titres post SARS-CoV-2 infection. One study found
that the level of neutralizing antibodies correlated with age as
well as disease severity, but it is unclear how old the oldest
subjects were in the study. Spike-specific memory B cells and
antibodies are still present over 6 months after infection in
adults. It is well documented that long-term care facilities and
older individuals are more susceptible to severe outcomes of
SARS-CoV-2 infection and COVID-19, but little is understood
regarding the older individual’s immune response to the virus
during infection.

Added value of this study

To our knowledge, this is the first study investigating serocon-
version in SARS-CoV-2 infected centenarians residing in long-
term care. Our study demonstrates that an aged immune sys-
tem is still capable of mounting an antibody response to SARS-
CoV-2 infection and that the antibodies elicited have virus neu-
tralizing ability. Our data suggests that older and frail individu-
als, such as those in our study, have the capacity to elicit
antibodies that are capable of neutralizing SARS-CoV-2.

Implications of all the available evidence

The findings demonstrate that serological assays can be used in
older and frail individuals to assess exposure to the SARS-CoV-
2 virus or after COVID-19 vaccination. Since the older and frail
individuals in our study had robust humoral responses to
SARS-CoV-2, our data has implications for vaccine responses
and possibly effectiveness in older individuals.

Interpretation

Extreme older frail individuals and centenarians were able to
elicit robust IgG and IgA antibodies directed toward SARS-
CoV-2 spike protein. The antibodies were able to neutralize
the virus. Humoral responses were still detectable after
60 days from initial diagnosis. Together, these data suggest
that recovered participants who are of extreme old age
would be protected if re-exposed to the same SARS-CoV-2
viral variant. Considering the threat of SARS-CoV-2 and
COVID-19 to older age groups and long-term care facilities,
the humoral responses to SARS-CoV-2 in older age groups is
of public health importance and has implications to vaccine
responses.
In December 2019, a novel coronavirus was identified in Wuhan,
Hubei China, which has led to a devastating pandemic (WHO pan-
demic) [1,2]. Coronavirus disease 2019 (COVID-19) is used to define
the clinical symptoms that are associated with infection from severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [3]. The
SARS-CoV-2 is an enveloped positive-sense, single-stranded RNA
genome and belongs to the Coronaviridae family in the genus Betacor-
onavirus, sharing the same lineage (Lineage B) as the 2002 SARS-CoV
[4]. The spike protein of SARS-CoV-2 is an external binding protein,
which guides the virus to attach to a host cell and bind the angioten-
sin converting enzyme II receptor (ACE2) [5]. The spike protein is the
primary immunogenic target for virus neutralization and vaccine
design, due to its critical role in the virus life cycle [5].

As the clinical cases of SARS-CoV-2 infection were analyzed, it was
clear that signs and symptoms, clinical manifestations, and disease
severity widely varies [6,7]. Certain host factors have been linked to the
development of severe COVID-19 resulting in pneumonia, acute respira-
tory distress syndrome (ARDS), and multi-organ failure [8,9]. In particu-
lar, age has been identified as a risk factor for severe illness and death
with the elderly population being most susceptible [8]. It is suspected
that age-related changes to the immune system, including immunose-
nescence and ‘inflammaging’ as well as the increased susceptibility to
co-morbidities, may contribute to increased risk of severe COVID-19 in
older individuals [10�12]. Historically, the aged immune system was
thought to have decreased ability of the immune system to respond in
an antigen-specific [13]. We now know constant inflammation or
“inflammaging” is a signficant contributor to aberrant immune
responses in older people. Additionally, senescent cells can contribute to
inflammation and inflammaging, where inflammaging is defined as a
constant low level release of inflammatory mediators (C Reactive Protein
(CRP) and the inflammatory cytokines IL-6 and IL-8) above baseline con-
tributing to the reduction of antigen-specific immunity [11]. The aber-
rant levels of inflammatory mediators in older adults is hypothesized to
lead to heightened inflammatory responses and immunopathology in
this age group during a viral infection such as with SARS-CoV-211. Addi-
tionally, those at the highest risk are older adults residing in long-term
care homes [14,15] due to the increased number of individuals living in
one area [14], asymptomatic transmission [16�18], atypical symptom
presentation in older people [14,16], and the high burden of chronic ill-
nesses [14,19]. Although older individuals are heavily represented in
COVID-19 case fatalities, the clinical course and immune responses of
older persons to SARS-CoV-2 infection is poorly understood [20].

Here, we conducted a serological study of a cohort of extreme old
residents in a long-term care home that experienced a COVID-19 out-
break in Nova Scotia, Canada. We focused on a group of centenarians
and nonagenarians who were infected with SARS-CoV-2. The
humoral response and durability of antibody production following
SARS-CoV-2 infection in these older individuals is currently ill-
defined although multiple reports have documented a spectrum of
responses in several cohorts. The role of age as a cofactor in establish-
ing protection against future SARS-CoV-2 re-exposure and reinfec-
tion is of considerable interest in aged individuals. We investigated
the antibody responses to SARS-CoV-2 infection in a small group of
extreme aged individuals to better understand how the aged immune
system works to protect against SARS-CoV-2 infection.
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Fig. 1. Study Schematic.
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2. Methods

Our study adhered to STROBE guidelines.

2.1. Study design and participants

Residents of a non-profit long-term care (LTC) home in Halifax,
Nova Scotia, between April and June 2020 where a widespread out-
break of SARS-CoV-2 occurred, were recruited to the study. At the
time of the pandemic, Northwood had 483 long-term care beds and
over the course of the wave 1 outbreak, 246 residents were found to
be COVID-19 positive (Fig. 1). There were 53 deaths attributable to
COVID-19. Fewer than 5 residents were transferred to an acute care
hospital (none of the participants in this study) and acute care hospi-
tal staff were re-deployed to the LTC facility. Low flow nasal oxygen
was made available to all residents as indicated. Otherwise, support-
ive care and medical management for any other decompensating ill-
ness (i.e., diuretics for decompensated congestive heart failure) was
provided and evaluated daily for all residents. Residents of the facility
had single or double rooms. All residents of the LTC facility were con-
sidered exposed to the virus due to the widespread nature of the out-
break within the facility. SARS-CoV-2 infection screening was
performed regularly throughout the outbreak on all residents regard-
less of symptom by nasopharyngeal swabbing and subsequent qRT-
PCR for the RNA encoding the SARS-CoV-2 nucleoprotein (NP). If a
resident was found to be positive on a unit, then all other residents
on that unit were screened again. Residents were also swabbed if
they developed symptoms potentially attributable to COVID-19
(delirium, fall, ‘taking to bed’, fever, and respiratory and gastroen-
terologic symptoms). All residents were screened daily for symptoms
and all residents who were SARS-CoV-2 positive were assessed by a
medical team redeployed from the local tertiary acute care hospital
daily. Only participants who gave written consent were enrolled in
our study. Testing was performed using routine practices. Briefly, a
flocked NP swab was collected in 3mL universal transport media
(Copan Diagnostics Inc., Murrieta, CA), or a combined oropharynx
and anterior nares (OP/Na) swab was collected using the Aptima Mul-
titest swab in 2.9mL of specimen transport medium (Hologic, Inc.,
San Diego CA). NP or OP/Na swabs were subjected to real-time RT-
PCR using the SARS-CoV-2 assay on a Cobas 6800 system (Roche
Diagnostics, Mississauga, Ontario, Canada) per the manufacturer’s
instructions, or using a Total Nucleic Acid (TNA) extraction on a Mag-
NApure LC 2.0 instrument (Roche Diagnostics) followed by real-time
RT-PCR using a laboratory-developed test (LDT) designed at the Brit-
ish Columbia centre for Disease Control (BCCDC) (Vancouver, BC)
[21]. Twice a year, residents of Northwood each receive an update to
their long-term care comprehensive Geriatric Assessment [22]. It
includes a Clinical Frailty Scale score [23]. The CFS is a well-validated
measure which categorizes frailty from fit to severely frail. Here we
extracted information for analysis: age, sex, frailty, comorbidities,
BMI (body mass index), and time between identification of the posi-
tive SARS-CoV-2 RT-RNA PCR test and blood collection [24]. A clinical
description of the cohort is summarized in Table 1.
2.2. Blood sample processing

Peripheral blood was collected from study participants in K2EDTA
spray coated tubes (Fisher 367,861). Blood samples were immedi-
ately transported to the laboratory and centrifuged for 10m at 200 x



Table 1
Clinical data from SARS-CoV-2 exposed and infected extreme aged residents of a long-term care facility.

All Participants SARS-CoV-2 Negative SARS-CoV-2 Positive

N 15 9 6
Age, mean (range) 96.9 (84 - 103) 95.6 (84 - 103) 98.8 (94 - 102)
Women, n (%) 12 (80.0) 6 (66.7) 6 (100.0)
Clinical Frailty Scale, mean (SD) 6.3 (0.6) 6.3 (0.5) 6.2 (1.0)
Symptoms of Infection, n (%) 4 (26.7) 2 (22.2) 2 (33.3)
Died by day 30 (%) 0 0 0
Comorbidities:
Atrial Fibrillation, n (%) 4 (26.7) 2 (22.2) 2 (33.3)
Congestive Heart Failure, n (%) 3 (20.0) 1 (11.1) 2 (33.3)
Coronary Artery Disease, n (%) 2 (13.3) 1 (11.1) 1 (16.7)
Cerebral Vascular Disease, n (%) 3 (20.0) 2 (22.2) 1 (16.7)
Chronic Obstructive Pulmonary Disease, n (%) 5 (33.3) 3 (33.3) 2 (33.3)
Dementia, n (%) 13 (86.7) 8 (88.9) 5 (83.3)
Hypertension, n (%) 9 (60.0) 5 (55.6) 4 (66.7)
Diabetes Mellitus, n (%) 4 (26.7) 3 (33.3) 1 (16.7)
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g after collection. Plasma was isolated and stored in conical vials
(Fisher 1495949B) at �80 °C until assays were performed.

2.3. Enzyme-linked immunosorbent assay

Plasma SARS-CoV-2 antibodies were detected using an indirect
enzyme linked immunosorbent assay (ELISA). Microplates (96-well)
(Corning� 9018) were coated with 50 ml of 2.5 mg/mL SARS-CoV-2 S
protein (Sino Biology 40,591-V08H) diluted in phosphate buffered
saline (PBS) overnight at 4 °C. Spike protein concentration was qual-
ity control evaluated using The Pierce TM BCA Protein Assay Kit
(ThermoFisher 23,225). A positive control polyclonal antibody was
used to control the assay (ThermoFisher PA1�41,090). Controls were
run on each to plate to ensure variation limits were not reached.
Plates were washed three times with 1x PBS (Gibco 70,011,069) sup-
plemented with 0.1% Tween-20 (Sigma P1379) (PBS-T). Plates were
blocked with 5% BSA (Bovine Serum Albumin) in PBS-T for one h at
room temperature. Blocking solution was removed, and 100 ml of
human plasma samples diluted in 5% BSA PBS-T were diluted across
plates and incubated for two hours at room temperature. Plates were
washed three times with PBS-T. Secondary antibody was diluted in
1% BSA in PBS-T as follows: anti-human IgG-HRP 1:2000 (Invitrogen
31,413), anti-human IgM-HRP 1:2000 (Invitrogen A18835), anti-
human IgA-HRP (Invitrogen A18781). Plates were incubated in sec-
ondary antibody for one h at room temperature. Plates were then
washed five times with PBS-T, and 50 ml TMB substrate (Thermo
34,022) was added to each well. After 15m, 50 ml of stop solution
(Invitrogen SS04) was added to each well and plates were read at
450 nm on a plate reader (Bio Tek Synergy LX Multi-Mode Reader
(BTSLXFATS). Samples were considered positive if average optical
density (OD) was greater than 0.1 and greater than the mean OD in
SARS-CoV-2 unexposed samples plus 3 standard deviations at the
same dilution. Negative samples are denoted as “100 for display on a
logarithmic scale.

2.4. SARS-CoV-2 virus and culture

The SARS-CoV-2 strain SARS-CoV-2/Canada/ON/VIDO-01�2020
was used for in vitro neutralization assays. The virus was isolated
from the respiratory secretions from an infected 56-year-old man
presenting with respiratory symptoms at a hospital in Toronto, Can-
ada, upon returning from Wuhan, China [25]. The viral stock used
was from the second passage and the sequence is available at GISAID
� EPI_ISL_425,177. The virus was amplified in Vero-76 cells in viral
growth media vDMEM (Dulbecco’s Modified Eagle Medium (Wisent
Bioproducts (Cat # 319�005-CL)), 2% fetal calf serum (Wisent Bioprod-
ucts (Cat # 090�150)), 5mL 100x Penicillin (10,000 U/mL)/Strepto-
mycin (10,000 ug/mL), and 2mg/mL TPCK-trypsin) at VIDO,
Saskatoon, Saskatchewan. All work with SARS-CoV-2 live virus was
performed in a CL3 facility at VIDO.

2.5. Neutralization assay

Vero cells (ATCC� CRL-1587) were seeded into 96-well tissue cul-
ture plates (Corning) at 20,000 cells per well and incubated overnight
at 37 °C in a 5% CO2 chamber. Plasma samples were heat inactivated
at 56 °C for 30m. Heat inactivated plasma was diluted 1:10 in serum-
free DMEM and diluted 1:2 across round bottom 96-well plates
(Corning). SARS-CoV-2 virus (SARS-CoV-2 strain /Canada/ON/VIDO-
01�2020) was diluted to 100 TCID50/17.5ml in serum-free DMEM.

The diluted virus was added to diluted plasma samples and incu-
bated at 37 °C for one hour. A back titer of the virus was also prepared
to confirm the titer of the virus dilution used. The plasma-virus mix-
ture was added to plated Vero 76 cells and incubated at 37 °C in a 5%
CO2 chamber for 1 h for virus absorption. The mixture was removed
and replaced with vDMEM and placed back at 37 °C with 5% CO2 for
3 days. Cells were checked daily for signs of cytopathic effect (CPE),
and results were recorded on day 5 post inoculation. Antibody titer
was calculated as the inverse of the most diluted sample where no
CPE was detected. All work with SARS-CoV-2 live virus was per-
formed in a CL3 facility at VIDO.

2.6. Statistical analysis

Results were analysed using GraphPad Prism8.

2.7. Ethics

Ethics for this study was approved by the IRB at Dalhousie Univer-
sity and is covered under the protocol “Sentinel surveillance for
severe outcomes of laboratory-confirmed influenza in adults for the
annual influenza season and for confirmed and suspected cases of
COVID-19/SARS-CoV-2 acute respiratory disease” REB#1,020,727.

2.8. Role of the funding source

The sponsors had no role in the analysis or interpretation of the
data. Alyson Kelvin had full access to all the data analysis and can
take responsibility for all aspects of the paper.

3. Results

There were 15 residents of extreme ages that participated in our
study. The majority were female (12 women and 3 men) which is
consistent with the literature for nonagenarians and centenarians
(Table 1) [26]. In total there were 8 centenarian included,
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representing 9 of the 12 centenarians in the LTC facility at the time of
the outbreak and all of the centenarians approached for consent.
Additional residents of the LTC facility were not approached for con-
sent due to resource limitations. The additional 6 residents were
selected out of the 107 residents enrolled (of 125 approached for con-
sent) in a larger study as they were the next 6 residents enrolled who
were, at the time of consent, deemed to be exposed but not yet
infected while still in the oldest old of the cohort. Fig. 1 shows the
study outline.

The study descriptive characteristics are in found in Table 1. The
mean age of the population included in this analysis was 96.9 and the
ages of the SARS-CoV-2 negative and positive groups were similar.
The SARS-CoV2 positive participants were all women and most par-
ticipants were asymptomatic. In both the SARS-CoV2 positive and
negative groups, two participants had either a fever or cough. None
of the centenarians had respiratory symptoms or fever. Three of the
SARS-CoV-2 NP PCR positive residents were centenarians, with ages
of 100, 102, and 102 years. The ages of the positive non-centenarians
were 93, 97, and 94. The average age of the infected centenarians and
non-centenarians were 101 (+/�1.15 SD) and 94.7 (+/- 2.08 SD),
respectively. The age average for the COVID-19 negative centenarians
and non-centenarians were 101 (+/�1.5 SD) and 89 (+/�2.82 SD),
respectively. There were no differences in the level of frailty (Clinical
Frailty Scale of 6.2 versus 6.3) [23], or comorbidities (dementia,
hypertension, chronic obstructive pulmonary disease, etc.) in those
who were SARS-CoV-2 positive and SARS-CoV-2 negative, respec-
tively (Table 1). None of the participants enrolled required supple-
mental oxygen for hypoxia or dyspnea, were transferred to hospital
or died in the 30 days following SARS-Cov-2 swab.

For plasma sample collection, the mean time from PCR diagnosis
with COVID-19 to sample collection was 30 days. For residents with a
second blood sample collected, the mean time between the first and
second blood collection was 30 days. Due to the small numbers of
nonagenarians and centenarians were we only able to determine
trends for the clinical outcome of SARS-CoV-2 infection and were not
Fig. 2. Extreme aged centenarians and non-centenarians infected with SARS-CoV-2 elicit a
dents of a long-term care facility in Halifax, Nova Scotia, who were considered exposed to th
upper respiratory tract by nasopharyngeal swabbing following by PCR to detect the viral N g
rated was subjected to a direct ELISA assay to determine the magnitude of SARS-CoV-2 spik
group: centenarians PCR positive for SARS-CoV-2 nucleic acid encoding gene N (Ai); centenar
PCR positive for SARS-CoV-2 nucleic acid encoding gene N (Bi); non-centenarians PCR negati
summarized (C).
able to perform multivariable analysis to identify factors that would
influence clinical outcome.

For plasma sample collection, the mean time from PCR diagnosis
with COVID-19 to sample collection was 30 days. For residents with a
second blood sample collected, the mean time between the first and
second blood collection was 30 days. Due to the small numbers of
nonagenarians and centenarians were we only able to determine
trends for the clinical outcome of SARS-CoV-2 infection and were not
able to perform multivariable analysis to identify factors that would
influence clinical outcome

An enzyme-linked immunosorbent assay (ELISA) was used to
detect the presence of antibodies directed toward the SARS-CoV-2 S
protein present in the first blood collection for each resident enrolled
in the study. Subsequently, the isotype and subclasses of S antibodies
were identified by ELISA as well. SARS-CoV-2 infected centenarians
had high titres of S-directed IgG in their plasma, with endpoint titers
ranging from 1:6400�1:52,400 (Fig. 2Ai and C). We were not able to
detect S-directed IgG in the plasma of SARS-CoV-2 NP PCR negative
participants (Fig. 2Aii and C). Non-centenarians who tested PCR posi-
tive also had significant anti-S IgG endpoint titers (1:800) (Fig. 2Bi
and C). Antibody IgG subclass analysis indicated that both IgG1 and
IgG3 S-directed antibodies were present in centenarian residents 862
and 916 and the non-centenarian residents (Supplemental Figs. 1
and 2). Further isotype characterization revealed that all SARS-CoV-2
PCR positive centenarians had a detectable anti-S IgM response, with
titres ranging from 1:400�1:6400 (Fig. 3Ai) similar to positive non-
centenarians with the exception of one positive non-centenarian
who did not have detectable anti-S IgM (Fig. 3Aii) summarized in
Fig. 3C. To complete the isotype analysis, S directed IgA antibodies
were also measured in plasma samples where IgA1 anti-S levels were
greater than IgA2 (Supplemental Figs. 2 and 3). The SARS-CoV-2 pos-
itive centenarians were also positive for S IgA (1:800- 1:25,600)
(Fig. 4). To determine if the humoral responses to the SARS-CoV-2
virus were similar in magnitude between infected centenarian and
non-centenarian older residents, we directly compared if the titres of
robust anti-spike IgG response. Peripheral blood samples were collected from 16 resi-
e SARS-CoV-2 virus. All exposed residents were tested for the presence of virus in the
ene. Blood was collected approximately 30 days after a positive PCR test. Serum sepa-
e protein directed antibodies of the IgG isotype. The ELISA was analyzed by participant
ians PCR negative for SARS-CoV-2 nucleic acid encoding gene N (Aii); non-centenarians
ve for SARS-CoV-2 nucleic acid encoding gene N (Bii). Endpoint titers for each group are



Fig. 3. Similar profiles of spike IgM antibodies elicited in centenarians and non-centenarians with confirmed SARS-CCoV-2 infection. Plasma samples collected from the long-term
care cohort were analyzed by participant group for the presence of anti-S IgM. The endpoint titer results were plotted by group: centenarians PCR positive for SARS-CoV-2 nucleic
acid encoding gene N (Ai); centenarians PCR negative for SARS-CoV-2 nucleic acid encoding gene N (Aii); non-centenarians PCR positive for SARS-CoV-2 nucleic acid encoding gene
N (Bi); non-centenarians PCR negative for SARS-CoV-2 nucleic acid encoding gene N (Bii). Endpoint titers for each group are summarized and compared (C).

Fig. 4. Anti-spike IgA is present in the plasma of centenarians and non-centenarians infected with SARS-CoV-2. Anti-S IgA was assessed in plasma samples collected from SARS-
CoV-2 positive centenarians (Ai); SARS-CoV-2 negative centenarians (Aii); SARS-CoV-2 positive non-centenarians (Bi); SARS-CoV-2 negative non-centenarians (Bii). Endpoint titers
for each group are summarized (C).
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S directed IgG, IgM, and IgA of the two groups. The titers of S directed
IgG, IgM, and IgA were not statistically different between the groups,
demonstrating that advanced age did not alter S-directed antibody
elicitation to the SARS-CoV-2 virus.

To investigate the durability and function of antibodies elicited
toward SARS-CoV-2, we analyzed a second blood sample collected
approximately 30 days after the first draw to determine levels of S
antibodies and whether antibodies had viral neutralization capacity.
For the durability assay, resident 916 had consistently high levels of
anti-S IgG titres with levels of 1:52,400 still observed in their second
plasma sample (Fig. 5A). Conversely, the titer of resident 976
decreased from 1:6400 to 1:3200 at the second draw. When evaluat-
ing anti-spike IgM, both residents had decreased responses (Fig. 5B).
Initial titers for both centenarians were 1:400 and decreased in the
follow-up sample, with the titer in resident 916 IgM decreasing to
1:200. There was no detectable IgM for resident 976 at either time
point. Decreases in antibody titer were also observed at the second
timepoint for spike-directed IgA (Fig. 5C). SARS-CoV-2 virus



Fig. 5. Anti-spike immunoglobulins remained robust 60 days after initial SARS-CoV-2 in centenarians. Anti-S IgG (A), IgM (B), and IgA (A) antibodies present in residents 916 and
976 plasma samples collected at 30 days (T1) and 60 days (T2) post a SARS-CoV-2 PCR test were assessed by ELISA.

Fig. 6. Virus neutralization titers from COVID-19 recovered nonagenarians and cente-
narians. Plasma samples from COVID-19 positive and negative nonagenarians and cen-
tenarians were subjected to a virus neutralization assay using the infectious SARS-
CoV-2 virus isolated from a Canadian COVID-19 patient.
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neutralization assays were performed to assess the functional neu-
tralization capabilities of the plasma antibodies elicited by the
COVID-19 advanced aged cohort. The plasma samples collected at the
first sampling time point were used in standard virus neutralization
assays performed in Vero76 cells with SARS-CoV-2 (strain SARS-CoV-
2/Canada/ON/VIDO-01�2020) at 10 TCID50. All of the SARS-CoV-2 NP
PCR and S IgG positive residents had detectable neutralizing antibody
titers, ranging from 1:20 to 1:160 for centenarians and 1:20 to 1:40
for non-centenarians (Fig. 6). Together, our data illustrates that cen-
tenarians infected with SARS-CoV-2 were able to elicit SARS-CoV-2
S-directed neutralizing antibodies, demonstrating an intact humoral
immune response.

4. Discussion

To our knowledge, this is the first study investigating seroconver-
sion in SARS-CoV-2 infected extreme aged adults, some over
100 years, residing in a long-term care facility. Here, a group of highly
aged, frail residents (the majority being female), living in a long-term
care facility survived infection with SARS-CoV-2, is described. The
centenarians were able to elicit a successful S directed antibody
response which was able to functionally neutralize the native SARS-
CoV-2 virus. This work demonstrates that the extreme aged immune
system is capable of responses during SARS-CoV-2 virus infection
which are classically associated with convalescence and recovery
from acute respiratory virus infection.

The older residents examined in this study represent a particu-
larly vulnerable group in the ongoing global SARS-CoV-2 pandemic.
Estimations of infection fatality risk (IFR) of SARS-CoV-2 in Switzer-
land demonstrated that people older than 65 years had an IFR of
5.6%, compared to 0.0092% in those aged 20�49 y [27]. Moreover,
risk of death from COVID-19 has been estimated to be 630 times
greater for those over 85 y compared to 19�29 y/o [28]. Older adults,
especially those living with frailty, are considered disproportionately
susceptible to COVID-19 as they have increased likelihood of chronic
health issues and immune dysfunction [15,23]. Historically, aged
immune systems were characterized by immunosenescence, where
the immune system deteriorates with time [14], and also inflammag-
ing, chronic, low-grade inflammation which can contribute to disease
pathogenesis [10]. The aberrant immune function of older adults
compared to younger adults led to concern with their ability to
mount a successful humoral immune response to SARS-CoV-2 infec-
tion considering their increased susceptibility to the virus. With these
examples in mind, it is also recognized that people of extreme ages
(nonagenarians and centenarians) often display profiles of healthy
aging and are equipped to respond in a manner that is beneficial
leading to positive outcomes after pathogen infection. As this does
not describe all extreme older individuals, some experts in aging
hypothesize that nonagenarians and centenarians may be catego-
rized as high-performing or low-performing where those that are
high-performing have genetic or immunological signatures that are
advantageous for healthy aging [29,30]. These characteristics such as
decreased inflammation and inflammatory mediators (such as
decreased IL-6), increased telomere length, and deceased redox reac-
tions are associated with the beneficial immune responses and
improve the high-performing centenarian outcome to viral infection
[30�32]. Immune responses and immune mediators including NK
cell activity, neutrophil microbicidal activity, IL-1bet,a and TNF-alpha,
which may be inflammatory as well, have also been associated with
positive outcomes for centenarians [31]. High-performing centenar-
ians have been shown to have greater T cell proliferation and telome-
rase activity when their leukocytes are stimulated in vitro [29].
Although we have found that the older ages in our study all recovered
from SARS-CoV-2 infection without complications, all our residents
had high frailty scores suggesting they would be low performers. To
extend our analysis, future studies should investigate the immune
mediator levels in these surviving centenarians to determine if these
residents represent high-performing centenarians despite their high
frailty score. Evidence from an epidemiological study out of Italy indi-
cated that the oldest old (nonagenarians and centenarians) had simi-
lar or greater mortality and morbidity profiles as those within the old
age group of 50 to 80 [33]. It would be important to analyze the case
fatality rates of high-performing and the low-performing centenar-
ians within this Italian study as well as our own as none of our
infected residents succumbed to COVID-19.

An extraordinarily large amount of work has been done over a
short amount of time to characterize the evolution of the immune
response to SARS-CoV-2 in healthy adults. Antibodies (humoral
immunity) and T cells (cell mediated immunity) are essential for
eliminating viruses from hosts. Evaluating antibody levels and the
antibody isotype are the easiest ways to investigate the involvement
of the humoral B cell response and its maturity level, respectively.
Antibodies elicited after SARS-CoV-2 infection in healthy adults have
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been shown to be polyfunctional specifically with virus neutralizing
capabilities, ADCC (Antibody-Dependent Cellular Cytotoxicity) acti-
vation properties, and complement deposition functions [34]. When
investigating the evolution of the antibody response, one study found
that RBD (receptor binding domain)-specific IgG and IgA levels corre-
lated more strongly than IgM levels in patients shortly after serocon-
version [35]. Furthermore, neutralizing antibody titers were also
strongly associated with the IgG and IgA RBD antibody levels [35].
Longitudinal analyses over 6 to 8 months in recovering SARS-CoV-2
individuals found modest decreases in RBD and entire spike antibod-
ies [36,37]. Isotype analysis indicated that RBD IgG and IgM levels
had greater declines compared to IgA [36]. Although in our study we
only investigated two centenarians over time, we found relative sta-
bility in the spike-specific IgG antibodies at 60 days post symptom
onset whereas the IgM and IgA levels were more variable. In another
study, investigation of the three arms of adaptive immune memory
kinetics identified a coordinated response among CD4+ T cells, CD8+
T cells, and antibody longevity over 8 months to be correlated with
mild COVID-1935. Interestingly, the authors of this study found that
loss of SARS-CoV-2 specificity in any of the immune arms to be more
prominent in those over 65 and those experiencing more severe dis-
ease [35]. It would be of interest to investigate the three arms of
immune memory in the oldest old age group to determine if there is
evidence of immunological stability as suggested by Lio and col-
leagues in their discussion of immunity in nonagenarians and cente-
narians [30].

Here, we showed that after an average of 30 days after a positive
SARS-CoV-2 NP PCR test, some extremely old LTC residents mounted
high SARS-CoV-2 S-directed antibody responses across relevant
immunoglobulin isotypes. The highest titers were observed with IgG,
where centenarian titres ranged from 1:6400 to 1:52,400. All individ-
uals positive for spike-IgG had neutralizing antibody titers ranging
from 1:20 to 1:160. Other studies have established ELISA IgG titres of
1:320 as moderate and titres of 1:960 and above as high [38], demon-
strating that the centenarians in this study induced a robust anti-
spike IgG response after SARS-CoV-2 infection. Interestingly, one
study by Klein and colleagues indicated that serum SARS-CoV-2 anti-
body titers increased with age and male sex in COVID-19 patients
[39]. Since most all of our advanced aged participants were female,
our data suggests that extreme aged females also elicit high SARS-
CoV-2 antibody titers. In younger COVID-19 cohorts, by four weeks
post symptom onset, over 90% of participants had neutralizing activ-
ity; the older residents in our study appear to have had a similar
humoral response [40]. Previous reports also indicate that S-directed
IgG antibody titers have the strongest correlation with neutralization
antibody titer in younger people infected with SARS-CoV-2 [40],
agreeing with our results showing centenarians with anti-S IgG titers
were also able to neutralize the virus.

The identified S-directed IgG response was durable and remained
high at a second sample collection which was approximately 60 days
after an initial diagnostic positive SARS-CoV-2 NP PCR test. Despite
media concerns surrounding longevity of the humoral response for
SARS-CoV-2 infection, our data, although collected from a small study
group, suggest that S IgG antibody levels only slightly decrease 2
months after infection, even in extremely old people. A study investi-
gating the durability of anti-S IgG has shown peak S-directed IgG
antibodies 4 weeks after COVID-19 symptom onset which then
remained high for 6 months [40]. These results are in agreement
with other North American studies that show stable SARS-CoV-2 S
antibody levels to 115 days and 90 days post symptom onset (PSO)
[38,41].

In contrast to our IgG anti-S findings, we found a robust early
increase in S-specific plasma IgA in SARS-CoV-2 infected people stud-
ied at 30 days post positive PCR test which declined. Few studies
have characterized the onset of IgA after SARS-CoV-2 infection in
plasma, most likely due to the mucosal association typically
considered for the IgA isotype. One study that examined COVID-19
convalescent plasma found a correlation of S-specific IgG with S-spe-
cific IgA in plasma [39], as did we. Also, in agreement with our find-
ings, another study found that plasma anti-S IgA peaked early
(16�30 days post symptom onset) and declined to 74.1% of maxi-
mum titres by day 115 PSO [41]. It remains unclear at this time how
S-directed IgA antibody dynamics may influence COVID-19 disease
severity and recovery from SARS-CoV-2 infection among all age
groups.

Older people residing in long-term care homes represent an espe-
cially vulnerable population. Spread and transmission of the virus
within long-term care has been shown to be very rapid [16]. Within
long-term care facilities in both Belgium and the USA, high propor-
tions of asymptomatic cases were observed, leading to challenges
with isolation of positive individuals within facilities [15,17,18].
Older people, especially those who are frail and have dementia, often
develop subtle and atypical illness presentations that present chal-
lenges for symptom detection and lead to difficulty in identifying
infection [42]. Within the cohort studied here, all but two residents
were living with dementia and most residents were at least moder-
ately frail. This may have contributed to the rapid spread of the virus
through the long-term care facility. Frequent serological investigation
and PCR testing for SARS-CoV-2 antibodies and virus, respectively,
provide mechanisms for identifying an outbreak in extreme older
individuals who may be unaware of their health status which is con-
founded by an atypical COVID-19 clinical picture.

Another concern surrounding the immune response to SARS-CoV-
2 in adults is the concept of cross-reactivity to the virus due to infec-
tion with other coronaviruses previously. Studies using highly-sensi-
tive flow-cytometry based methods have shown that people who
were not exposed to SARS-CoV-2 had detectable IgG antibodies
against the spike protein of the SARS-CoV-2 virus. These antibodies
were especially prevalent in children and adolescents [43]. Other
investigations have also found that unexposed people have pre-exist-
ing CD4+ memory T cells that are reactive to common cold coronavi-
ruses such as NL63, HKU1, and OC43, as well as the current pandemic
coronavirus SARS-CoV-2 [44]. As the participants studied were highly
aged and had likely been exposed to many viruses over their lifetime,
it was hypothesized that some cross-reactivity to the SARS-CoV-2
spike protein or virus may be observed due to previous infection. In
our study, residents who did not test positive for SARS-CoV-2 RNA
did not have any detectable plasma IgG against the SARS-CoV-2 spike
protein. Our method of detection using indirect ELISA for IgG may
suggest that cross-reactive antibodies from previous circulating com-
mon cold coronaviruses may not be an issue when screening individ-
uals for serological evidence of a SARS-CoV-2 infection. A previous
study investigated the TCR (T cell receptor) repertoire changes across
life associated development and aging which included newborns and
centenarians [45]. The data indicated that repertoires are more simi-
lar among individuals at birth and increase in diversity overtime. It
would be of interest to conduct BCR (B cell receptor) repertoire
sequencing in our cohort to determine clonal expansion, somatic
hypermutation, and isotype switching of the BCR and therefore anti-
bodies. This information may inform if previously established clono-
types from common cold coronavirus exposures were expanded
during the infection in SARS-CoV-2. This analysis would also give
insight into the specificity of the humoral response in older individu-
als.

Our study was limited by a small sample size, lack of continued
plasma sampling, additional age groups, and uncertain SARS-CoV-
2 inoculation/exposure date. The low sample size reflects a low inci-
dence rate in Nova Scotia, even among extremely old people living
with frailty (cumulative confirmed cases were 177 per million on
April 1 and 1057 by May 15, the period of initial data collection) [46].
Even so, the information gathered here is extremely valuable because
of the rare occurrence of centenarians infected with SARS-CoV-2. The
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second timepoint for blood collection was not available for all resi-
dents studied, making it difficult to form more robust and broad con-
clusions from our data. Although more frequent blood collection
would have been beneficial to better model the dynamics of the anti-
body response following infection in highly aged people and their
subsequent outcomes, access to blood samples in this age group will
remain a difficult task due to their vulnerability and the pragmatics
of venipuncture. Since all of our participants had similar short-term
outcomes, follow up analysis may not indicate differences in humoral
response correlation to outcome. Long-term follow-up in this cohort
may provide a different result for analysis with antibody levels. Addi-
tionally, having several age groups for analysis that were infected
with SARS-CoV-2 in the long-term care facility as well as in the com-
munity setting would have been an important comparator. At the
time of the study initiation, we focused on people in their 90 s and
100 s in the long-term care facility as the outcome of infection in
these age groups was of particular importance due the epidemiologi-
cal modeling indicating increased case fatality rates. Since immune
mediators are also of interest it would have been important to iden-
tify the profiles of specific cytokines such as IL-6 and TNF-alpha in
these residents [30,32]. Due to the limited amount of sample we
were able to receive from these frail individuals, we were not able to
complete additional immune profiling. Finally, as with most viral
infections, pinpointing the exact inoculation date or event for an
infection is difficult in people. With increased studies following con-
tact tracing and symptom onset as well as studies such as ours
describing time from symptom onset and development of SARS-CoV-
2 antibodies, a clearer clinical picture of disease progression and
immune responses for extreme older adults as well as other age
groups will be better defined.

The current COVID-19 pandemic has highlighted the often
marked frailty of residents in long-term care which is evident by the
high COVID-19 case numbers, COVID-19 fatalities, and SARS-CoV-2
outbreaks in these facilities across several countries [47�51]. The
cause of this may be multifaceted, which may include the inadequa-
cies of infection control measures and gaps in education as well as
the difficulty identifying atypical clinical manifestations of COVID-19
in older people. Our study shows that even the oldest people can
elicit a strong humoral response to SARS-CoV-2 and recover from
infection. These findings are important for developing serological
testing protocols as well as investigating the poor COVID-19 out-
comes associated with LTC facilities.
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