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M Check for updates

Frequent SARS-CoV-2 vaccination in vulnerable populations has raised con-
cerns that this may contribute to T cell exhaustion, which could negatively
affect the quality of immune protection. Herein, we examined the impact of
repeated SARS-CoV-2 vaccination on T cell phenotypic and functional
exhaustion in frail older adults in long-term care (n =23), individuals on
immunosuppressive drugs (n=10), and healthy adults (n=43), in Canada.
Spike-specific CD4" and CD8" T cell levels did not decline in any cohort fol-
lowing repeated SARS-CoV-2 vaccination, nor did the expression of exhaustion
markers on spike-specific or total T cells increase. T cell production of multiple
cytokines (i.e. polyfunctionality) in response to the spike protein of SARS-CoV-
2 did not decline in any cohort following repeated vaccination. None of the
cohorts displayed elevated levels of terminally differentiated T cells following
multiple SARS-CoV-2 vaccinations. Thus, repeated SARS-CoV-2 vaccination
was not associated with increased T cell exhaustion in older frail adults,
immunosuppressed individuals, or healthy adults.

One of the unique features of the COVID-19 pandemic was the
recommendation for multiple vaccines in a relatively short period of
time'. In Canada, the primary vaccination series typically included 2
mRNA vaccines administered weeks to months apart, and additional
doses were recommended for protection against emerging variants**~,
As increasingly immune evasive variants continue to emerge, it is
expected that vulnerable populations such as older adults and the
immunocompromised will continue to be offered multiple updated
SARS-CoV-2 vaccinations in relatively short intervals to maintain

protective immunity"%. However, accelerated and frequent boosting in
vulnerable patients has raised concerns that this may contribute to
detrimental long term effects, such as on the immune system itself®’.
Furthermore, SARS-CoV-2 infection is known to cause changes in the T
cell compartment, including differences in expression of receptors
associated with exhaustion®’. While immune responses to infection
and vaccination are not equivalent, in the eyes of the public, this
concern of immune exhaustion after infection can carry over to
vaccination.
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Immune exhaustion is a nuanced term, typically used to describe the
consequences of chronic stimulation of T cells in the context of infection
or malignancy®. Long-term or high levels of exposure to their cognate
antigen, and thus repeated stimulation through the T cell receptor, can
result in the upregulation of exhaustion markers such as PD-1, LAG-3,
TIM-3, and TIGIT'*®, Sustained co-expression of multiple exhaustion
markers produces stronger inhibitory signals which dampen T cell acti-
vation and cytokine production, and thus can be used to identify more
severely exhausted T cells”. The delineation between activation and
exhaustion, however, can be unclear. As an example, in convalescent
COVID-19 patients, a higher proportion of IFN-y producing T cells were
found in the PD-1" population than the PD-1" population, which is more
consistent with a state of activation rather than exhaustion™. It is there-
fore critical to consider the co-expression of multiple exhaustion mar-
kers, as well as the cytokine-producing functional capacity of T cells when
considering cells to be activated or exhausted. While vaccination is not a
chronic stimulation condition, the novelty of the mRNA SARS-CoV-2
vaccines, and the frequency of vaccination in vulnerable populations,
have prompted consideration of the intricacies of T cell immune
exhaustion in the context of mRNA vaccination.

In this study, we investigated the impacts of repeated SARS-CoV-2
vaccination on circulating and spike-specific T cells, including
expression of exhaustion markers, and explored their functional
capacities after the second, third and fourth doses of mRNA vaccines in
vulnerable cohorts of older adults in long-term care facilities and
individuals with rheumatoid arthritis on immunosuppressive drugs,
and in healthy community-dwelling adults. We show that within each
cohort between the second, third, and fourth vaccinations, there were
no significant declines in spike-specific T cell levels, their cytokine
production capacity, or major changes in exhaustion associated mar-
ker expression, indicating that immune exhaustion of T cells does not
occur following repeated SARS-CoV-2 vaccination.

Results

Study population

We assessed the impact of repeated SARS-CoV-2 vaccination on T cell
phenotypes and function in frail older adults living in long-term care
facilities (LTC), people living with rheumatoid arthritis and taking
immunosuppressive drugs (RA), and healthy younger adults (HA). To
ensure that changes in immune phenotype were not due to SARS-CoV-2
infection, participants were excluded before or during the study period
if they had a positive PCR test, rapid antigen test, or seroconverted to
become positive for anti-nucleocapsid IgG. The LTC cohort included
frail older adults living in long-term care homes (n=23, median age
84.0 yrs, 60.9% female) (Table 1). The RA cohort included participants
with rheumatoid arthritis, who were on immunosuppressive drugs
(n=10, median age 68.0yrs, 70.0% female) (Table 1). A detailed
description of the immunosuppressive drug classes used by participants
with RA is available in Supplementary Data 1. The HA cohort was com-
prised of younger healthy individuals (n = 43, median age 47.0 yrs, 60.5%
female) (Table 1). The cohorts did not significantly differ in sex dis-
tribution but did significantly differ in age (Table 1). The most common
first, second, and third vaccine type was BNT162b2 in the HA and RA
cohorts, whereas mRNA-1273 was more commonly used in the LTC
cohort (Table 1). mRNA-1273 was the most common fourth dose vaccine
type in the LTC and RA cohorts, while the HA cohort had a more even
distribution of mRNA-1273 and BNT162b2 (Table 1). The intervals
between successive vaccinations significantly differed between the
cohorts (Table 1). Blood samples were collected from participants
3 months after their second, third, and fourth SARS-CoV-2 vaccinations.

Expression of markers associated with exhaustion on spike-
specific CD4" and CD8" T cells

We first examined if repeated SARS-CoV-2 vaccination impacted spike-
specific CD4" and CD8" T cell levels using activation-induced marker

(AIM) assays, and multivariable linear mixed models accounting for
age and sex. Compared with post dose 2, older adults (LTC) displayed
elevated frequencies of spike-specific CD4" T cells following the fourth
SARS-CoV-2 vaccination (Fig. 1a and Supplementary Data 2). The fre-
quencies of spike-specific CD8" T cells were also elevated in older
adults (LTC) after the third and fourth SARS-CoV-2 vaccinations,
compared with the second dose (Fig. 1b and Supplementary Data 2).
The immunosuppressed RA and the HA cohorts did not display sig-
nificant changes in the frequencies of spike-specific CD4* or spike-
specific CD8" T cells following repeated SARS-CoV-2 vaccination
(Fig. 1a, b and Supplementary Data 2).

To further elucidate the impact of repeated SARS-CoV-2 vacci-
nations on the spike-specific CD4" and CD8' T cell populations, we
investigated their surface co-expression of the exhaustion markers
LAG-3, PD-1, and TIM-3. Exhaustion markers can also be markers of
activation, and therefore it is expected that there will be some increase
in expression on spike-specific T cells after stimulation with the spike
peptide™. If the frequencies of cells expressing these markers
remained the same after repeated vaccination, this would indicate
normal activation; whereas if the frequencies of cells expressing
exhaustion markers increased after each dose, this would suggest, but
not definitively demonstrate, a progression toward cellular exhaus-
tion. No significant changes in combined exhaustion marker expres-
sion on spike-specific CD4" T cells were observed in older adults (LTC),
immunosuppressed individuals with RA, or the HA cohort, following
the third or fourth SARS-CoV-2 vaccination, compared with the second
vaccination (Fig. 1c and Supplementary Data 3). Compared with post
dose 2, older adults living in LTC displayed elevated frequencies of PD-
1'LAG-3'TIM-3~ spike-specific CD8" T cells following the third and
fourth SARS-CoV-2 vaccinations (Fig. 1d and Supplementary Data 3).
No significant changes in expression of exhaustion markers on spike-
specific CD8" T cells were observed in immunosuppressed individuals
with RA or the HA cohort after repeated SARS-CoV-2 vaccination
(Fig. 1d and Supplementary Data 3).

T cell functionality and polyfunctionality following repeated
SARS-CoV-2 vaccination

After observing minimal changes in the surface expression of the
exhaustion markers PD-1, TIM-3, and LAG-3 on spike-specific T cells
following repeated SARS-CoV-2 vaccination, we investigated whether
there were deficits in T cell cytokine production capabilities. In parti-
cular, the loss of polyfunctionality—the ability of a T cell to produce
multiple different cytokines—is a characteristic of functional
exhaustion'®. COMPASS employs Bayesian statistics to determine the
posterior probabilities of antigen-specific production of various
combinations of cytokines, based on examination of flow cytometry
data®. The posterior probability of spike-specific CD4" (Fig. 2a) and
CDS8" T cell (Fig. 2b) responses expressing any combination of TNF-q,
IL-2, GM-CSF, and IFN-y was evaluated using COMPASS”. The COM-
PASS functionality scores (FS), representing the proportion of
expressed cytokine combinations out of all the possible combinations
in each participant, did not change following repeated SARS-CoV-2
vaccinations, in any cohort, for either CD4" or CD8" T cells (Fig. 2c, d
and Supplementary Data 4). Therefore, repeated vaccination did not
result in a loss of diversity of expressed cytokine combinations'®”. To
ensure the lack of change in the FS was not masking movement from
higher states of polyfunctionality (i.e., producing 3-4 cytokines) to
previously unoccupied states of lower polyfunctionality (i.e., produ-
cing 1-2 cytokines), we also employed the COMPASS polyfunctionality
score (PFS). The PFS is similar to the FS, but weighs polyfunctional T
cell subsets producing 3-4 cytokines more highly than those that
produce fewer cytokines”. We found that the PFS for CD4" or CD8' T
cell cytokine expression did not significantly decline in any cohort
between second, third, or fourth vaccinations, indicating that there
was no reduction in the most highly polyfunctional T cell subsets
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Table 1| Participant demographics

Frail older adults (LTC) Immunosuppressed (RA) Younger Adults (HA) p value
Sample size 23 10 43 N/A
Age, median+SD 84.0+12.9 68.0+6.9 47.0+10.3 <0.00071°
Sex, % female (n) 60.9 (14) 70.0 (7) 60.5 (26) 0.8922°
First dose vaccine type 11 BNT162b2 8 BNT162b2 43 BNT162b2 <0.0001°
12 mRNA-1273 2 mRNA-1273
Days between dose 1 and dose 2 (median + SD) 27.0+3.4 76.5+18.5 28.0+28.7 <0.00071°
Second dose vaccine type 11 BNT162b2 8 BNT162b2 41 BNT162b2 <0.0001°
12 mRNA-1273 2 mRNA-1273 2 mRNA-1273
Days between dose 2 and dose 3 (median + SD) 218.0+9.2 138.0+23.0 254.5+45.1 <0.00071°
Third dose vaccine type® 11 BNT162b2 8 BNT162b2 15 BNT162b2 0.2609°
12 mRNA-1273 2 mRNA-1273 13 mRNA-1273
2 unknown
Days between dose 3 and dose 4 (median + SD) 133.0+9.0 104.0+38.8 245.0+15.2 <0.00071°
Fourth dose vaccine type® 1BNT162b2 3 BNT162b2 4 BNT162b2 0.00971°
17 mRNA-1273 5 mRNA-1273 3 mRNA-1273

*One-way ANOVA.
Two-tailed Fisher's exact test.
°Not all participants provided samples post dose 3 and post dose 4.

following repeated SARS-CoV-2 vaccinations (Fig. 2e, f and Supple-
mentary Data 4).

Immunophenotyping of the circulating T cell compartment
following repeated SARS-CoV-2 vaccination

Next, we evaluated whether the circulating T cell compartment, in the
absence of ex vivo stimulation, changed in any of the cohorts following
repeated SARS-CoV-2 vaccination. Using flow cytometry, we assessed
frequencies of CD4" and CD8" T cell naive, effector memory (EM),
central memory (CM), and EM re-expressing CD45RA (EMRA) subsets.
The older adults in LTC displayed significantly higher frequencies of
EM CD4' T cells following the third and fourth SARS-CoV-2 vaccina-
tions, as compared with post dose 2 (Fig. 3a and Supplementary
Data 5). The increase in EM CD4" T cells in older adults (LTC) was
coupled with a decrease in naive CD4" T cells following the third and
fourth SARS-CoV-2 vaccinations (Fig. 3a and Supplementary Data 5).
Interestingly, this change in CD4" T cell distribution was not observed
in the immunosuppressed RA or the HA cohorts (Fig. 3a and Supple-
mentary Data 5).

It is well recognized that chronic infections can result in persistent
stimulation of T cells, which can push them towards a terminally dif-
ferentiated phenotype, characterized by expression of CD57 coupled
with a loss of CD28 expression, especially within the EMRA
compartment'™, In contrast, vaccination is an acute stimulus, multi-
ple times, and would not be expected to act as a chronic stimulation®.
As such, we evaluated the levels of EMRA'CD28°CD57" T cells within
the CD4" and CD8" T cell compartments. There were no significant
changes in the frequencies of EMRA*CD28°CD57* CD4" T cells in older
adults in LTC, immunosuppressed individuals with RA, or the HA
cohort following repeated SARS-CoV-2 vaccinations (Fig. 3b and Sup-
plementary Data 5).

We next examined whether repeated SARS-CoV-2 vaccination was
associated with changes in overall T cell phenotypic exhaustion,
characterized by expression of multiple exhaustion markers (i.e., PD-1,
TIM-3, and TIGIT) on unstimulated T cells following the second, third,
and fourth SARS-CoV-2 vaccinations. All cohorts displayed minimal
levels of TIM-3" CD4" T cells, which varied little following additional
SARS-CoV-2 vaccinations (Supplementary Fig. 1 and Supplementary
Data 6). Older adults in LTC, immunosuppressed individuals with RA,
and the HA cohort also did not display any significant changes in the
frequencies of PD-1* or TIGIT* CD4" T cells following the third or fourth
SARS-CoV-2 vaccinations, compared with post dose 2 (Fig. 3¢ and
Supplementary Data 5).

Older adults in LTC and immunosuppressed individuals with RA
did not display significant changes in the CD8" T cell compartment
following repeated SARS-CoV-2 vaccination (Fig. 4a and Supplemen-
tary Data 7). The HA cohort had significantly lower frequencies of
EMRA CD8" T cells following the third SARS-CoV-2 vaccination com-
pared with post dose 2, but this observation disappeared following
dose 4 (Fig. 4a and Supplementary Data 7). There were no significant
changes in the frequencies of EMRA*CD28 CD57", or PD-1" and TIGIT*
CD8" T cells in older adults in LTC, immunosuppressed individuals
with RA, or the HA cohort following repeated SARS-CoV-2 vaccinations
(Fig. 4b, c and Supplementary Data 7). Similar to what was observed for
CD4" T cells, the CD8" T cells also expressed only minimal levels of
TIM-3 (Supplementary Fig. 1 and Supplementary Data 6).

Comparisons of spike-specific T cells, exhausted phenotypes,
and functional capacity between the LTC, RA, and HA cohorts
To assess if functional differences in cellular immunity are present
between the LTC, RA, and HA cohorts, we examined if the three
cohorts differed in their spike-specific T cell responses, T cell func-
tional capacity, and exhausted phenotypes, following the second,
third, and fourth SARS-CoV-2 vaccinations. The spike-specific CD4"
and CDS8" T cell levels were similar between the three cohorts after
each vaccine dose (Supplementary Data 8). Expression of exhaustion
markers on spike-specific CD4" and CD8" T cells significantly differed
between the cohorts after the second and third vaccinations, but not
after the fourth SARS-CoV-2 vaccination (Supplementary Data 8).
Changes in exhaustion marker expression between the cohorts varied
by vaccine dose (Supplementary Data 8). At all timepoints, the CD4
PFS, CD8 FS, and CD8 PFS were similar between the cohorts (Supple-
mentary Data 8). The CD4 FS of the HA cohort was significantly higher
than that of the LTC cohort following the second SARS-CoV-2 vacci-
nation, though this difference was not observed following subsequent
vaccinations. Collectively, these data demonstrate that there are subtle
differences in T cell responses to vaccination across cohorts.
Consistent with well-documented changes in the T cell compart-
ment that occur with aging, participants in the LTC cohort had higher
frequencies of EM, EMRA, and terminally differentiated CD4" T cells,
and lower levels of naive CD4" T cells, compared to the HA and/or RA
cohorts (Supplementary Data 8). The LTC cohort also had lower levels
of naive CD8" T cells but higher frequencies of EMRA CD8" T cells
compared to either the HA or RA cohort (Supplementary Data 8).
Terminally differentiated CD8" T cell frequencies were similar between
all cohorts after the second vaccination but higher in the LTC cohort
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Fig. 1| Spike-specific CD4" and CDS8" T cell levels and expression of PD-1, TIM-3,
and LAG-3 following subsequent SARS-CoV-2 vaccinations. Spike-specific T cell
levels and surface phenotypes were assessed by AIM assay and flow cytometry in
the LTC, RA, and HA cohorts. a Frequencies of spike-specific CD4" T cells.
p=0.0420* b Frequencies of spike-specific CD8" T cells. p=0.0048*,
p=0.0002** The solid red lines indicate the median of each group. ¢ Frequencies
of spike-specific CD4" T cells expressing each combination of PD-1, TIM-3, and LAG-
3, displayed as the mean of each combination as a proportion of all combinations.
d Frequencies of spike-specific CD8* T cells expressing each combination of PD-1,
TIM-3, LAG-3, displayed as the mean of each combination as a proportion of all

combinations. LTC: 3mo2 n =14, 3mo3 n =23, 3mo4 n=18. RA: 3mo2 n=7, 3mo3
n=9,3mo4 n=7. HA: 3mo2 n=42,3mo3 n=20,3mo4 n=7. For a, b, participant
vaccination history is indicated by circles (BNT162b2 only), squares (MRNA-1273
only), triangles (mixed BNT162b2 and mRNA-1273), or diamonds (mRNA only but
one vaccine unknown). 3moX denotes 3 months post dose X. Multivariable linear
mixed models accounting for age and sex were used to assess changes in spike-
specific T cells levels within each cohort, and changes in the frequencies of PD-1,
TIM-3, and LAG-3, within each cohort (a-d). FDR adjusted p values were obtained
within each cohort for ¢ and d, to account for multiple testing on cells from the
same parent population. If p values are not indicated, the result was not significant.

than the RA cohort following the third SARS-CoV-2 vaccination (Sup-
plementary Data 8). Similar to what was observed for the spike-specific
T cell exhaustion marker expression, the frequencies of overall CD4"
and CD8" T cells co-expressing PD-1 and TIGIT differed between
cohorts following the second and third SARS-CoV-2 vaccinations
(Supplementary Data 8). These differences between the cohorts in
overall T cell exhaustion marker expression continued following the
fourth SARS-CoV-2 vaccination for CD4" but not CD8" T cells

(Supplementary Data 8). Combined LTC, RA, and HA cohort correla-
tion analyses were also conducted to assess the relationships of the
exhaustion parameters (Supplementary Fig. 2).

Impact of dosing interval on T cell exhausted phenotypes and
functional capacity

To maximize the number of healthy adults vaccinated with a single
dose when SARS-CoV-2 vaccines initially became available, Canadian
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Fig. 2| T cell functionality and polyfunctionality following repeated SARS-CoV-
2 vaccination. PBMCs were stimulated for 24 h using a peptide pool derived from
the spike protein of SARS-CoV-2, and intracellular cytokine stains were conducted
to evaluate cytokine production using flow cytometry. COMPASS heatmap of
posterior probabilities of a spike-specific response in a CD4" T cells b and CD8*

T cells for each cytokine combination. COMPASS functionality score (FS) for c CD4*
T cells and d CD8" T cells in each cohort following repeated SARS-CoV-2 vaccina-
tions. COMPASS polyfunctionality score (PFS) for e CD4" T cells and f CD8" T cells in
each cohort following repeated SARS-CoV-2 vaccinations. For a, b, each column
represents a different cytokine combination as indicated by the shaded legend
beneath the heatmap, while each row is a unique participant. The blue scaling
within the heatmaps indicates the posterior probabilities. Colored bars on the left
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side denote the cohorts associated with the rows, and timepoint within each
cohort. For c-f, participant vaccination history is indicated by circles (BNT162b2
only), squares (MRNA-1273 only), triangles (mixed BNT162b2 and mRNA-1273), or
diamonds (mRNA only but one vaccine unknown). The solid red lines indicate the
median of each group. 2 indicates 3mo2, 3 is 3mo3, and 4 is 3mo4.LTC:3mo2 n = 14,
3mo3 n=23,3mo4 n=18.RA:3mo2n=7,3mo3 n=9,3mo4 n=8.HA: 3mo2 n=41,
3mo3 n =21, 3mo4 n = 7. Multivariable linear mixed models accounting for age and
sex were used to assess changes in the CD4" and CD8" T cell FS and PFS within a
given cohort following additional SARS-CoV-2 vaccinations. For heatmaps, columns
of cytokine combination subsets with posterior probabilities less than 0.005 for all
participants are not displayed. If p values are not indicated, the result was not
significant.

public health units shifted from using the relatively short
manufacturer-recommended dosing interval of 21 days to either a
‘delayed’ interval (35-42 days between dose 1 and 2) or an ‘extended’
interval (>45 days between dose 1 and 2) for primary series
vaccinations>**. We? and others® found that a longer dosing
interval between first and second vaccinations resulted in higher

levels of neutralizing antibodies. To expand those observations to
cellular immunity, herein, we investigated whether differences in
primary series dosing interval in the HA cohort impacted spike-
specific T cell levels, exhaustion, and functional capacity, as well as
the overall phenotypes of the T cell compartment at 3 months
post dose 2.
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Fig. 3 | Inmunophenotyping of circulating CD4"* T cell compartment following
repeated SARS-CoV-2 vaccination. Flow cytometry was used to assess the fre-
quencies of naive (N, CCR7°CD45RA’), central memory (CM, CCR7*CD45RA"),
effector memory (EM, CCR7" CD45RA") and EM re-expressing CD45RA (EMRA,
CD45RA*CCR7") CD4" T cells. a The mean frequency of each T cell subset was
determined and plotted in a stacked bar format. b The frequencies of terminally
differentiated CD4" T cells (EMRA'CD57'CD28"), out of all CD4" T cells, within each
cohort following the second, third, and fourth SARS-CoV-2 vaccinations. The solid
red lines indicate the median of each group. ¢ The frequency of CD4" T cells
expressing each combination of the exhaustion markers PD-1 and TIGIT, displayed
as the mean value within each cohort at each timepoint. For b, participant

vaccination history is indicated by circles (BNT162b2 only), squares (NRNA-1273
only), triangles (mixed BNT162b2 and mRNA-1273), or diamonds (mRNA only but
one vaccine unknown). 3moX denotes 3 months post dose X. LTC: 3mo2 n=14,
3mo3 n=22,3mo4 n=15.RA:3mo2n=7,3mo3 n=9,3mo4 n=8.HA: 3mo2 n=41,
3mo3 n=19,3mo4 n = 5. Multivariable linear mixed models accounting for age and
sex were used to assess changes in the frequencies of each T cell subset within a
given cohort following repeated SARS-CoV-2 vaccinations. FDR adjusted p values
were obtained within each cohort for a and ¢ to account for multiple testing on cells
from the same parent population. If p values are not indicated, the result was not
significant. p<0.05*, p<0.01 **,

The ‘recommended’ (Rec) cohort received the primary series as
per the recommended dosing interval (i.e., <35 days between their first
and second vaccination), the ‘delayed’ (Del) cohort had 35-42 days
between dose 1 and 2, and the ‘extended’ (Ext) cohort had >45 days
between the first and second dose®. The Rec, Del, and Ext cohorts did
not significantly differ in age, sex, or dose 1 and dose 2 vaccine types
(Supplementary Data 9). We found no significant differences in spike-

specific CD4" T cell levels or exhaustion marker expression between
any of the HA dosing interval groups (Fig. 5a, b and Supplementary
Data 10). There were also no significant differences in spike-specific
CD8" T cell levels or their surface exhaustion marker expression
(Fig. 5¢, d and Supplementary Data 10). Although CD4" T cell func-
tionality and polyfunctionality did not differ between dosing intervals
(Fig. 5e and Supplementary Data 10), the HA cohort with the shortest
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Fig. 4 | Immunophenotyping of circulating CD8' T cell compartment following
repeated SARS-CoV-2 vaccination. Flow cytometry was used to assess CD8" T cell
phenotypes. a The mean frequencies of naive (N), CM, EM, and EMRA CD8" T cells
were determined and plotted in a stacked bar format. b The frequencies of term-
inally differentiated CD8" T cells (EMRA'CD57'CD28"), out of all CD8" T cells, within
each cohort following the second, third, and fourth SARS-CoV-2 vaccinations. The
solid red lines indicate the median of each group. ¢ The frequency of CD8" T cells
expressing each combination of the exhaustion markers PD-1 and TIGIT, displayed
as the mean value within each cohort at each timepoint. For b, participant vacci-

nation history is indicated by circles (BNT162b2 only), squares (mRNA-1273 only),

triangles (mixed BNT162b2 and mRNA-1273), or diamonds (mRNA only but one
vaccine unknown). 3moX denotes 3 months post dose X. LTC: 3mo2 n =14, 3mo3
n=22,3mo4 n=15.RA:3mo2n=7,3mo3 n=9,3mo4 n=8. HA: 3mo2 n =41, 3mo3
n=19,3mo4 n = 5. Multivariable linear mixed models accounting for age and sex
were used to assess changes in the frequencies of each T cell subset within a given
cohort following repeated SARS-CoV-2 vaccinations. FDR adjusted p values were
obtained within each cohort for a and ¢ to account for multiple testing on cells from
the same parent population. If p values are not indicated, the result was not sig-
nificant. p<0.05 *.

dose interval (Rec) had significantly higher CD8" T cell functionality
and PFSs than the longest dosing interval (Ext) (Fig. 5f and Supple-
mentary Data 10). CD4* and CD8" CM, EM, EMRA, and naive T cell
frequencies did not differ between the dosing interval groups (Fig. 5g
and Supplementary Data 10). Similarly, there were no significant dif-
ferences in the frequencies of terminally differentiated CD4* or CD8"
T cells, or the surface expression of the exhaustion markers PD-1 and
TIGIT on unstimulated CD4" T cells as whole, between the dosing

intervals (Fig. 5h, I and Supplementary Data 10). Participants in the Rec
and Ext dosing intervals had significantly higher frequencies of PD-1
TIGIT* CD8" T cells than participants in the Del cohort (Fig. 5j and
Supplementary Data 10).

Discussion
Given the concern in the general public that repeated SARS-CoV-2
vaccination may compromise immune protection, we first examined
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the impact of repeated SARS-CoV-2 vaccination on the spike-specific T
cell compartment. Spike-specific CD4" and CD8" T cell levels did not
decline following repeated vaccination in any cohort. In fact, older
adults in LTC displayed elevated spike-specific CD4" and CD8" T cell
frequencies after additional vaccinations. There are conflicting reports
as to whether spike-specific T cell levels increase after additional SARS-
CoV-2 vaccinations beyond the primary series, at least in uninfected

individuals®*%°. Others have reported that increases in spike-specific T
cell levels following the third SARS-CoV-2 vaccination in healthy
donors may be transient, with spike-specific T cell frequencies
declining to pre-third dose levels within 60 days post vaccination”.
Considering that our samples were collected after this contraction
period, when frequencies have returned to pre-boost levels, it was not
surprising that we did not observe significant differences in the spike-

Nature Communications| (2025)16:5219


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60216-3

Fig. 5 | Immune phenotype and exhaustion in HA with different dose intervals
between the first and second SARS-CoV-2 vaccination. Flow cytometry was used
to assess T cell phenotypes and functional capacity in HA at 3 months post dose 2.
The HA ‘recommended’ (Rec) cohort had <35 days between dose 1 and 2, the
‘delayed’ (Del) cohort had 35-42 days between dose 1 and dose 2, and the ‘exten-
ded’ (Ext) cohort had >42 days between dose 1 and dose 2. a Frequencies of spike-
specific CD4" T cells in each HA cohort. b Frequencies of spike-specific CD4* T cells
expressing each combination of PD-1, TIM-3, and LAG-3, displayed as mean for each
combination. ¢ Frequencies of spike-specific CD8" T cells in each HA cohort.

d Frequencies of spike-specific CD8" T cells expressing each combination of PD-1,
TIM-3, LAG-3, displayed as mean for each combination. COMPASS functionality
score (FS) and polyfunctionality score (PFS) for e CD4"* T cells and f CD8" T cells in
response to stimulation with peptides from the spike protein of SARS-CoV-2.

g Frequencies of naive, central memory (CM), effector memory (EM) and EM
re-expressing CD45RA (EMRA) CD4" and CDS8' T cells, displayed as mean of each

combination as a proportion of all combinations, in each cohort. h The frequencies
of terminally differentiated CD4" and CD8' T cells. The frequency of i CD4" T cells
and j CD8" T cells expressing each combination of PD-1 and TIGIT, displayed as
mean of each combination as a proportion of all combinations, in each cohort. For
a, ¢, e, f, h, participant vaccination history is indicated by circles (BNT162b2 only),
squares (MRNA-1273 only), triangles (mixed BNT162b2 and mRNA-1273), or dia-
monds (mMRNA only but one vaccine unknown). The solid red lines indicate the
median of each group. HA Rec n =20 (21 for AIMs), HA Del n=7, HA Ext n=14.
ANOVAs were used to assess differences between dosing interval cohorts. FDR
adjusted p values were obtained for b, d, g, i, j to account for multiple testing on
cells from the same parent population. If the ANOVA was significant, after FDR
correction if applicable, post-hoc tests were used to determine which dosing
intervals differed from one another. If p values are not indicated, the result was not
significant. p < 0.05 *.

specific T cell levels of the HA cohort following repeated SARS-CoV-2
vaccination”. The stable spike-specific CD4" T cell levels we observed
in participants with RA following repeated SARS-CoV-2 vaccination
aligns with the previous findings of our lab and others?”. Levels of
spike-specific CD8" T cells were lower than spike-specific CD4" T cells
in all cohorts, which is consistent with prior observations®***. Overall,
evidence suggests that repeated SARS-CoV-2 vaccination does not
cause declines in spike-specific T cell levels.

There are previous reports of SARS-CoV-2 infection-associated
changes in the expression of the exhaustion markers PD-1, TIM-3, LAG-
3, and TIGIT, although it is unclear whether these changes exert
functional consequences, or merely indicate a resolving immune
response®”**2, In people with a previous SARS-CoV-2 infection, levels
of TIM-3" and PD-1' CD8" T cells are elevated after additional SARS-
CoV-2 vaccinations®. Although another report demonstrated that
repeated exposure to SARS-CoV-2 antigens does not induce a notable
CDS8" T cell exhausted phenotype in healthy donors®, concerns have
persisted that repeated SARS-CoV-2 vaccination could elicit similar
effects to infection on the T cell compartment. While immune
responses to SARS-CoV-2 vaccination have some similarity to those
after infection, they are not identical, and the distinct conditions of
SARS-CoV-2 antigen exposure can result in differences within the
SARS-CoV-2-specific T cell compartment®. With this distinction in
mind, it was perhaps unsurprising that we did not see elevation of
these exhaustion markers in any of the cohorts on total CD4* T cells,
CD8" T cells, or spike-specific CD4" T cells following repeated SARS-
CoV-2 vaccination. The only change in exhaustion marker expression
observed was an increase in PD-1'LAG-3*TIM-3" spike-specific CD8"
T cells in older frail adults, but the functional significance of this
change is unclear.

To delineate T cell activation from exhaustion, both exhaustion
marker expression and cytokine producing function must be eval-
uated, as a loss of the ability to produce multiple different cytokines
(i.e., polyfunctionality) is associated with T cell exhaustion rather than
activation™", In healthy adults, the primary SARS-CoV-2 vaccination
series has been reported to induce functional and polyfunctional T cell
responses, and these T cell cytokine responses have not been reported
to decline following the third SARS-CoV-2 vaccination®**"*>*¢, Impor-
tantly, when we extended the examination of polyfunctional T cell
responses to participants from vulnerable populations, and following
the fourth SARS-CoV-2 vaccination, we found that repeated SARS-CoV-
2 vaccinations were not associated with decreased spike-specific T cell
functionality scores or PFSs in any of the cohorts. Thus, despite our
observation of an increase in PD-1'LAG-3'TIM-3~ spike-specific CD8"
T cells in older frail adults, none of the cohorts displayed decreased
cytokine production that would be characteristic of true exhaustion, as
opposed to activation.

Severe SARS-CoV-2 infection can also lead to elevated frequencies
of terminally differentiated T cells, and decreased frequencies of naive

T cells®’. To further contrast the immunological impacts of repeated
SARS-CoV-2 vaccination from the negative effects observed following
SARS-CoV-2 infection, we examined if there were any changes in the
composition of the CD4* or CD8" T cell compartments after repeated
SARS-CoV-2 vaccinations. The RA and HA cohorts did not display
changes in their naive CD4" or CD8" T cell levels after repeated vac-
cination, though the LTC cohort had higher frequencies of EM CD4"
T cells and decreased levels of naive CD4" T cells across timepoints.
The absence of this change in the other cohorts, and in the CD8" T cells
of the LTC cohort, suggests that this change is not a result of repeated
SARS-CoV-2 vaccination, but rather cohort specific to frail older adults
living in LTC. Chronic stress, older age, and frailty are all associated
with reduced levels of naive T cells**°. Long-term care residents tend
to be frail, and their frailty increases with the length of their stay*>*'.
Thus, it is possible that the reduction in naive CD4" T cells is merely a
product of increasing frailty and age over the course of LTC residence
rather than repeated vaccinations, but future studies using pre-
pandemic samples would be required to disentangle these factors.
None of the cohorts displayed elevated levels of terminally differ-
entiated CD4" or CD8' T cells following repeated SARS-CoV-2 vacci-
nation, again contrasting repeated SARS-CoV-2 vaccination with the
changes observed in SARS-CoV-2 infection and chronic infections®¢™".

Considering that, compared to healthy adults, older adults and
individuals on immunomodulatory drugs are at risk of poor outcomes
associated with SARS-CoV-2 infection***¢, we compared T cell vacci-
nation responses between these three cohorts. We did observe the
expected age- and frailty-related changes in the LTC cohort, including
lower levels of naive T cells than their younger counterparts in the HA
and RA cohorts®®*’. While the spike-specific T cell responses were
similar between the cohorts at each timepoint, there were differences
in their exhausted phenotype profiles. Only the spike-specific CD4" T
cell FS was significantly higher in the HA cohort than the LTC cohort,
while the other FS and PFS did not differ between cohorts, which
suggests that the exhaustion marker profile differences do not largely
influence the functional capacity of the spike-specific T cells. There are
numerous differences in T cell exhaustion marker profiles between the
vulnerable cohorts and healthy adults following repeated SARS-CoV-2
vaccination. Whether these influence vaccine effectiveness, or con-
tribute to the severity of SARS-CoV-2 infection, remains a subject for
future exploration.

Given that one of the primary concerns regarding immune
exhaustion was the frequency of SARS-CoV-2 vaccinations, we
explored the impact of primary series dosing interval on overall T cell
phenotypes and spike-specific T cell responses in the HA cohort.
Dosing interval did not impact spike-specific T cell levels or their
expression of exhaustion markers. There is debate regarding the
impact of dosing interval on spike-specific T cell functional responses.
Some reports indicate that a longer interval between the first and
second dose fails to impact polyfunctional spike-specific CD4" T cells
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responses’®. However, others report that longer dosing intervals did
not increase spike stimulation associated IFN-y production by ELI-
SPOT, but did increase spike-specific CD4" T cell cytokine production
within ELISPOT positive individuals®. This suggests that a longer
dosing interval may not elicit higher CD4" T cell responses in all indi-
viduals, but rather may exert the greatest impact among a subset of
individuals with strong overall responses. For spike-specific CD8" T cell
responses, previous studies found that the frequencies of polyfunc-
tional spike-specific CD8" T cells did not differ between dosing
intervals®*. Our study differs from previous publications by including
GM-CSF in addition to TNF-o, IFN-y, and IL-2, which may contribute to
our finding that the shortest primary series dosing interval was asso-
ciated with higher spike-specific CD8" T cell FS and PFS. While poly-
functionality is implicated in protection against severe disease and
disease progression in the context of other pathogens, it remains to be
determined if functionality and polyfunctionality are correlates of
immune protection against SARS-CoV-2, and if they can explain dif-
ferences in infection rates or disease severity attributed to dosing
interval®**-', We also found that the total CDS" T cell compartment
of participants in the shortest and longest dosing intervals
displayed higher frequencies of PD-1" TIGIT" cells than those within the
intermediate dosing interval. However, the frequencies of PD-1"TIGIT™
CD8" T cells were not significantly different between the vaccine
interval groups, and it is therefore unlikely that this difference in
exhaustion marker expressing CD8" T cells impacts overall immune
function.

There are a few limitations to our study including the small size of
our RA cohort, and the high number of participants in the HA cohort
lost to follow-up, as it became increasingly difficult to obtain samples
from individuals without previous SARS-CoV-2 infections after the
second dose. Our study included only individuals without previous
SARS-CoV-2 infections, to avoid confounding of infection associated
changes in T cells with those of vaccination. Consistent with other
reports in the literature, we found that repeated SARS-CoV-2 vacci-
nation did not result in enhanced cytokine production in individuals
without a previous SARS-CoV-2 infection*. Studies that incorporated
individuals with hybrid immunity, or that did not assess history of
SARS-CoV-2 infections, could see different trends than those focusing
on uninfected individuals. Additionally, previous studies have
demonstrated that the majority of double positive cells in the AIM
assays are antigen-specific, with little bystander activation®***. How-
ever, we cannot eliminate the possibility that bystander activation may
contribute to changes in the expression of surface markers. We also
did not evaluate the Thl, Th2, Thl7, or Treg phenotypes within the
population of CD4" T cells expressing exhaustion markers. The results
and conclusions herein can only be definitively applied to the vaccine
types and doses included in this study. Future research may seek to
extend the vaccine types and doses examined, as well as explore the
interplay of exhaustion, T cell receptor sequences, and affinity, as
sequencing and specific measures of affinity were not within the scope
of the current study.

In conclusion, we have demonstrated that repeated SARS-CoV-2
vaccinations do not increase T cell exhaustion or lead to substantive
alterations in the T cell compartment in frail older adults in LTC,
immunosuppressed individuals with RA, or healthy adults. Spike-
specific T cell levels did not decline upon additional vaccinations,
nor did their expression of exhaustion markers increase. T cells also
did not display functional deficits in response to stimulation with
the spike protein from SARS-CoV-2 following additional SARS-CoV-2
vaccinations. Finally, the overall T cell compartment did not display
increases in exhaustion marker expression or terminally differ-
entiated T cells. Repeated SARS-CoV-2 vaccination, as recom-
mended particularly for vulnerable cohorts, is therefore not cause
for concern with regards to the T cell compartment, as it does not
induce phenotypic or functional characteristics of T cell exhaustion.

Methods

Ethics statement and blood collection

Study recruitment and procedures were reviewed and approved by the
Hamilton Integrated Research Ethics Board for protocols #13059
(Long-Term Care, LTC), #13229 (TIMING, HA), and #13307 (SUCCEED,
RA). Informed consent for sample and data collection and publication
was obtained from all participants or their substitute decision makers.
Participants in the LTC cohort were part of the COVID in Long-Term
Care Study, a longitudinal observational cohort study of residents of
long-term care facilities in Ontario, Canada®. Frailty scores were cal-
culated using the Clinical Frailty Scale, which combines measures of
basic activities of daily living, along with health status and comorbid-
ities, as previously described***®. The scoring system ranges from 1 to
9, with 9 indicating terminally ill, very frail, individuals. Participants in
the SUCCEED (immunosuppressed RA) cohort were classified as hav-
ing rheumatoid arthritis based on criteria from the European League
Against Rheumatism/American College of Rheumatology and were
prescribed immunomodulatory drugs (Supplementary Data 1). The
participants in the RA cohort were part of the SUCCEED study and
recruited from clinics in Ontario, Canada®®*°. The HA cohort included
healthcare workers recruited in Ontario?. Previous COVID-19 infection
was determined based on a positive PCR or rapid antigen test, or
seroconversion for anti-nucleocapsid IgG antibodies®. Only partici-
pants without prior SARS-CoV-2 infection, and who received 2, 3, or 4
SARS-CoV-2 mRNA vaccinations were included in the study cohort.
Cohort demographic information can be found in Table 1.

Peripheral blood was collected in sodium heparin vacutainers
3 months after the second, third, and fourth SARS-CoV-2 vaccinations.
Within the HA cohort, peripheral blood was also collected for a subset
of individuals at 3 weeks post dose 2. Peripheral blood mononuclear
cells (PBMCs) were isolated using a Ficoll gradient. The PBMCs were
cryopreserved in liquid nitrogen before thawing for use in T cell assays.
For some participants there were not enough cells to perform all
assays at all assessment timepoints.

Increased expression of exhaustion-associated markers can
accompany early T cell expansion, but this is likely indicative of acti-
vation rather than a state of exhaustion®**"*2, Using matched samples
collected from the HA cohort at 3 weeks and 3 months post dose 2, we
compared the prevalence of CD4" and CD8" T cell subsets (naive, CM,
EM, EMRA) as well as T cell expression of exhaustion markers (Sup-
plementary Fig. 3 and Supplementary Data 11). Although others have
reported that peak SARS-CoV-2-specific T cell responses occur within a
few weeks of SARS-CoV-2 vaccination and decline in the following
1-3 months, we did not observe a significant decline in the spike-
specific T cell frequencies from 3 weeks to 3 months post dose 27, As
expected, we saw that the prevalence of CD4" CM T cells increased
between 3 weeks and 3 months post dose 2. Frequencies of PD-1'TIGIT
and PD-T'TIGIT® CD4" T cells were reduced at 3 months post dose 2,
compared with 3 weeks post dose 2 (Supplementary Fig. 3 and Sup-
plementary Data 11). The changes in overall T cell exhaustion marker
expression following the second SARS-CoV-2 vaccination suggests that
T cells are still activated at 3 weeks post vaccination, so 3 months post
vaccination was the appropriate time to measure exhaustion.

Activation induced marker (AIM) assay

Spike-specific memory T cell responses were quantified using an AIM
assay®’. Briefly, cryopreserved PBMCs were thawed, washed, counted,
and resuspended in RPMI supplemented with 10% fetal bovine serum
(#12483020, Gibco), 1% Pen/Strep (#15140122, Gibco), 1% HEPES (1M,
#7365-45-9, Sigma), 1% GlutaMAX (#35050061, Gibco), and 0.5% (-
mercaptoethanol (#21985023, Gibco) (cRPMI), then rested overnight
in a tissue culture incubator at 37 °C/5% CO,. The following day the
cells were counted, and the concentration was adjusted so that 100 uL
of cRPMI containing 0.5 x 10° cells was added to each well of a 96-well
U-bottom plate. Peptides from the spike protein of SARS-CoV-2 (S
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complete Peptivator, #130-127-951, Miltenyi Biotec) were diluted in
cRPMI and used to stimulate PBMCs at a final concentration of 1 ug/mL
for 44 h at 37 °C/5% CO,. Cytostim (#130-092-172, Miltenyi Biotec) was
used as a positive stimulation control for each sample at 0.25 uL per
well, and a media only unstimulated control was also included for each
sample.

After 44 h, cells were washed with PBS, then incubated for 30 min
at room temperature in the dark with Zombie Near-IR (#423105, Bio-
Legend) to identify live cells. Cells were washed with PBS, then washed
with FACS Wash (0.5% (w/v) bovine serum albumin (#A3912, Sigma),
5mM EDTA (pH 7.4-7.6, #E5134-500G, Sigma) in PBS). The staining
cocktail was prepared in PBS and Brilliant Stain Buffer Plus (#566385,
BD Biosciences) as detailed in Supplementary Data 12. Antibodies were
titrated by lot to determine optimal concentration. Samples were
incubated with the antibody cocktail for 30 min at room temperature
in the dark, washed with FACS Wash, and resuspended in FACS Wash to
run on the cytometer.

AIM+ (spike-specific) T cells were identified by co-expression of
CD134 (PE) and CD25 (PE-Cy7) on CD4" T cells (CD3-BV510, CD4-
BB700) and CD137 (APC) and CD69 (BV711) on CD8' T cells
(BB515)°>¢*%5, Expression of LAG-3 (PE/Dazzle594), TIM-3 (BV605), and
PD-1(BV421) on the AIM + T cells was assessed. The media control well
was used to set the gates for co-expression of activation markers
(AIM + T cells), and isotype controls were used to set the gates for each
exhaustion marker within the AIM+CD4" or AIM+CD8" T cells. The
gating strategy for the AIM assay is depicted in Supplementary Fig. 4.

Intracellular cytokine stain (ICS)

To evaluate cytokine production, 0.5 x 10° cells were seeded into a 96-
well U-bottom plate. Peptides from the spike protein of SARS-CoV-2 (S
complete Peptivator, #130-127-951, Miltenyi Biotec) were used to sti-
mulate PBMCs for 19 h. Golgi plug (#555029, BD) was diluted 125x in
cRPMI before adding 50 uL to each well. The plate was then incubated
at 37 °C/5% CO, for 5 h. Cells were then washed with PBS, and stained
with Zombie Aqua (#423102, BiolLegend) for 30 min at room tem-
perature in the dark to detect live cells. Cells were washed with PBS,
followed by FACS Wash. The surface stain was prepared in FACS Wash,
and included CD4 (Pacific Blue), and CD8 (AF700). Cells were incu-
bated with the surface stain for 30 min in the dark at room tempera-
ture, fixed and permeabilized by incubation with Cytofix/Cytoperm
(#51-2091KZ, BD Biosciences), and washed twice with 1x Perm/Wash
buffer (#51-2091KZ, BD Biosciences).

The intracellular stain antibody cocktail was prepared in 1x Perm/
Wash buffer, and included IFN-y (APC), TNF-a (PE-Cy7), GM-CSF
(APCVio770), IL-2 (PE), and CD3 (BV605), as detailed in Supplementary
Data 12. Samples were stained with intracellular stain antibody cocktail
for 30 min at room temperature in the dark, washed with 1x Perm/
Wash buffer, then resuspended in FACS Wash to be run on the
cytometer.

Immunophenotyping
CD4* and CDS8" T cell populations were identified by surface staining
and flow cytometry analysis of unstimulated PBMCs as previously
described®. Briefly, naive T cells were classified as CCR7'CD45RA*, CM
were CCR7'CD45RA°, EM were CCR7 CD45RA", and EMRA were
CD45RA'CCR7". Terminally differentiated cells were classified as
EMRA'CD57'CD28". T cells within the CD4" and CD8' compartments
were also assessed for expression of PD-1 (FITC), TIGIT (BV510), and
TIM-3 (BV785). Isotype controls were also used to determine positivity
for the exhaustion markers. The gating strategy for the surface
immunophenotyping is depicted in Supplementary Fig. 5, details for
the antibody staining cocktail can be found in Supplementary Data 12.
All samples assessed by flow cytometry were acquired on a
CytoFLEX (Beckman Coulter) using CytExpert software (version 2.4).

FCS files were gated using FlowJo™ version 10 software (BD Life
Sciences).

Combinatorial polyfunctionality analysis of antigen-specific T
cell subsets (COMPASS)

ICS samples were manually gated down to the CD4" and CD8" T cell
nodes using FlowJo™ version 10 (BD Life Sciences) and then exported
from these nodes for analysis using the COMPASS package in R (ver-
sion 1.42.0)", as well as the flowCore (v2.8.0), and openCyto (v2.8.4)
packages. COMPASS employs Bayesian statistics to determine the
posterior probability of antigen-specific responses for each possible
cytokine combination (of the explored cytokines GM-CSF, IFN-y, TNF-
«, and IL-2) within the CD4* or CD8" T cell population of each parti-
cipant, based on differences in cytokine production between unsti-
mulated and antigen-stimulated wells. The parameters were set to
40,000 iterations with 8 replications. The COMPASS package also
produces two different summary scores to summarize the poly-
functionality of the T cells. The functionality score (FS) uses the pos-
terior probabilities to determine the proportions of different cytokine
combinations that are present in each individual for their CD4* and
CDS8" T cells (separately), out of the total possible cytokine combina-
tions. The PFS weighs more heavily the cytokine combinations which
are positive for more unique cytokines (i.e., weighs more heavily triple
positive, and quadruple cytokine-positive combinations, over those
that only produce one or two unique cytokines).

Statistics

Fisher’s exact tests and multivariable linear mixed models were run in
R version 4.4.1 (R Core Team) using stats (v4.4.1), usethis (v2.2.3),
tidyverse (v2.0.0), tidytext (v0.4.2), devtools (v2.4.5), sjPlot (v2.8.16),
Ime4 (v 1.1.35.4), and ImerTest (v3.1.3) packages. Data were log,
transformed for analysis using mixed models. Fisher’s exact test was
used to compare demographics between the LTC, RA, and HA cohorts
for categorical variables. Two-tailed multivariable linear mixed mod-
els, accounting for age and sex, were used to assess changes in T cell
populations within each cohort after additional SARS-CoV-2 vaccina-
tions. Within each cohort, FDR adjusted p values were calculated for
surface stain T cell compartment breakdowns (CM, EM, EMRA, N),
surface exhaustion marker expression, and spike-specific CD4* and
CDS8' T cell exhaustion markers, to account for multiple mixed models/
repeated testing run on T cells stemming from the same parent
population, using the p.adjust function in R. For the three dosing
intervals (Rec, Del, Ext) within the HA cohort, and the comparisons
between the LTC, RA, and HA cohorts D’Agostino & Pearson tests were
used with p <0.05 indicating a significant departure from normality.
Ordinary one-way ANOVAs, or Brown-Forsythe ANOVAs for para-
meters with unequal standard deviations between cohorts, or
Kruskal-Wallis tests for nonparametric measures, were used to assess
differences between dosing interval cohorts and the differences
between the LTC, RA, and HA cohorts at each post vaccination time-
point. If the ANOVA was significant, after FDR correction if applicable,
Tukey’s, Dunnett’s T3, or Dunn’s post-hoc tests were used to determine
which dosing intervals differed from one another (for ordinary one-
way ANOVAs, Brown-Forsythe ANOVAs, and Kruskal-Wallis tests
respectively). COMPASS heatmaps displaying samples clustered by
group and timepoint were produced using the cowplot (v1.1.3) pack-
age. GraphPad version 8 was used to plot flow cytometry data, and for
ANOVAs assessing demographic differences between the cohorts for
age and dosing intervals. Correlation coefficients were determined
using linear mixed models, accounting for the random effect of cohort,
and FDR adjusted p values were obtained to account for multiple
testing. The correlation plot was created using the corrplot (v0.92)
package. Female sex was entered as 2, male sex was entered as 1. 3mo2
was 2, 3mo3 was 3, 3mo4 was 4. Only complete cases were considered.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study for the LTC and RA cohorts are pro-
vided in the Source Data File. Data for the HA cohort are available
under restricted access, as consent was not obtained for disclosure of
individualized participant information. Data from the HA cohort can
only be disclosed following the submission and approval of the request
to a Population Health Research Institute (PHRI) Hamilton Review
Committee?. Requests for access or further information can be sent to
the corresponding author, with an anticipated response time of 2
weeks. If access is approved, data would be available to the requesting
party for the duration of their study. Measures of central tendency for
the HA cohort are provided in the source data file. Source data are
provided with this paper.

Code availability
The COMPASS code used in this study is available on Zenodo®.
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