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SUMMARY

Cellular immune defects associated with suboptimal responses to severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) mRNA vaccination in people receiving hemodialysis (HD) are poorly understood. We
longitudinally analyze antibody, B cell, CD4*, and CD8™ T cell vaccine responses in 27 HD patients and 26 low-
risk control individuals (Cls). The first two doses elicit weaker B cell and CD8* T cell responses in HD than in
Cl, while CD4* T cell responses are quantitatively similar. In HD, a third dose robustly boosts B cell responses,
leads to convergent CD8* T cell responses, and enhances comparatively more T helper (Ty) immunity. Unsu-
pervised clustering of single-cell features reveals phenotypic and functional shifts over time and between
cohorts. The third dose attenuates some features of Ty cells in HD (tumor necrosis factor alpha [TNFa]/inter-
leukin [IL]-2 skewing), while others (CCR6, CXCR6, programmed cell death protein 1 [PD-1], and HLA-DR
overexpression) persist. Therefore, a third vaccine dose is critical to achieving robust multifaceted immunity
in hemodialysis patients, although some distinct Ty characteristics endure.

INTRODUCTION

Implementation of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) vaccination has led to a sharp decrease in
the severity of COVID-19 disease worldwide." In the general
population, mMRNA vaccines against SARS-CoV-2 induce robust
responses of both humoral®® and cellular immunity, which is
dominated by B cells and T helper (T,) responses with a weaker

Gheck for
Updates

CD8* T cell component.®” The initial series of MRNA vaccines
comprised two doses. A third dose was recommended to offset
waning immunity and improve recognition of variants of concern
(VOCs), including Omicron.®~'° In low-risk populations, substan-
tial protection is conferred by one dose,'" with notable antigen-
specific immunity.'?~'* Some public health agencies delayed the
recommended interval between doses to increase population
coverage during initial vaccine scarcity.'>'® Studies in low-risk
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Figure 1. In HD patients, the initial two mRNA vaccine inoculations elicit poor B cell responses, which are reinvigorated by a third dose

(A) Schematic representation of study design, visits, and vaccine dose administration (indicated by a syringe). Blood samples were collected at five time points: at
baseline, B; 3-4 weeks after the first dose, D1 and the second dose, D2; 12-16 weeks after the second dose, M2; and 4 weeks after the third dose, D3. Following
provincial vaccination guidelines, 20 HD participants (HDg) received the two doses at 5-week intervals and 26 control individuals (Cls) received the two doses at
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individuals subsequently showed that a longer interval between
the first two doses enhanced humoral responses,”'”'® and
increased specific B cell responses and maturation, with little
impact on T cells.'82°

Patients with end-stage kidney disease receiving hemodialy-
sis (HD) are susceptible to infections and demonstrate subopti-
mal responses to standard vaccinations against diphtheria,
hepatitis B virus (HBV), or influenza.?’ They display altered im-
mune functions affecting B and T lymphocytes,®” monocytes,”*
dendritic cells, and neutrophils®® due to uremia toxins®® and
blood-membrane interactions during the dialysis process.”®
However, multiple and/or higher vaccine doses proved to be
an effective strategy, e.g., for HBV or influenza vaccination.”

HD patients are vulnerable to SARS-CoV-2 infection, severe
COVID-19,%%?° and breakthrough events.®° Therefore, HD are
considered a high-priority population for SARS-CoV-2 vaccina-
tion. Vaccination in HD generated anti-SARS-CoV-2 antibodies
but at lower levels compared with the global population,®'?
and with earlier decline,*® even after three doses.** While vac-
cine studies in HD have focused on humoral responses, a better
understanding of specific B and T cell immunity is essential to
identify underlying defects. CD4* T cell help plays a critical role
in the generation and maintenance of adaptive immunity, partic-
ularly of B cell responses,®® and CD8" T cells may play a direct
protective role against the virus. Some studies have shown lower
SARS-CoV-2-reactive interferon gamma (IFNvy)-producing T cell
frequencies in HD,**" strengthening the need to understand
this arm of the immune system. While studies suggest that
long-interval vaccine regimens are not appropriate for HD, re-
sulting in weaker antibody levels, the impact on cellular immunity
remains to be defined.

Herein, we conducted a prospective longitudinal cohort study
to define the quantitative and qualitative trajectories of vaccine-
induced antibody, B, CD4*, and CD8" T cell responses in SARS-
CoV-2-naive HD patients receiving three mRNA SARS-CoV-2
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vaccine doses, compared with antigen-specific responses in
low-risk Cls.

RESULTS

Study participants

We assessed cellular and antibody responses in blood samples
from three cohorts of SARS-CoV-2-naive participants who
received three mRNA vaccine doses (Figure 1A, Table 1): (1) 20
people on HD (HDs cohort) who received the first two doses
with a 5-week interval (median, interquartile range [IQ] = 35
[83-35] days); (2) 26 low-risk health care workers with no major
kidney disease or immunosuppressive condition (control individ-
uals [Cls]) who received the first two doses at a 16-week interval
(median [IQ] = 111 [109-112] days), in agreement with the
Quebec Public Health guidelines at the time of the study; (3)
seven HD who received a 12-week delayed second dose (me-
dian [IQ] = 83 [82-84] days) (HD_ long-interval HD cohort). The
HDs and CI cohorts were studied in detail, while we performed
focused analyses on the HD, cohort.

Blood was sampled at baseline (B) 1-12 days before the first
dose; 3-4 weeks after the first dose (D1); 3-4 weeks after the sec-
ond dose (D2); 3-4 months after the second dose (memory; M2),
and 4 weeks after the third dose (D3). Donors with breakthrough
COVID-19 events were excluded afterward. There were no signif-
icant differences between HDg and HD__in terms of gender, age,
or time on HD. HDg and HD_ were respectively 10 and 15 years
older than the Cl. The time of sampling before the first dose (B),
between D1 and D2, between D1 and D3, between D2 and D3,
and between injection and sampling were significantly different.

Hemodialyzed participants are a heterogeneous population.®®
Clinical details for our cohorts are provided in Table S1. The
causes of end-stage renal disease (ESRD) were diverse (dia-
betes mellitus [DM], glomerulonephritis, hypertension, etc.), as
were comorbidities other than DM. None were living with HIV.

16-week intervals. A second group of seven HD participants (HD,) received a delayed second dose with an interval of 12 weeks. Actual times are summarized in
Table 1.

(B and C) Kinetics of RBD™" IgG responses in HDg participants (orange) or Cl (blue) participants. HDs on immunosuppressive drugs are represented by square
symbols, and HDg not on immunosuppressants are represented by circles. (B) Lines connect data points from the same donor. The bold lines represent the
median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (C) Comparisons between HDg and Cl participants. Bars represent
median = interquartile range. Intercohort statistical comparisons using a linear mixed model are shown. Frequencies of responders are written below the his-
tograms.

(D and E) Kinetics of antibody neutralizing activity measured with plasma from HDg participants (orange) or Cl (blue) participants. HDs on immunosuppressive
drugs are represented by square symbols; HDs not on immunosuppressants are represented by circles. (D) Lines connect data points from the same donor. The
bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (E) Comparisons between HDg and CI
participants. Bars represent medians + interquartile ranges. Intercohort statistical comparisons using a linear mixed model are shown. Frequencies of responders
are written below the histograms.

(F-H) (F) Gating strategy to identify RBD* B cells. (G and H) Kinetics of RBD* B cell responses in HDs participants (orange) or Cl (blue) participants. HDs on
immunosuppressive drugs are represented by square symbols; HDg not on immunosuppressants are represented by circles. (G) Lines connect data points from
the same donor. The bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (H) Comparisons
between HDs and Cl participants. Bars represent median + interquartile range. Intercohort statistical comparisons using a linear mixed model are shown.
Frequencies of responders are written below the histograms.

(I) Contemporaneous correlations of RBD* B cells and anti-RBD IgG. Values and colors represent Spearman r, asterisks indicate p values (*p < 0.05, **p < 0.01,
***p < 0.001).

(J) Comparison between HDg and Cl of the proportions of Omicron BA.1-RBD™ B cells among wild-type Wuhan-1-specific RBD* B cells. Mann-Whitney tests are
shown.

(K) Proportions of IgD-, IgM-, IgA-, and IgG-positive cells in RBD* B cells at D2 and D3 in HDs and ClI participants, with Wilcoxon tests.

(L) Comparison of IgM* and IgG* RBD* B cells between HDg and Cl participants at D2 and D3. Mann-Whitney tests are shown.

(M) Proportion of IgD*/~ and CD27*/~ populations in RBD* memory B cells in HDs and Cl participants at D2 and D3. In (B-E) and (G-) n = 20 HDs, n = 26 Cl; in
(J)n=9HDs, n=14Cl; in (K)and (M) n =6 HDs, n = 13 Cl; in (L) n = 10 HDg, n = 15 CI.
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Table 1. Clinical characteristics of study participants

Cls® HD?
mRNA vaccine Long delay® (16 weeks) Short delay (HDs)® (5 weeks) Long delay (HD)® (12 weeks)
Variable (n=26) (n=20) n=7)
Vaccine regimen
Pfizer BNT162b2 vaccine (3 doses) n=25 n=19 n=
Heterologous vaccine strategy n=1 n=1 n=
(Moderna mRNA- 1273 and Pfizer BNT162b2)
Age (years)® 51 (41-56) 61 (55-64) 66 (55-77)
Gender
Male 11 (42%) 13 (65%) 4 (57%)
Female 15 (58%) 7 (35%) 3 (43%)
Vaccine dose spacing
Days between doses 1 and 2° 111 (109-112) 35 (33-35) 83 (82-84)
Days between doses 1 and 3° 329 (323-334) 168 (166-168) 230 (229-231)
Days between doses 2 and 3° 219 (211-222) 133 (133-133) 147 (147-147)
Visits for immunological profiling
B, days before first dose® 1(0-5) 12 (7-12) 1(01-2)
D1, days after first dose 21 (19-26) 28 (28-30) 28 (28-29)
D1, days before second dose 90 (85-92) 5 (5-7) 54 (54-56)
D1, days before third dose® 306 (302-310) 138 (138-139) 203 (201-203)
D2, days after first dose® 133 (130-139) 63 (63-63) 111 (110-112)
D2, days after second dose 21 (20-27) 28 (28-29) 28 (28-28)
D2, days before third dose® 196 (193-197) 105 (103-105) 119 (119-119)
M2, days after first dose® 224 (222-228) 119 (117-119) 167 (167-168)
M2, days after second dose® 112 (110-119) 84 (84-84) 84 (84-84)
M2, days before third dose® 104 (101-112) 49 (49-49) 63 (63-63)
D3, days after first dose® 362 (355-364) 198 (198-198) 265 (264-266)
D3, days after second dose® 249 (245-252) 163 (163-163) 182 (182-182)
D83, days after third dose 29 (25-34) 30 (30-32) 35 (35-35)

3Values displayed are medians, with interquartile range (IQR) in parentheses for continuous variables, or percentages for categorical variables.
PCl, HDg and HD, HD participants cohorts were compared by: Mann-Whitney test for continuous variables, Fisher’s test for categorical variables.
“Values statistically different between the Cl, HDs, and/or HD__ cohorts (p < 0.05).

A few participants received immunosuppressive medications
(prednisone, cyclosporine, tacrolimus). However, these patients
did not behave as outliers in the different immunological ana-
lyses. These individuals are represented by different symbols—
squares instead of circles—in the figure plots.

In HD patients, the initial two mRNA vaccine
inoculations elicit poor B cell responses, which are
reinvigorated by a third dose

We measured the levels of immunoglobulin (Ig) G targeting the
receptor-binding domain (RBD). This domain is the major target
for neutralization®®*° and is associated with vaccine efficacy.*’
At baseline, anti-RBD IgG were undetectable in all participants,
consistent with their SARS-CoV-2-naive status (Figures 1B and
1C). Both cohorts developed anti-RBD IgG responses after
each vaccine dose (D1, D2, and D3) with a small decline at a
memory time point (M2) (Figure 1B). However, the antibody
levels at D1 were lower in HDg compared with Cl, with a me-
dian-fold difference of 6. The antibody levels in HDg remained
significantly lower through all follow-up time points (Figure 1C).

4 Cell Reports Medicine 4, 100955, March 21, 2023

Only 80% (16 out of 20) of HDg seroconverted after the first
dose compared with 100% (26 out of 26) of Cls. However, all
HDs experienced an increase in anti-RBD IgG responses after
the third dose (Figure 1C). In the HD_ regimen, the levels of
anti-RBD IgG were not significantly different compared with
HDs (Figure S1A). We also evaluated the capacity of plasma
samples from donors to neutralize pseudoparticles bearing the
SARS-CoV-2 spike (S) (D614G) glycoprotein, as previously
described.'**? Neutralizing activity was measured by the
neutralization half-maximum inhibitory dilution (IDsg). None of
the plasma samples collected at baseline was able to neutralize
SARS-CoV-2 in HDg and Cls (Figures 1D and 1E). The first dose
had only a small impact on the neutralization capacity in most
donors (Figures 1D and 1E) with only 25% (5 out of 20) of HDg
compared with 60% (15 out of 25) of Cl exhibiting a neutralizing
activity against the D614G S at D1 (Figure 1E). The second dose
increased the neutralization capacity in the HDg cohort but had
significantly less activity than in the CI cohort. Strikingly, the
third dose abrogated the differences between both groups
(Figures 1D and 1E). In line with anti-RBD-IgG levels (Figure S1A),
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Figure 2. Vaccination induces strong CD4* T cell responses but poor CD8" T cell immunity in HD participants

Frequencies of SARS-CoV-2 S-specific CD4* and CD8* T cells in HDg (orange) and ClI (blue) who received three vaccine doses. HDg on immunosuppressive
drugs are represented by square symbols, HDg not on immunosuppressants are represented by circles. PBMCs were stimulated ex vivo with a pool of over-
lapping S peptides.

(legend continued on next page)
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the longer interval between the first two doses in HD_ did not
lead to higher neutralizing activity against the S glycoprotein
(Figure S1B).

We next measured RBD* B cells using two fluorescently
labeled recombinant RBD probes (Figures 1F and S1C).%'° We
observed differences in both magnitude and longitudinal trajec-
tories of B cell responses between cohorts (Figures 1G and 1H).
There was a trend for weaker priming of B cell responses (D1) in
HDs than in Cl, which did not reach statistical significance after
correction for multiple comparisons. At D2 and M2, the fre-
quencies of RBD* B cells in HDg were lower and consistently
trailed those in Cls, resulting in almost parallel curves (Figure 1G).
In contrast, the responses to the third dose differed, with a more
robust expansion of B cell responses in HDg compared with Cls.
Consequently, we observed stronger B cell responses at D3 in
HDs than in Cls (Figure 1H). Consistent with the antibodies (Fig-
ure S1A) and unlike Cls,'® a long interval in HD_ did not improve
the generation of the RBD™ B cell pool (Figure S1D). The delayed
kinetics of anti-RBD IgG responses in HDg compared with Cls is
illustrated by contemporaneous associations between B cell and
antibody responses: while we observed in Cls a significant pos-
itive correlation between RBD* B cells and anti-RBD IgG at D2,
this correlation only appeared at D3 in HDg (Figure 11).

The rapid worldwide spread of the Omicron variant has
decreased vaccine efficacy against infection.*> However, pro-
tection against severe diseases remains good and is significantly
increased by a third vaccine dose.'® To determine if HD treat-
ment was associated with altered viral cross-recognition by
B cells, we tested if HDg immunized with wild-type (WT)
Wuhan-1 strain S could elicit cross-reactive B cell responses
against Omicron BA.1 RBD (Figure S1E). Among all the WT
RBD* B cells at D3, 65% co-stained for Omicron BA.1 RBD
probes, indicating cross-reactivity (Figure 1J). No significant dif-
ference was observed between HDg and Cls (Figure 1J).

We next assessed the differentiation of RBD* B cells following
vaccination. To avoid phenotyping bias, we only included donors
in whom we detected >5 RBD* B cells at every time point. As the
rare RBD* B cells in HDg at D1 precluded reliable phenotyping,
we focused on D2 and D3. We measured the expression of
IgM, IgD, IgA, and IgG on RBD* B cells (Figure S1F). While
IgG* cells were dominant in both cohorts at all time points
(Figures 1K, 1L, and S1G), its fraction was lower in HDg at D2,
and those of IgM* and IgD* cells were higher (Figures 1L and
S1H). The profiles converged between cohorts at D3. We next
determined the memory differentiation profile of RBD* B cells
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using IgD and CD27 co-expression (Figure S1l). CD27 is ex-
pressed on memory B cells** and IgD is mostly found on
unswitched B cells.*® In both cohorts, RBD* B cells were mainly
IgD~CD27~ (Figure 1M). In HDg, CD27 IgD* cells represented
15% of RBD" B cells at D2 and decreased at D3 in favor of
mature CD27*IgD~ cells. Compared with HDs, we measured in
Cls a low fraction of immature CD27 " IgD* RBD™" B cells at D2,
in favor of more mature cells. This phenotype was stable at D3.
Quantitatively, the magnitude of memory B cell responses
increased between M2 and D3 in both groups (Figure S1J).
Our data show that, compared with a Cl cohort, HDg elicit low
RBD* and mature B cell responses after two doses, consistent
with lower antibody levels. A third immunization in HDg is critical
to achieving B cell responses of higher magnitudes than those
observed in Cls and leads to convergent differentiation profiles.

Vaccination induces strong CD4* T cell responses but
poor CD8" T cell immunity in HD participants
SARS-CoV-2-specific CD4™ T cells help is crucial to the develop-
ment of B cell responses and correlates with long-term humoral
responses and CD8* T cell immunity.®"*5*” We measured Spike
(S)-specific T cell responses (Figure S2A) using activation-
induced marker (AIM)>%“54° and intracellular cytokine staining
(ICS) assays.®

S-specific CD4* and CD8" T cell responses were assessed by
an AND/OR Boolean combination gating strategy of the upregula-
tion of CD69, CD40L, 4-1BB, and OX-40 upon a 15-h stimulation
with an overlapping peptide pool spanning the S coding sequence
(Figure S2B). This strategy detected S-specific AIM* CD4* (Fig-
ure S2C) and CD8* T cell responses (Figure S2D) at all time points.
Baseline responses were reported in other studies to result from
previous cross-reactive expositions to common coronavi-
ruses,”®" and possibly to pre-exposition to abortive infection
without seroconversion.*” To assess the functionality of the spe-
cific T cells, we measured the expression of IFNy, interleukin
(ID)-2, tumor necrosis factor alpha (TNFe), IL-17A, IL-10, and
CD107a following a 6-h stimulation with the S peptide pool. We
determined total cytokine* CD4" T cell responses by a similar
OR Boolean combination gating strategy applied to the ICS re-
sults (Figure S2E). Specific cytokine®™ CD4* T cell responses
were detected at all time points (Figure S2F). In most participants,
no significant CD8* T cell functions were detected and this could
not be further assessed (Figure S2G).

AIM* CD4"* T cell responses in HDg significantly increased af-
ter priming, plateaued at D2, waned slightly at M2, and further

(A and B) Net AIM* CD4* T cell responses. (A) Longitudinal analysis of S-specific AIM* CD4* T cell responses. Lines connect datapoints from the same donor. The
bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (B) Comparisons between HDg and Cl
participants. Bars represent median + interquartile range. Intercohort statistical comparisons using a linear mixed model are shown.

(C and D) Net cytokine® CD4* T cell responses measured by ICS. (C) Longitudinal analysis of the magnitude of cytokine® CD4* T cell responses. Lines connect
datapoints from the same donor. The bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (D)
Comparisons between HDg and Cl participants. Bars represent median + interquartile range. Intercohort statistical comparisons using a linear mixed model are
shown.

(E and F) Net AIM*CD8" T cell responses. (E) Longitudinal analysis of S-specific AIM*CD8" T cell responses. Lines connect datapoints from the same donor. The
bold lines represent the median values of each cohort. Right panel: statistical comparisons using a linear mixed model. (F) Comparisons between HDg and CI
participants. Bars represent median + interquartile range. Intercohort statistical comparisons using a linear mixed model are shown.

(G—l) Comparison of WT Wuhan-1-specific and Omicron BA.1-specific CD4* and CD8* T cell responses in HDs (orange) and Cl (blue) participants. Mann-Whitney
tests are shown. (G) Net S-specific AIM* CD4* T cell responses, (H) Net S-specific cytokine* CD4* T cell responses, and (I) Net S-specific AIM* CD8* T cell
responses. In (A-F) and (J) n = 20 HDs, n = 26 Cl participants; in (G) n = 10 HDs, n =10 Cl; in (H)n =7 HDs, n =7 Cl; in (I) n = 9 HDg, n = 10 ClI participants.
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increased to peak at D3 (Figure 2A). In Cls, the increase at D3
was more muted (Figure 2A). We observed a trend for stronger
AIM* CD4* T cell responses in HDs than in Cls at M2 and signif-
icantly higher magnitudes at D3 (Figure 2B). Cytokine* CD4*
T cell responses in HDg followed trajectories comparable with
the AIM responses (Figures 2C and 2D), with stronger effector
CD4™" T cell responses in HDg compared with Clat D3 (Figure 2D).
Unlike CD4* T cells, AIM* CD8" T cell responses were lower in
HDg than CI at all time points except M2 and D3, at which they
converged (Figures 2E and 2F). A trend for increased CD8*
T cell responses in HDg at D3 compared with baseline was
observed (Figures 2E and 2F). Of note, the Cl cohort was charac-
terized by sizable pre-existing CD8" T cell responses at baseline,
which likely affected the patterns observed (Figures 2E and 2F).
Similar to the RBD* B cell responses, a longer interval in HD, did
not show clear benefits for mRNA-vaccine-elicited cellular
responses, for either CD4* (Figure S2H and S2I) or CD8* (Fig-
ure S2J) T cell responses.

We next assessed the presence of Omicron-reactive CD4*
and CD8* T cell responses using an overlapping Omicron
BA.1 S peptide pool on D3 samples. We detected Omicron
BA.1-reactive AIM* CD4* (Figure 2G), cytokine* CD4" (Fig-
ure 2H), and AIM* CD8* (Figure 21) T cell responses in both co-
horts. The magnitude of WT and Omicron BA.1 S-specific
CD4™" T cell responses did not differ between groups, suggesting
cross-reactivity.

These data demonstrate the emergence of robust SARS-CoV-
2-specific CD4* T cell responses after the initial priming dose in
HDs, while a minimum of three doses was required to generate
low CD8" T cell responses.

mRNA vaccines elicit multifaceted AIM* CD4* T cell
responses with qualitative features in HD distinct from
Cl participants
To qualitatively evaluate the S-specific AIM*™ CD4* T cell re-
sponses, we applied unsupervised analyses, as described.®
We studied chemokine receptors that are preferentially ex-
pressed by some lineages and involved in tissue homing
(CXCR5 for Tgw; CXCRS3 for Ty1; CCR6 for Tr17/The2 and mucosal
homing; CXCR6 for pulmonary mucosal homing, activation
markers [Human Leukocyte Antigen-DR isotype (HLA-DR) and
CD38], and an inhibitory checkpoint [programmed cell death
protein 1 [PD-1]).

The distribution of clustered populations was represented by
the uniform manifold approximation and projection (UMAP) al-
gorithm. Cluster identity was performed using Phenograph,
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resulting in the identification of 14 clusters (Figures 3A and
3B) based on distinct profiles of relative marker expression
(Figures 3C and S3A). The 14 clusters were detectable at all
time points (Figures 3A and 3D), most of them following fre-
quency trajectories consistent with those observed for total
AIM* CD4 T cells in both cohorts (Figures 3E and S3B).
Some qualitative differences in relative proportions persisted
after the third dose, in HDg significant expansion of C4 and
C7, two clusters enriched in CXCR6, CCR6, CD38, and PD-1
expression (Figures 3F and S3C). As shown in Figure 3C, C7
differed from C4 only by its enrichment in HLA-DR expression
(Figure 3C). In univariate analyses, we observed at D3 in HDg
significant expansion of PD-1*, HLA-DR*, CXCR6" cells, and,
to a lesser extent, CD38" cells both in absolute frequencies
and as relative fractions of AIM* CD4* T cells (Figures 3G
and S3D).

Therefore, mRNA vaccination elicits in both HDg and CI a
multifaceted response already observed after the first dose.
After the full course of three vaccinations, Ty responses show
some qualitative differences between cohorts, with higher
expression in HDg of chemokine receptors associated with
mucosal immunity (CCR6, CXCR6), immune activation (HLA-
DR), and the inhibitory immune checkpoint PD-1.

The first two vaccine inoculations elicit in HDg a TNFo/
IL-2 skewed Ty profile that is attenuated by the third
dose
Given the qualitative differences observed with AIM assays, we
used the same unsupervised approach to identify differences
in CD4™ T cell effector functions. Expression of TNFa, CD107A,
IL-10, IFNYy, IL-2, and IL-17A defined eight functional clusters,
also detected at all time points (Figures 4A-4C and S4A) in
both cohorts (Figure 4D). All clusters increased in magnitude af-
ter the first two doses, irrespective of clinical status (Figures 4E
and S4B). Several qualitative differences were observed at
D1 and D2 between cohorts, with the TNFo/IL-2-expressing
C6 enriched in HDg and C1, C2, and C8 overrepresented in
Cls (Figure 4F). The third dose led to a partial convergence of
the functional profiles, although the differences in C6 and C8
proportions remained significant at D3. In univariate analyses,
TNFa and IL-2 expressions were also higher, and IFNy and IL-
10 were lower in HDs compared with Cls during the initial vacci-
nation series. Statistically significant differences were mostly
abrogated by the third dose (Figures 4G and S4D).

These analyses show that HDg are associated with a func-
tional skewing upon mRNA vaccination. However, functional

Figure 3. mRNA vaccines elicit multifaceted AIM* CD4* T cell responses with qualitative features in HD distinct from ClI participants
(A) Multiparametric UMAP representation of S-specific AIM* CD4* T cells based on CD38, HLA-DR, CCR6, CXCR6, CXCR5, CXCRS3, and PD-1 expression at
each time point, aggregated data for the HDg and Cl cohorts. The colors identify 14 populations clustered by unsupervised analysis using Phenograph.

(B) Each cluster is labeled on the global UMAP.

(C) Heatmap summarizing for each cluster the mean fluorescence intensity (MFI) of each loaded parameter.

(D) Pie charts depicting the representation of each identified cluster within total AIM* CD4" T cells.

(E) Longitudinal net frequencies of selected AIM* CD4™ T cell clusters in HDs (orange) and Cl (blue) participants for clusters 1, 2, 7, 8, and 10. Lines connect data
from the same donor. The bold lines represent the median values of each cohort. Wilcoxon tests for each pairwise comparison are shown below.

(F) Proportions of AIM* clusters 1, 2, 7, 8, and 10 among AIM* CD4"* T cells in HDg and Cl at D1, D2, and D3. Bars represent median + interquartile range. Mann-

Whitey tests are shown.

(G) Cohort comparison of univariate analyses. Bars represent median + interquartile range. Statistical comparisons using a linear mixed model are shown. In

(A)—(G) n = 20 HDg, n = 26 Cl participants.
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responses quantitatively and qualitatively converge between
cohorts after the third dose.

Associations between RBD* B cell and S-specific CD4*

T cell responses appear late in people on HD

We next examined temporal associations between B and CD4*
T cell responses. The net magnitudes of baseline, D1, and D2
responses for each AIM* and cytokine* cluster were correlated
with post-boost RBD* B cell responses at D2 (Figures 5A and
S5A) or D3 (Figures 5B and S5B). No positive correlation be-
tween the two cellular compartments was found at D2 in HDg
(Figure 5A), in contrast to Cls (Figure S5A).° Instead, several tem-
poral associations were found in HDg between T,; and RBD* B
cell responses at D3 (Figure 5B). Among the subsets with signif-
icant correlations, we found clusters enriched in CXCR3 and/or
CXCR5 (AIM* C8, C9, C11, and C14), and functional clusters
enriched in IL-2 and TNFa (cytokine™ C4, C5, and C6) (Figure 5B).

We previously reported in a low-risk population of vaccinees
that S-specific CXCR5" AIM* CD4* T cells (cTgy) after the first
vaccine dose were predictive of RBD* B cell responses
after the second dose.® We observed in HDg an association be-
tween the cTgy after the second dose and RBD* B cell responses
after the third dose (Figure 5C). In comparison, we only found a
contemporary association between cTgy and the RBD* B cell re-
sponses after the third dose in Cls (Figure S5C). Narrowing our
observations to PD-1" cTgy sub-populations, as they have
been more strongly associated with B cell help,”® we only
observed temporal and contemporary correlations with the
RBD-B™ cells at D3 in HDs but not in Cls (Figure S5D).

These data demonstrate that there are temporal associations
between CD4* T cell help and B cell responses in HDg partici-
pants. However, these correlations mostly emerge only after
the third dose, consistent with the delayed kinetics of vaccine
response in HDg individuals.

Trajectories of vaccine features highlight the need for
multiple boosts in people on HD

Our data reveal multiple immune features whose trajectories
differed between cohorts. To compare these trajectories, we
used a normalization strategy allowing comparisons between
features irrespective of their magnitude. First, we calculated
the average response per participant at all time points, for
each feature. The ratio of the measured parameter at the time
point to its averaged value defined its trajectory. Each ratio
was then plotted on a heatmap, and clustered according to the
normalized trajectory (Figures 6A and 6B). Three patterns were
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observed among HDs (Figure 6A): a first group of features
peaked early after the priming (AIM* C1, C12, and cytokine*
C3). A second group showed strong responses after different
boosts. This group notably included humoral RBD* IgG re-
sponses, CXCR3* (C2, C8, C9, and C14) AIM clusters, and the
TNFa* IL-2*-enriched C6 cluster. The third pattern corre-
sponded to late response peaking at D3 and included RBD* B
cells, AIM*™ CD8" T cells, total AIM* and cytokine® CD4*
T cells, and several AIM* and cytokine™ clusters.

Different trajectories were observed in Cls (Figure 6B). Unlike
HDs, total CD4 and CD8 responses, along with most AIM* clus-
ters, were mobilized early at D1 and were boosted at D2. The first
boost enhanced total cytokine® CD4" T, B cell, and IgG re-
sponses and most cytokine™ clusters. The second boost further
recalled these responses. In contrast, these immune features
were delayed in HDg and mobilized only at D3.

These results highlight the necessity for repeated boosting in
HDg to achieve peak immune responses for all immune features.
This contrasts with overall earlier peak immune responses in Cls,
for whom the immune parameters are robustly generated after
the first or the second dose.

DISCUSSION

HD patients are at risk for severe infectious diseases, including
COVID-19, and frequently respond poorly to standard vaccina-
tions, including the initial two-dose series of SARS-CoV-2
mRNA vaccines. We show that the administration of a third vac-
cine dose is pivotal in stimulating B cell expansion and matura-
tion to levels similar to controls. While previous studies reported
reduced IFNy-producing T cell responses, high-dimensional
functional assays demonstrate that T, responses in HD are
phenotypically and functionally skewed, not quantitatively infe-
rior. Our results on cellular immunity are consistent with vaccina-
tion strategies previously proved effective in HD: administration
of multiple and/or higher injections can counterbalance their low
responses to immunization.?” We show that the optimal vaccine
dosing interval is population dependent: in contrast to the gen-
eral population,'®?° increasing the time between the first two
doses resulted in weaker humoral and cellular immunity in HD.
The third dose led to partially converging antibody levels be-
tween cohorts, although they remained lower in HD than Cls at
all time points. This is consistent with studies on HBV, hepatitis
C virus (HCV), and influenza vaccines,”’ and previous SARS-
CoV-2 studies.**>* Importantly, while the neutralization capacity
was significantly lower after the second dose in HDg than in

Figure 4. The first two vaccine inoculations elicit in HDg a TNFo/IL-2 skewed Ty profile that is attenuated by the third dose
(A) Multiparametric UMAP representation of S-specific cytokine* CD4™ T cells based on TNFa, CD107a, IL-10, IFNy, IL-2, and IL-17A expression at each time
point, aggregated data for the HDg and Cl cohorts. The colors identify eight populations clustered by unsupervised analysis using Phenograph.

(B) Each cluster is labeled on the global UMAP.

(C) Heatmap summarizing for each cluster the MFI of each loaded parameter.

(D) Pie charts depicting the representation of each identified cluster within total cytokine* CD4* T cells.

(E) Longitudinal frequencies of selected cytokine™ CD4* T cell clusters 1, 2, 4, 6, and 8 in HDg (orange) and Cl (blue) participants. Lines connect data from the same
donor. The bold lines represent the median values of each cohort. Wilcoxon tests for each pairwise comparisons are shown below the graphs.

(F) Proportions of cytokine™ clusters 1, 2, 4, 6, and 8 among cytokine™ CD4* T cells in HDg and Cl at D1, D2, and D3. Bars represent median + interquartile range.

Mann-Whitey tests are shown.

(G) Cohort comparison of univariate analyses. Bars represent median + interquartile range. Statistical comparisons using a linear mixed model are shown. In (A)-

(G) n = 20 HDg, n = 26 Cl participants.
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Figure 5. Associations between RBD* B cell and S-specific CD4* T cell responses appear late in people on HD

Temporal relationships between S-specific-CD4" T cells and RBD* B cells in HDs.

(A) Correlation between total CD4* T cell frequencies at B-D2 and RBD* B cell frequencies at D2 in HDg (n = 20).

(B) Correlation between total CD4* T cell frequencies at B-D3 and RBD* B cell frequencies at D3 in HDs (n = 20). Asterisks indicate statistically significant p values
from a Spearman test (*p < 0.05, **p < 0.01, ***p < 0.001). Colors indicate Spearman r.

(C) Correlations between frequencies of AIM* CXCR5* CD4™ T cells (for cTgy) at the B-D3 visits and RBD* B cell frequencies at D3 in HDs. The r and p values from

a Spearman test are indicated in each graph.

Cl participants, the third dose significantly increased the neutral-
ization responses in HDg, bringing them to levels similar to those
measured in Cls. The low frequencies of RBD" B cell responses
observed in HD after the first two doses are likely major contrib-
utors to these disparities, but their quality may play a role as well.
There was a delay in the maturation of B cell responses with the
persistence of immature and unswitched IgM* and IgD* RBD*

B cells in HD after two mRNA vaccine doses. These features
were reported in kidney transplant recipients and dialysis pa-
tients®>°® and attributed to chronic inflammation caused by
uremia toxins, along with defects of innate and T cell immu-
nity.?>>*>2> We also observed incomplete B cell maturation in a
cohort of Cl vaccinated with the standard 3-week short-interval
regimen of mRNA vaccine,'® and thus we cannot univocally

Cell Reports Medicine 4, 100955, March 21, 2023 11




¢ CellPress

OPEN ACCESS

Trajectories of vaccine
responses in HDg

Fold-Change
(Log)
g 0.5

B D1 D2M2D3

— C3Cyto" CD4
C1AIM" CD4 L {o
C12 AIM* CD4
—  C3AIMCD4 105
C10 AIM* CD4 L 140
C7 AIM* CD4
C6 Cyto" CD4
C11 AIM" CD4 L1 oo
C2 AIM* CD4
C9 AIM* CD4
C8 AIM* CD4
C7 Cyto" CD4
C14 AIM* CD4
RBD" IgG =l

L C13AIM'CD4
[ C4AIM'CD4
C6 AIM* CD4
C5 AIM* CD4
Total AIM* CD8
C4 Cyto" CD4
Total Cyto* CD4
RBD'B |

C5 Cyto* CD4
C1 Cyto* CD4
C8 Cyto” CD4
C2 Cyto* CD4
Total AIM* CD4

Early
responses

1-1.5

Boost
responses

Late peak
responses

Cell Reports Medicine

Trajectories of vaccine
responses in ClI

Fold-Change
(Log)
0.5

B D1 D2 M2 D3

— Total AIM* CD4
C1 Cyto*CD4
C4 Cyto* CD4
C6 AIM* CD4 105
C3 AIM* CD4

C10 AIM* CD4 1-1.0
C7 AIM* CD4
C8 AIM* CD4

C11 AIM* CD4
C4 AIM* CD4
C2 AIM* CD4
C1AIM* CD4
C9 AIM* CD4
C5 AIM* CD4

C12 AIM* CD4

C14 AIM* CD4

C13 AIM* CD4

Total AIM*CD8

[ Total Cyto'CD4

C2 Cyto*'CD4

C5 Cyto"CD4

C7 Cyto'CD4

RBD"IgG
RBD*B

C8 Cyto'CD4

C3 Cyto'CD4

C6 Cyto*'CD4

10

Early
responses

Boost
responses

Dual Boost
responses

Figure 6. Trajectories of vaccine features highlight the need for multiple boosts in people on HD

(A and B) Trajectories of specific responses to mRNA vaccines in (A) HDs and (B) Cl. Trajectories are represented by the fold change of the response at each time
point for a given feature, to the mean response of every time point for the same feature. Significant fold change is colored in either orange (if increased) or blue (if
decreased) (mixed-effect analysis with Bonferroni correction for multiple comparisons, colors represent adjusted p < 0.05). White color represents fold changes
that are not significantly different from the mean response. n = 20 HDs and 26 ClI.

delineate such defects in the 5-week-interval regimen applied to
the HDgs cohort. The longer delay between the two first
doses might contribute to this difference in maturation. Some
vaccinal studies with a standard 21-day schedule reported that
antigen-specific germinal center reactions were maintained after
6 months with an increase in somatic hypermutations over
time.>":%8

Another key finding is that antigen-specific CD4" T cell re-
sponses in HD were robust. As measured by multiplexed AIM
and ICS, their magnitudes were comparable with or greater
than those measured in controls, depending on the time point
considered. These responses were as highly diverse in pheno-
type and function in HDg as in Cls, but with qualitative differ-
ences that persisted throughout the longitudinal follow-up. We
identified a pro-inflammatory/activated skewing of T, responses
in HD, with CCR6, CXCR6, and HLA-DR overexpression. Such
CD4* T cell populations have been described as preferentially
recruited at sites of inflammation in autoimmune diseases,
including inflammatory kidney disease.®>® The simultaneous
overexpression of the inhibitory checkpoint PD-1 by these cells
may contribute to suboptimal help to other immune subsets.
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PD-1 upregulation on both CD4* and CD8" T cell populations
in HD was previously reported, indicating that this dysregulation
is not unique to SARS-CoV-2-specific responses.®’ While cTry
cells are heterogeneous,62 with the PD-1* fraction of cTgy
endowed with better helper capacity to B cells in direct ex vivo
co-culture experiments than the quiescent PD-1" frac-
tion,>*¢%54 the broad expression of PD-1 in HD complicates
interpretation of this marker’s upregulation on CXCR5" CD4*
T cells in HD donors. As we draw a comparison with a control
cohort, we therefore mostly used a conservative analysis on total
CXCR5" CD4* T cells. However, analyses focusing on CXCR5*
PD-1* cTgy revealed some additional associations between
T cell help and RBD* B cells in the HD cohort.

CD4"* T cell responses in HD also presented functional skew-
ing, with an overrepresentation of TNFa* and IL-2*, at the
expense of IL-10* and IFNy™ cells. These patterns raise ques-
tions about the impact of these cytokines in the establishment
of vaccine responses. It has been shown that high levels of
TNFa. in COVID-19 could induce downstream activation of Ty
cells and block the final step of cTgy differentiation.®® This skew-
ing may contribute to the delay observed in B cell responses to
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SARS-CoV-2 vaccination due to insufficient feedback inhibition
of pro-inflammatory cytokines.® The third dose was character-
ized in HD by the normalization of the effector function profile
compared with the Cl. Therefore, differences in the assays
used (e.g., high-dimensional flow cytometry versus IFNYy Elispot)
likely explain discrepancies between our data, in which we found
robust CD4* T cell responses in HD, and studies showing weaker
T cell responses in this population.®”

CD8* T cell responses tend to be generated in HD only after
the third dose of vaccine, in light of previous results showing
that people with ESRD have more exhausted and anergic
CD8" T cells than Cls.®" In both cohorts, CD8* T cell responses
remain low compared with their CD4* T cell counterparts,
consistent with the Ty-biased profile of responses elicited by
SARS-CoV-2 mRNA vaccines.®”

Our results show that a long (12-week) interval between the
first two doses is not beneficial for people receiving HD: both
B cell and antibody responses in HD_ after the second dose
tend to be weaker than those observed in the HDg cohort. The
optimal dosing interval in people receiving HD remains uncer-
tain; another study suggests that a slightly longer interval (up
to 45 days, compared with 35 days in our study) was associated
with stronger humoral responses.®®

VOCs are an evolving challenge. After the third dose, HD
developed B and CD4* T cell responses specific to SARS-
CoV-2 cross-reactive to Omicron BA.1 and at levels similar to
Cl. These findings complement previous reports showing that
a third vaccine dose in HD enhanced neutralizing capacity of
antibody responses against VOCs.° Therefore, they might have
protection against VOCs such as Omicron similar to Cls.®'°

The global immune profiles observed longitudinally are consis-
tent with a model in which HD respond more slowly to vaccina-
tion, with a third dose required to achieve B and T cell responses
quantitatively and qualitatively close to those generated after
two doses in Cls. Temporal associations between SARS-CoV-
2-specific CD4* T cell and RBD" B cell responses are shifted
by one dose in HD, with a delayed link between the two features
compared with Cls. As cellular immune responses are compar-
atively less affected by the third dose in Cls than HD individuals,
responses from both cohorts globally converged after the full
vaccination course. Some studies have highlighted such conver-
gence for anti-RBD IgG responses between HD and Cls after
three mRNA vaccine doses.®®’® We believe that the finding
that low cellular immunity responsiveness in HD can be over-
come by repeat dosing is a major positive conclusion of our
study and provides an immunological basis for previous findings
on the antibody responses elicited by a third dose in this vulner-
able population.

Determining whether the qualitative skewing of CD4* T cell
responses observed in HD can alter protection against break-
through infection, how long cellular responses persist after
the third dose, and how additional booster doses can further
modulate the immune profiles identified will warrant further
study.

Limitations of the study
Our study identified several alterations of adaptive immunity eli-
cited by SARS-CoV-2 vaccines in HD patients, with a spectrum
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of responsiveness in this population. Further studies are needed
to better understand what individual factors may contribute to
this heterogeneity. Mechanistic studies of related immune de-
fects are very challenging, as no animal model for long-term
chronic HD exists.

HD individuals are known to have frequent comorbidities and
in our study were older than Cls. These factors might affect
immune responses independently of HD. However, while the co-
horts studied are too small to conduct multivariate analyses,
chronic diseases are highly prevalent in HD patients, therefore
distinguishing individual factors would have limited practical
impact.

This study focuses on SARS-CoV-2 naive individuals. Addi-
tional studies are required to evaluate how prior infection shapes
hybrid immunity in HD upon vaccination.

The size of the long-interval hemodialyzed cohort is small. It
was not possible to recruit more suitable participants as the
standard of care shifted to a short-interval regimen soon after
the vaccination campaign began. The time points between
D1 and D3, and D2 and D3, were not matched between cohorts.
Therefore, this difference in timing might lead to potential quan-
titative differences in anti-SARS-CoV-2 antibodies due to the
higher rate of RBD-B cell maturation in the short-delay cohort.
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Cell lines
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Staphylococcal Enterotoxin B (SEB) Toxin technology Cat#BT202

PepMix™ SARS-CoV-2 (Spike B.1.1.529/ JPT Cat#PM-SARS2-SMUTO08-1

Omicron Glycoprotein)

SARS-CoV-2 Spike RBD, His Tag
(B.1.1.529/0Omicron)

pNL4.3 R-E— Luc
pCG1-SARS-CoV-2 Spike D614G

Acrobiosystems

NIH AIDS Reagent program
Ref. "

Cat#SPD-C522e-100ug

Cat#3418
N/A

Software and algorithms

Flow Jo v10.8.0
GraphPad Prism v8.4.1
R studio v4.1.0

R codes scripted

Flow Jo
GraphPad
R studio
Github

https://www.flowjo.com
https://www.graphpad.com
https://rstudio.com
https://github.com/otastet/Nayrac_et_al

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel E.
Kaufmann (daniel.kaufmann@chuv.ch or daniel.kaufmann@umontreal.ca).

Materials availability

All unique reagents generated during this study are available from the lead contact upon a material transfer agreement (MTA).

Data and code availability

® The published article includes all datasets generated and analyzed for this study. Further information and requests for re-
sources and reagents should be directed to and will be fulfilled by the lead contact Author (daniel.kaufmann@chuv.ch).

® We adapted previously submitted® R codes scripted to perform unsupervised analyzes on B and T cells from hemodialyzed
donors and controls individuals. All original codes have been deposited on Github and are publicly available as of the date
of publication. URL link is listed in the key resources table.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Institutional permissions and oversight
All work was conducted in accordance with the Declaration of Helsinki and approved by the institutional boards of the participating
institutions (Quebec Renal Network®! multicentric protocol MP-02-2021-9006; and CHUM protocols 19.381 and 20.065).

Informed consent
All work was conducted in accordance with the Declaration of Helsinki and written informed consent obtained before enroliment into
the study.

Subject characteristics

Subject characteristics are summarized in Table 1. Patients with end-stage renal disease receiving hemodialysis (HD) were enrolled
into the Quebec Renal Network (QRN) COVID-19 Study as previously described®’ and followed every 2-3 days at the Center Univer-
sitaire de Sante McGill (CUSM), the Center Hospitalier de I’'Universite’ de Montreal (CHUM), and the Hopital du Sacre-Coeur de
Montreal (HSCM). Participants from this cohort were followed and sampled before and after vaccination. Blood draws were
performed at baseline (B) 12 days before the first dose of vaccine with mRNA vaccine, 4 weeks after the first dose (D1), 4 weeks
post second dose (D2), 12 weeks after the second dose (M2) and 4-5 weeks post third dose (D3). Hemodialyzed participants
were divided into two cohorts: a short interval cohort for which the first two vaccine doses were administered 5 weeks apart
(HDs, n = 20); and a long interval cohort (HD_, n = 7) for which the first two doses were given 12 weeks apart when vaccine scarcity
was limiting.

The cohort of control individuals (Cl, n = 26) consisted of healthcare workers who did not have a major medical precondition
qualifying for a short interval schedule (e.g, immunosuppression) and who received the first two vaccine doses 16 weeks apart
per Quebec public health guidelines early in the vaccination campaign in Canada. The third inoculation was given 7 months after
the second dose. Blood draws were performed at baseline (B) 1 day before the first dose of mMRNA vaccine, 3 weeks after the first
dose (D1), 3 weeks following the second dose (D2), 16 weeks after the second dose (M2), and 4 weeks after the third dose (D3).

Median age and interquartile range for the HDg cohort was 61 [55-64], and 13 individuals were males (65%). Median age and
interquartile range for the ClI cohort were younger (median = 51 [41-56], p < 0.001), and 11 individuals were males (42%). The
HD, cohort was not significantly older (median = 66 [55-77]) and 4 individuals were males (57%). Time on hemodialysis between
each cohort was comparable (See Table 1).

METHOD DETAILS

PBMCs and plasma isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples by Ficoll density gradient centrifugation and cryo-
preserved in liquid nitrogen until use. Plasma was stored at —80°C. For antibody assays, plasma was heat-inactivated for 1 h at
56°C prior to experiments. Plasma from uninfected donors collected before the pandemic were used as negative controls and
used to calculate the seropositivity threshold in our ELISA assay.

Enzyme-linked immunosorbent assay

The SARS-CoV-2 RBD ELISA assay used was previously described.*? Briefly, recombinant SARS-CoV-2 RBD proteins or BSA
(2.5 pg/mL) as negative control were prepared in PBS and adsorbed to plates overnight at 4°C. Coated wells were subsequently
blocked with blocking buffer and then washed. CR3022 mAb (50 ng/ml) or a %250 dilution of plasma from HD, or Cl donors were pre-
pared in a diluted solution of blocking buffer and incubated with the RBD-coated wells. Plates were washed followed by incubation
with the respective secondary Abs. The binding of CR3022 IgG was quantified with HRP-conjugated antibodies specific for the Fc
region of human IgG and used to normalize the RLU from each plate. HRP enzyme activity was determined after the addition of a 1:1
mix of Western Lightning oxidizing and luminol reagents (Perkin Elmer Life Sciences). Light emission was measured with an LB942
Tri-Star luminometer (Berthold Technologies). Signal obtained with BSA was subtracted for each plasma and was then normalized to
the signal obtained with CR3022 present in each plate. The seropositivity threshold was established using the following formula:
mean of pre-pandemic SARS-CoV-2 negative plasma + (3 SD of the mean of pre-pandemic SARS-CoV-2 negative plasma).

Virus neutralization assay

The SARS-CoV-2 virus neutralization assay was used previously.*® Briefly, 293T cells were transfected with the lentiviral vector
pNL4.3 R-E— Luc plasmid (NIH AIDS Reagent Program) and a plasmid encoding for the full-length SARS-CoV-2 Spike D614G
glycoprotein®®”" at a ratio of 10:1. Two days post-transfection, cell supernatants were harvested and stored at —80°C until use.
Pseudoviral particles were incubated with the indicated plasma dilutions (1/50; ¥250; 1/1250; 1/6250; '3 1/31,250) for 1h at 37°C
and were then added to the 293T-ACE2 target cells followed by incubation for 48 h at 37°C. Then, cells were lysed and followed
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by one freeze-thaw cycle. An LB942 Tri-Star luminometer (Berthold Technologies) was used to measure the luciferase activity. The
neutralization half-maximal inhibitory dilution (IDsg) represents the plasma dilution to inhibit 50% of the infection of 293T-ACE2 cells
by SARS-CoV-2 pseudoviruses.

RBD-specific B cell staining

PBMCs were resuspended at 4x10° cells/mL in RPMI (Gibco by Life Technologies) supplemented with penicillin/streptomycin (Gibco
by Life Technologies), 10% heat inactivated FCS and incubated at 37°C, 5% CO, for 2hrs in the presence of fluorescently labeled
CCR10 antibody.

For surface stain, PBMCs were first stained for viability dye (Aquavivid, Thermofisher, 20min, 4°C) next with a mix containing a bril-
liant stain buffer (BD Biosciences), the surface markers for B cells detection (CD19, CD20, CD21, IgM and IgD), B cells memory
phenotype (CD24, CD27, IgG and IgA), plasmablasts and plasma cells (CD38 and CD138) phenotypes, T-cells and monocytes exclu-
sion (CD3, CD56, CD14, and CD16) (30min, 4°C) (see Table S2 for antibodies), as well as fluorescently-labeled probes for RBD*
B cells detection targeting two different epitopes of the RBD (RBD1-AF488 and RBD2 AF594). Omicron BA.1-RBD peptide (Accro-
biosystem) was labeled, and the Omicron BA.1-RBD probe was also added into the mix where appropriate (RBD Omicron BA.1
AF647). Cells were fixed with 1% paraformaldehyde (Sigma-Aldritch) for 15 min at room temperature before filtration for acquisition
on a FACSymphony A5 Cell Analyzer (BD Biosciences) and analyzed using FlowJo (BD, v10.6.2).

Activation-induced markers (AIM) assay

PBMCs were plated in a 96-wells flat bottom plate, at 10x10° cells/mL RPMI (Gibco by Life Technologies) supplemented with peni-
cillin/streptomycin (Gibco by Life Technologies), 10% heat inactivated FCS and incubated at 37°C, 5% CO.. After a rest of 3hrs,
a CD40 blocking antibody (Miltenyi) was added to the culture to prevent the interaction of CD40L with CD40 and its subsequent
downregulation. In addition, antibodies for chemokine receptors CXCR6, CXCR3, CXCR5, and CCR6 were added in culture. After
15min incubation at 37°C, 5% CO,, cells were stimulated with 0.5 ng/mL staphylococcal enterotoxin B (SEB) or 0.5 ng/mL of over-
lapping peptide pools for Wuhan-1 or Omicron BA.1 variants SARS-CoV-2 Spike (JPT) for 15 hrs at 37°C, 5% CO,. An unstimulated
condition with 0.4uL of DMSO served as a negative control.

Cells were stained for viability dye (Aquavivid, Thermofisher, 20min, 4°C), surface markers (30min, 4°C) (see Table S3 for anti-
bodies) and fixed using 2% paraformaldehyde (Sigma-Aldritch, 15min, RT) before filtration for acquisition on the flow cytometer
(FACSymphony A5 Cell Analyzer; BD Biosciences) and analyzed using FlowJo (BD, v10.6.2). For phenotypic analysis of antigen-spe-
cific CD4* T cells, only responses that were >2-fold over unstimulated condition were included to limit the impact of background
staining. In contrast, for analysis of antigen-specific CD4* T cell subsets as percentage of total CD4* T cells, background-subtracted
net values were used, which did not require excluding responses.

Intracellular cytokines staining (ICS) assay
PBMCs were resuspended at 10x10° cells/mL RPMI (Gibco by Life Technologies) supplemented with penicillin/streptomycin (Gibco
by Life Technologies), 10% heat inactivated FCS, and incubated at 37°C, 5% CO.. After a rest of 2hrs, cells were stimulated with
0.5 ng/mL staphylococcal enterotoxin B (SEB) or 0.5 pg/mL of overlapping peptide pools for Wuhan-1 or Omicron BA.1 variants
SARS-CoV-2 Spike (JPT) for 6 hrs at 37°C, 5% CO,. An unstimulated condition with 0.4uL of DMSO served as a negative control.
Brefeldin A (BD Biosciences), Monensin-1 (BD Biosciences), and a fluorescently labeled CD107a antibody were added for the re-
maining 5hrs.

Cells were stained for viability dye (Aquavivid, Thermofisher, 20min, 4°C), surface markers (30min, 4°C), and intracellularly for cy-
tokines (30min, room temperature) using the IC Fixation/Permeabilization kit (eBioscience) (see Table S4 for antibodies) and filtrated
before acquisition on the flow cytometer (FACSymphony A5 Cell Analyzer, BD Biosciences) and analyzed using FlowJo (BD, v10.6.2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Symbols represent biologically independent samples from HD and Cl donors. Lines connect data from the same donor. Thick lines
represent median values. Linear mixed models fitting cell frequencies in terms of cohort, time point, and their interaction were run
using R and the package ‘“‘nime’’. Model diagnostics were performed, checking for heteroscedasticity and normality among resid-
uals. All retained models used a square-root transform on the response variable, which helped in reducing the impact of outliers.
Post-hoc contrasts across all pairwise comparisons of factor levels were obtained with the package ‘““emmeans’, correcting the
p values by the method of Holm-Bonferroni where applicable. An important caveat of the square-root transform is that the reported
contrast estimates and their confidence intervals remain on this scale, making their interpretation tricky. This was not deemed too
great an obstacle, as qualitative statements on significant contrasts could be made based on p values. Thirty-five linear mixed
models were retained, those being anti-RBD IgG, RBD B, AIM CD4, ICS CD4, AIM CD8, CXCR3, CXCR5, CXCR6, CCRe6, PD-1,
CD38, HLA-DR, IFNy, IL-2, TNFa, IL-10, CD107a and IL-17A being compared between HDg, Cl and HD, cohorts. There were
also comparisons of HDs, HD,  and ClI for anti-RBD IgG, RBD B, AIM CD4, ICS CD4, and AIM CD8. Models without satisfactory di-
agnostics were abandoned in favor of non-parametric methods. Differences in responses for the same patient before and after
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vaccination were performed using Wilcoxon matched pair tests. Differences in responses between HDg and Cl were measured by
Mann-Whitney tests. Wilcoxon and Mann-Whitney tests were generated using GraphPad Prism (version 9.2.0). p values < 0.05 were
considered significant. p values are indicated for each comparison assessed. For descriptive correlations, Spearman’s R correlation
coefficient was applied. For graphical representation on a log scale (but not for statistical tests), null values were arbitrarily set at the
minimal values for each assay.

Software scripts and visualization

Graphics and pie charts were generated using GraphPad PRISM (v9.2.0) and ggplot2 (v3.3.3) in R (v4.1.0). Heat maps were gener-
ated in R (v4.1.0) using the pheatmap package (v1.0.12). Principal component analyses were performed with the prcomp function (R).
Uniform manifold approximation and projection (UMAP) was performed using package M3C (v1.14.0) on gated FCS files loaded
through the flowCore package (v2.4.0). Samples were downsampled to a comparable number of events (300 cells for AIM, 100 cells
for ICS). Scaling and logical transformation of the flow cytometry data were applied using the FlowSOM’? R package (v2.0.0). All
samples at all time points were loaded. Clustering was achieved using Phenograph (v0.99.1) with the hyperparameter k (number
of nearest neighbors) set to 150). We previously provided all R codes scripted for this paper in another study.® We obtained an initial
14 AIM* and 8 ICS™ clusters. For B and CD4* T cell phenotyping, only participants with >5 events across all depicted time points
were analyzed.
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