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Summary

In chronic lymphocytic leukaemia (CLL) the efficacy of SARS-CoV-2 vaccination
remains unclear as most studies have focused on humoral responses. Here we com-
prehensively examined humoral and cellular responses to vaccine in CLL patients.
Seroconversion was observed in 55.2% of CLL with lower rate and antibody titres in
treated patients. T-cell responses were detected in a significant fraction of patients.
CD4" and CD8" frequencies were significantly increased independent of serology
with higher levels of CD4" cells in patients under a Bruton tyrosine kinase (BTK)
or a B-cell lymphoma 2 (BCL-2) inhibitor. Vaccination skewed CD8" cells towards a
highly cytotoxic phenotype, more pronounced in seroconverted patients. A high pro-
portion of patients showed spike-specific CD4" and CD8" cells producing interferon
gamma (IFNy) and tumour necrosis factor alpha (TNFa). Patients under a BTK in-
hibitor showed increased production of IFNy and TNFa by CD4" cells. Vaccination
induced a Thl polarization reverting the Th2 CLL T-cell profile in the majority of
patients with lower IL-4 production in untreated and BTK-inhibitor-treated patients.
Such robust T-cell responses may have contributed to remarkable protection against
hospitalization and death in a cohort of 540 patients. Combining T-cell metrics with
seroprevalence may yield a more accurate measure of population immunity in CLL,
providing consequential insights for public health.
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INTRODUCTION

Patients with chronic lymphocytic leukaemia (CLL) are at
increased risk of poor COVID-19 outcomes, compared with
the general population."* Retrospective international multi-
centre cohorts of patients with CLL reported 30%-34% case
fatality rates in severe COVID-19." Accordingly, experts
have generally recommended that CLL patients should re-
ceive vaccines against SARS-CoV-2, the rapid development
of which had a major role in decreasing COVID-19-related
mortality and hospitalizations, both in clinical trials and in
nationwide studies.*’

The BNT162b2 mRNA COVID-19 vaccine that leads to
transient expression of the SARS-CoV-2 spike protein was
developed in 2020.® The phase 3 trial of the vaccine showed
around 95% efficacy in preventing symptomatic COVID-19
infection,® although data on CLL patients are limited as the
registration trials excluded participants with haematological
malignancies. Thus, the evaluation of vaccine effectiveness
against severe forms of COVID-19 in CLL remains an unmet
need.

Patients with a history of CLL may have inherent immune
defects due to the intrinsic immunosuppressive nature of
the disease, prior treatments and comorbidities, which may
hinder the efficacy of COVID-19 vaccines.” Recent evidence
indicates that antibody-mediated response to COVID vacci-
nation is impaired in patients with CLL, in both previously
untreated patients and those undergoing therapy.'”® To
date, few studies describe cellular responses to determine
immunogenicity of the SARS-CoV-2 vaccine."”™® This char-
acterization remains mainly based on interferon gamma
(IFNy)-mediated T-cell responses, although the functional
profile of T cells is certainly more diverse and the combi-
nation of functions that confer protection from infection is
uncertain.

In this work we provide a comprehensive characteriza-
tion of CD4" and CD8" T-cell-mediated responses to SARS-
CoV-2 vaccine in CLL and correlate this information with
serological findings and CLL-directed treatments. We found
that vaccination impacted specific T-cell subsets, increased
cytotoxic T-cell activation and influenced cytokine produc-
tion and polarization in CLL patients. T-cellular immunity
in CLL was present in seronegative patients and was affected
by specific CLL-directed treatments. The findings have
significant implications for immunity against secondary
COVID-19 in a fragile setting.

METHODS
Sample collection

Peripheral blood (PB) samples were collected in heparin-
coated tubes (BD Vacutainer) before anti-SARS-CoV-2 vac-
cine administration and 6-142days after the second dose.
Non-heparinized tubes were used for collection of sera. PB
mononuclear cells (PBMCs) were isolated from heparinized

blood of CLL patients by Ficoll density gradient centrifuga-
tion (Nycomed). Isolated PBMCs were then cryopreserved in
cell recovery medium [20% dimethyl sulphoxide (DMSO),
80% heat-inactivated fetal bovine serum] and stored at
—-80°C until use. All the studies were performed on frozen
samples.

Serological analysis

Blood serum samples were tested for the presence of anti-
spike IgG antibodies using the LIAISON® SARS-CoV-2
TrimericS I1gG (DiaSorin) chemiluminescence immunoas-
say. The test was performed on the LIAISON XL analyser
according to the manufacturer's instructions. The chemilu-
minescent signal measured by a photomultiplier in relative
light units is proportional to the concentration of anti-spike
antibodies in the samples expressed in arbitrary units (AU/
ml). The analyser automatically calculates the levels of anti-
spike IgG antibodies in binding antibody units per ml (BAU/
ml). Samples with an antibody concentration greater than
33.8 BAU/ml were considered positive.

Flow cytometry analysis

Peripheral blood mononuclear cells from CLL patients
were stained with the following antibodies: APC-anti-CD2,
PacificBlue-anti-CD3, = PC7-anti-CD4, FITC-anti-CDS8,
KromeOrange-anti-CD45 (Beckman Coulter). PB cells were
also stained with Beckman Coulter antibody PC7-anti-CD27,
FITC-anti-CD57 and PE-TexasRed-anti-CD45RA (eBiosci-
ence). Multiparametric flow cytometry was used to define and
analyse the CD4" and CD8" T-cell compartments, including
naive (CD45RACD27"), central memory (CD27 CD45RA"),
effector memory (CD27 CD45RA"), and effector memory T
cells that re-express CD45RA (EMRA) (CD27 CD45RA")
T cells. In addition, for SARS-CoV-2-specific B cells, we
stained FITC-CD19" B cells with recombinant SARS-CoV-2
spike-prot (HEK)-biotin plus anti-biotin-PECY7, accord-
ing to the manufacturer's instructions. Cells were acquired
with a Navios EX Flow Cytometer (Beckman Coulter) and
analysed using Kaluza Analysis Software (Beckman Coulter).
For IC-FACS (fluorescence-activated cell sorting) analysis
(cytokines), cells were first stained with surface antibodies
PC5.5-anti-CD4 (Beckman Coulter) and Alexa-Fluor780-
anti-CD8 (eBioscience) and then fixed/permeabilized for
intracellular staining of cytokines using APC-anti-IFNy,
PECY7-anti-IL-4, and FITC-anti-TNFa (eBioscience).

For CD4" T-cell polarization analysis, PBMCs from CLL
patients were stained with the following antibodies: Per CP-
Cy5.5-anti- CD3, APC/Cyanine7-anti-HLA-DR, PE-Cy7-
anti-CD45RO (Biolegend), FITC-anti-CD8 (Miltenyi Biotec),
BV650-anti-CD4, PE-CF594-anti-CD25, BV786-anti-CD27,
BV605-anti-CD38, Alexa Fluor® 647-anti-CD127, Alexa
Fluor 700-anti-CD183, PE-anti-CD196 (CCR6), and BV421-
anti-CD197 (CCR7) (BD Biosciences). Cell acquisition



SORCINIET AL.

BJHaem

and analysis were performed using FACS CANTO (BD
Biosciences).

SARS-CoV-2 spike stimulation

Peripheral blood mononuclear cells (5% 10°) isolated from
CLL patients were stimulated to evaluate the presence
of specific SARS-CoV-2 T cells. For each patient we per-
formed SARS-CoV-2-specific T stimulation (PepTivator
SARS-CoV-2 Prot_S; Miltenyi Biotec 0.6 nmol/ml), DMSO
(negative control) and PMA/ionomycin (eBioscience™ Cell
Stimulation Cocktail) (positive control) for 6 h. We added
Brefeldin A (1 pg/ml) after 2 h and then incubated for a fur-
ther 4 h. Then, cells were collected and stained for cytokine
production or T-cell polarization. Only patients with a posi-
tive response to PMA/ionomycin stimulation were included
in the analysis. The values obtained in the DMSO well
were subtracted from those of the SARS-CoV-2-specific-
stimulated well to obtain the values reported in the graphs.

Statistical analysis

Statistical analyses were performed with the GraphPad Prism
software (GraphPad Software, Inc.). The non-parametric
Mann-Whitney U-test was used for comparisons between
two independent groups, for example in serological stud-
ies, T-cell and T-cell subset studies. The Wilcoxon signed-
rank test was used for pairwise group comparisons such as
in studies regarding cytokines production and T-cell po-
larization. Correlation analysis was performed by using the
Spearman’s correlation coefficient (p). Results were consid-
ered statistically significant when p was less than 0.05, and
otherwise were indicated as not significant (N.S.).

RESULTS

Impaired SARS-CoV-2 antibody responses to
vaccination in CLL patients

A total of 134 CLL patients were enrolled in the study. The
median age was 70years (range 30-93) and 89 (66.4%) were
male (patient baseline demographic and disease character-
istics are summarized in Table S1). Most of the participants
received an mRNA-based COVID-19 vaccine (94.8%) with
the remainder (5.2%) receiving an adenoviral vaccine. The
efficacy of vaccination in terms of seroconversion was as-
sessed in infection-naive patients by measuring responses
after a median of 20 days (range 6-142 days) from the second
vaccine dose.

Serological analysis revealed detectable levels of SARS-
CoV-2 antibodies in 55.2% of CLL patients with a median
anti-spike IgG response of 396 BAU/ml (range 36.4-14500)
(Figure S1, left panel). The percentage of seroconversion was
57.8% when restricting the analysis to 109 patients analysed
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in the window period of 14-30 days and 47.8% in the remain-
ing CLL analysed at longer time-points. As a comparator, we
analysed a cohort of 100 chronic myeloid leukaemia (CML)
patients, a chronic haematological malignancy previously
described to produce a humoral response in a high propor-
tion of patients.'*'>?® SARS-CoV-2 antibodies were found
in 90.0% of CML patients with a median anti-spike IgG re-
sponse of 1350 BAU/ml (range 37.4-17 100) (Figure S1, right
panel). Our data showed that in CLL compared to CML anti-
SARS-CoV-2 vaccine response is significantly lower (mean
1191+297.2 BAU/ml vs. 2027 +282.9 BAU/ml; p<0.0001)
(Figure 1A, left panel).

CLL patient responsiveness to vaccination was further
validated by a bead-based flow cytometric immunoassay
evaluating the percentage of SARS-CoV-2-specific B cells
in 14 serologically positive and 16 serologically negative
selected patients. SARS-CoV-2 spike protein Sl subunit
staining of CD19" cells was significantly higher in sero-
converted patients compared to serologically negative CLL
(1.72+£0.55% vs. 0.12+0.05%; p<0.0001) (Figure S2A). No
correlation was observed between the levels of anti-spike
IgG and SARS-CoV-2 specific B-cell percentages in serolog-
ically positive CLL (Figure S2B).

Antibody titres were further assessed in relation to CLL
treatment status dividing patients into four groups in-
cluding untreated (N = 60), BTK inhibitor (BTKi, N = 31),
BCL-2 inhibitor (BCL2i, N = 20), and chemoimmunotherapy
(Chemo, N = 23) treated patients. The vast majority of pa-
tients in BTKi (N = 29) and BCL2i (N = 16) subgroups were
under active treatment while only eight out of 23 patients
were on active chemoimmunotherapeutic treatment. This
analysis demonstrated that the humoral response was more
frequent in untreated CLL (76.7%) than in patients exposed
to a BTKi (35.5%), BCL2i (30.0%) and chemoimmunother-
apy (47.8%) (Figure S3). Seroconversion rate was reduced to
37.5% when considering patients under active chemoimmu-
notherapy. Moreover, means of antibody titres in seroposi-
tive patients were higher in untreated patients (1488 +443.8
BAU/ml), compared to CLL on BTKi (728.5+498.8 BAU/ml;
p = 0.0311), BCL2i (184.3+93.08 BAU/m]; p = 0.0068) and
chemoimmunotherapy (1027+503.3 BAU/ml; p = 0.2307)
(Figure 1A, right panel). Previous treatment with anti-CD20
therapies reduced the chances of developing a humoral re-
sponse to COVID-19 vaccine (22/55 seropositive patients,
40%), particularly in patients exposed to anti-CD20 within
less than 12 months before vaccination (2/8 seropositive pa-
tients, 25%) (Figure S4). These data indicate that antibody
responses were lower during active treatment and after ex-
posure to anti-CD20 therapy.

We did not find statistically significant associations be-
tween antibody response and sex, Binet stage (for untreated
patients), cytogenetics, NOTCHI and TP53 mutational sta-
tus (Table S2). A statistically significant association was
observed with age. Patients aged <70years showed anti-
body titres significantly higher (1747+530.8 BAU/ml vs.
603.3+212.4 BAU/ml; p = 0.012) compared with older pa-
tients (=70years) (Table S2). Moreover, the percentage and
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FIGURE 1
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Humoral response and T-cell levels after SARS-CoV-2 vaccination in CLL. (A) Left panel, anti-SARS-CoV-2 antibody levels in

seroconverted patients with CLL (n = 74) or chronic myeloid leukaemia (CML) (n = 90). Right panel, anti-SARS-CoV-2 antibody titres in CLL
seroconverted patients from untreated (N = 46), Bruton tyrosine kinase inhibitor (BTKi) (N = 11), B-cell lymphoma 2 inhibitor BCL2i (N = 6), and chemo
(n =11) subgroups. (B) Frequency of CD4" (left) and CD8" (right) T cells within the CD2"CD3" T-cell compartment in CLL patients before (pre) and
after (post) vaccine administration. (C) Frequency of CD4" (left) and CD8" (right) T cells within the CD2*CD3" T-cell compartment, in seronegative
(Ab-) and seropositive (Ab+) CLL patients before (pre) and after (post) vaccine administration. (D) Flow-cytometric analysis of CD4" and CD8" T cells
within the CD2*CD3" T-cell compartment in CLL patients per treatment status before (pre) and after (post) vaccine administration. Representative plots
are shown in the left panel. Right panel, frequency of CD4" (upper) and CD8" (bottom) in each treatment subgroup of CLL patients. Data are presented
as scatter dot plots and the mean values (horizontal lines) are shown. p value (Mann-Whitney test) is reported above each comparison. CLL, chronic

lymphocytic leukaemia; N.S., not significant

antibody titres of responders were higher in the IGHV-
mutated compared to IGHV-unmutated patients (62.9%
vs. 44.4%; 1478 +518.7 BAU/ml vs. 654+226.7 BAU/ml;
p = 0.4313) (Table S2) although this finding did not reach
statistical significance.

SARS-CoV-2 vaccination induced alterations of
CD4" and CD8" T-cell frequencies and subset
composition in CLL

To assess the cellular immunogenicity of the SARS-CoV-2
vaccine in CLL, we evaluated the percentages of different
CD4" and CD8" T-cell subsets in PB samples from 62 pa-
tients collected before vaccine and after administration of
the second dose. Not all experiments were performed on
each patient's serial sample; therefore, the actual N for each
experiment was less than 40.

As shown in Figure 1B, we observed a significant increase
in total CD4" and CD8" frequencies following vaccination
(from 6.44+0.76% to 13.25+2.02% and from 6.85+1.10% to
15.80+2.59%; p = 0.0114 and p = 0.0033 respectively). These
T-cell changes were independent of the serological status
as CD4" and CD8" populations were increased either in
patients developing or not developing an antibody (Ab) re-
sponse to SARS-CoV-2 (Ab+ and Ab— patients respectively)
(Figure 1C). Conversely, variation of T cells in response to
vaccine was influenced by CLL-directed treatments. The in-
crease in CD4" cells was significantly pronounced in patients
under targeted therapy with either a BTK or a BCL-2 inhibi-
tor (from 6.08 +1.31% to 15.47 +4.03% and from 9.97 + 1.68%
to 23.78 +5.54% respectively; p = 0.0328 and p = 0.0148 re-
spectively) while untreated patients and those exposed to
chemoimmunotherapy showed a not significant increase
tendency (from 3.42+1.06% to 6.90+1.90% and from
8.59+1.48% to 11.36+3.79% respectively) (Figure 1D). After
vaccination, CD8" cells were 3.3-log increased in untreated
CLL (from 2.05+0.37% to 10.70+3.69%, p = 0.0356) and
1.27-log increased in patients under BCL-2 inhibitor-based
therapy (from 11.46 +2.43% to 22.19+3.50%, p = 0.05), while
BTK inhibition and chemoimmunotherapy exposure did
not significantly affect this T-cell population (Figure 1D).

Both CD4" and CD8" T cells were categorized into
naive (Naive; CD45RATCD27"), central memory (CM;
CD45RA™CD27"), effector memory (EM; CD45RA™CD27")
and CD45RA" effector memory T (EMRA; CD45RACD27")
cells.”! Although the percentage of the investigated CD4"

and CD8" T-cell subsets did not significantly change from
pre- to postvaccination in the full cohort of 62 CLL patients
(Figure S5), we found differences when patients were strat-
ified for the humoral response or CLL-directed treatments.
Specifically, after vaccination, Ab— patients displayed a
reduction of CD4" Naive T cells (from 23.65+4.17% to
12.33+2.20%) that results significantly lower when com-
pared to the same population of Ab+ patients (12.33+2.20%
vs. 25.64+3.43, p = 0.029; Figure S6A). Moreover, CD8"
Naive T cells were significantly 1.22-log increased (from
12.33+2.23% to 21.45+4.08%; p = 0.036; Figure S6B).
Vaccination did not induce any significant effect in the
other examined T-cell subset either in Ab— or Ab+ patients
(Figure S6A,B). Furthermore, in patients stratified for CLL-
directed treatments, we documented a significant 1.31-log
expansion of the CD8" Naive T-cell compartment between
pre- and postvaccine samples in patients under a BTK inhib-
itor (from 12.4 £4.1% t0 26.8 + 5.1%, p = 0.0356) (Figure S7B).

Interestingly, alterations in some of the investigated T-
cell subsets were already present before vaccine adminis-
tration in CLL patients under a BCL-2 inhibitor, displaying
a significant reduction of CD4" Naive cells and the expan-
sion of EM cells compared to untreated CLL (31.38 +4% vs.
14.97 £3.97% and 22.34+4.09% vs. 33.44+8.34%; p = 0.0116
and p = 0.0485 respectively) (Figure S8A). When compar-
ing postvaccination samples, we confirmed expanded CD4"
EM cells in BCL-2-inhibitor-treated versus untreated CLL
while both CD4" and CD8" CM were higher in all CLL-
directed treatment groups compared to untreated patients
(Figure S7A,B).

SARS-CoV-2 vaccination skewed CD8" T-cell
response towards a terminally differentiated
CD8'CD27 CD57" high cytotoxic phenotype

CD8" cells have been characterized for the expression of
CD57 and CD27 markers, in order to further separate these
T cells into functionally distinct subsets. Concomitant loss
of CD27 and expression of CD57 on CD8" T cells is observed
during prolonged stimulation and is associated with a fully
differentiated effector phenotype.?? This allowed classifying
CD8" T cells into early differentiated (CD27" CD57") cells
that can proliferate and differentiate into terminally differ-
entiated (CD27 CD57") highly cytotoxic T cells with high
expression of perforin and granzyme B, generated during
chronic immune activation.
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SARS-CoV-2 vaccination induced a significant decrease
of early differentiated CD8"CD27°CD57" T cells (from
11.28 £1.59% to 4.43+0.63%, p<0.0001) and a reduction of
terminally differentiated CD8"CD27 CD57" T cells (from
48.32+2.97% to 40.35+£3.03%, p = 0.0913) (Figure 2A).
These changes determined a significant increase of the ratio
between terminally and early differentiated CD8" cells (from
7.71+1.14 to 19.39 £3.23, p = 0.0023) (Figure 2B), indicating
that SARS-CoV-2 vaccination skewed CD8" cells towards a
highly cytotoxic phenotype.

Interestingly, patients who developed antibodies after
SARS-CoV-2 vaccine showed a significantly higher fre-
quency of early differentiated T cells (Ab— 8.01+1.08% vs.
Ab+ 15.53+2.95%; p = 0.0284) and a low frequency of ter-
minally differentiated T cells (Ab— 53.65+4.19% vs. Ab+
41.59 +3.64%; p = 0.0367) even before vaccination compared
to seronegative patients (Figure 2C). As expected, after vac-
cination a significant reduction of early differentiated T cells
was observed either in Ab— and Ab+ patients (Figure 2C).

Upon vaccination, the ratio between terminally and early
differentiated CD8" cells was significantly increased in both
Ab- and Ab+ patients, the latter displaying the higher mag-
nitude (from 9.396 +1.71 to 22.8 +4.602 and from 5.2 +1.250
to 18.7 £ 5.4 respectively) (Figure 2D) suggesting a potential
correlation between T-cell differentiation capacity and anti-
bodies responses.

SARS-CoV-2 spike peptide stimulation induced
changes in cytokine production by CLL T cells

To better characterize T-cell immune responses induced by
vaccination, we analysed cytokine-producing T-cell popu-
lations, after a median of 30days (range 10-142) following
the second dose of vaccine. For this purpose, we used mul-
tiparameter intracellular FACS analysis to determine the
phenotypic characteristics of the cytokine-producing T-cell
populations.
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Cryopreserved PBMCs from 39 CLL patients were
stimulated with a panel of SARS-CoV-2 spike-spanning
peptide-pools and analysed for intracellular cytokines
IFNy, TNFa, to determine the functional activity of CD4"
and CD8" T-cell responses. PMA/ionomycin stimulation
was used as a positive control for T-cell activation and
DMSO to define the baseline level of cytokine production.
One patient with no PMA/ionomycin response was ex-
cluded from the analysis.

After vaccination, median frequencies of spike-specific
CD4" and CD8" T cells producing IFNy were 0.46% (range
0%-7.86%) and 0.70% (range 0%-43.99%) respectively
(Figure 3A). Median percentages of TNFa produced by
CD4" and CD8" T cells were 0.47% (range 0%-15.27%) and
0.12% (range 0%-52.4%) respectively (Figure 3A). Increase
of this cytokine production was significantly higher than in
DMSO control.

Based on the background level of cytokines in DMSO
controls, we set 0.2% as the cut-off level for identifying pos-
itive T-cell immunity against SARS-CoV-2. We found that
either CD4" or CD8" T cells from 26 out of 38 (68.4%) vac-
cinated patients produced IFNy after stimulation with spike
SARS-CoV-2 peptide-pools (Table S3). CD4" TNFa posi-
tivity was observed in 23/38 (60.5%) patients whereas only
15/38 (39.5%) patients showed CD8 " TNFa-positive cells over
the cut-off level of 0.2%. These data revealed spike-specific
T-cell responses to vaccine in a significant fraction of CLL
patients.

Analysis of CLL treatment subgroups revealed a
CD4'IFNYy positivity in 8/10 (80%) patients who were on a
BTK inhibitor, whereas only 3/7 (42.9%) patients on BCL-2
inhibitor developed T-cell immunity. CD4*"IFNy pos-
itivity was found in 9/13 (69.2%) untreated patients and
6/8 (75.0%) patients treated with chemoimmunotherapy
(Table S3). Positive SARS-CoV-2-specific CD4 " TNFa" cell
responses were detected in 9/10 (90.0%) patients treated
with a BTK inhibitor, in 5/7 (71.4%) patients treated with
a BCL-2 inhibitor, in 2/8 (25.0%) patients treated with
chemotherapy and in 7/13 (53.8%) untreated patients
(Table S3).

Notably, we found a significantly higher production of
IFNy and TNFa by CD4" cells in patients under BTK in-
hibitor compared to other treatments (Figure 3B). Cytokine
levels in CD8" cells were not influenced by CLL treatment
(Figure S9).

Moreover, we detected positivity for at least one cytokine
in either CD4" or CD8" in 20/21 (95.2%) Ab— and in 15/17
(88.2%) Ab+ patients, indicating a high response rate even
in the absence of seroconversion (no cytokine production in
1/21 and 2/17 Ab— and Ab+ patients respectively, Table S3).
IFNy and TNFa positivity in both CD4" and CD8" was de-
tected in 6/38 (15.8%) patients, four of whom were on a BTK
inhibitor. Overall, 40% of patients treated with a BTK in-
hibitor had a complete cytokine response to SARS-CoV-2
peptides. Only three individuals (7.9%) showed no T-cellular
response and one was defined ‘double negative’ with neither
a cellular nor a humoral response after vaccination.

BRITISH JOURNAL OF HAEMATOLOGY

SARS-Cov-2 vaccination induced polarization of
spike-specific CD4" T cells towards a Th1 profile

Given the role of CD4" T helper (Th) cell subsets in immune
response to viral infections, we next explored the functional
polarization, induced by vaccination, of SARS-CoV-2-
specific CD4" T cells into Th1 or Th2 subsets, by first ana-
lysing the expression of CCR6 and CD183 markers.”

Of 29 analysed patients, 24 showed a significant 1.28-log
increase of CD4"CCR6 CD183" Th1 cells after SARS-CoV-2
spike peptide stimulation compared to DMSO (Figure 4A).
In keeping with these data, we also found an increased pro-
duction of IFNy and TNFa by CD4" cells, further support-
ing a Thl polarized response induced by vaccine (Figure 4B).
Consistently, we identified a significant impairment of
the Th2 profile in 20/28 patients showing a reduction of
CD4"CCR6 CDI83” and a decrease of IL-4-producing
CD4" cells percentages compared to DMSO (Figure 4C;
Table S4). Altered Th1/Th2 polarization was not influenced
by either the serological status or CLL treatments (Table S4).
Nevertheless, we detected a decreased IL-4 production in
untreated and BTK-inhibitor-treated patients after SARS-
CoV-2 spike peptide stimulation, indicating a more pro-
nounced Thl response in these subgroups (Figure 4D). We
also analysed Th17 and Treg subsets and did not find differ-
ences between SARS-CoV-2-specific stimulation and DMSO
(Figure S10; Table S4).

Altogether these data demonstrated that the vaccine
modulated the Th1/Th2 balance towards the development
of a Th1 phenotype,** thus allowing an antiviral response by
T-cell compartment.

Characteristics of pre- and postvaccination
illness in CLL patients

We examined frequency, hospitalization and mortality
rates of COVID-19 infection during two distinct coronavi-
rus waves comparing data for patients from October 2020
through May 2021 (prevaccination wave) to those from
August 2021 through March 2022 (postvaccination wave).
Patients were considered fully vaccinated after having re-
ceived two doses of mRNA vaccine.

In a cohort of 540 CLL patients followed at our institu-
tion, the frequency of COVID-19 before the introduction
of vaccines was similar to that of the postvaccination phase
(2.6% vs. 2.4% respectively). Hospitalization due to severe
COVID-19 in the second time period was reduced to 38.4%
(5/13 positive patients) compared to 78.5% (11/14 positive
patients) in the first time period, when the vaccine was not
available. In the second observation period, three patients
received monoclonal antibodies and one antiviral therapy
with molnupiravir. Corticosteroids were widely applied in
both waves. Information on the COVID variant was not
available, although it is known that delta prevailed in the
prevaccine phase while omicron in the postvaccine phase.
The rate of deaths attributed to COVID-19 infection was
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significantly reduced from 57.1% (8/14) to 7.7% (1/13), pro-
viding evidence in favour of vaccination for these patients.

DISCUSSION

The adaptive immune system comprises two major
branches that respond to infection and vaccine adminis-
tration through distinct but overlapping mechanisms.**’
The induction of appropriate immune responses by a vac-
cination is crucial for an effective protection against path-
ogen invasion.

In this study, we assessed responses of different branches
of adaptive immunity (humoral immunity and CD4" and
CD8" T cells) in a cohort of CLL patients who received the
SARS-CoV-2 vaccine at a single academic medical centre.

Altered responses to COVID-19 vaccines have been
described already in the CLL population, although this
characterization was mainly based on humoral responses
after mRNA vaccines.'’™* B-cell defects and frequent hy-
pogammaglobulinaemia have been considered leading
causes of impaired serological responses to antibacte-
rial®® or antiviral®**” vaccines in CLL. Our results indi-
cate that almost half (44.8%) of patients in our cohort were
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seronegative after vaccination, confirming low overall
serological responses seen in previously published re-
ports of 40%-64%.""" In a systematic review and meta-
analysis of 12 studies including around 1500 CLL patients,
pooled seropositivity rates were 51% following two doses
of COVID-19 vaccine.”

In our cohort, the levels of SARS-CoV-2 antibodies were
relatively low, compared to those in participants of a pro-
spective observational study conducted among vaccinated
healthcare workers used as reference.”** Here, we also
provided data showing that COVID-19 vaccination gen-
erated robust humoral immunity in 90% of CML patients
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with higher antibody titres compared to CLL patients. These
findings support previous observation that patients with
CLL have the lowest rate of seropositivity among leukaemia
patients.15

Our analysis demonstrated that untreated CLL patients
were more likely to test SARS-CoV-2 seropositive than pa-
tients exposed to therapy, indicating that a poor humoral
response was compounded by immunosuppression related
to chemotherapy, targeted agents and B-cell-depleting treat-
ments such as CD-20 monoclonal antibodies. This negative
impact of CLL treatment on COVID-19 vaccine responses
was noted in subgroup analyses of published studies.'™'®"’
Shen et al. reported a strong association with vaccina-
tion failure in 74.4% of patients treated within the last
12 months." Rates of seropositivity were lower in the setting
of active treatment with either a BTK or a BCL-2 inhibitor'
while the lowest response rate was reported in the setting of
anti-CD20 monoclonal antibody therapy.'® Indeed, CD20-
targeting agents, by producing a decrease in B lymphocytes,
represent a risk factor for severe COVID-19 infections.

Besides antibody production, many studies have shown
that T-cell responses are associated with reduced disease in
COVID-19 patients, suggesting the importance of SARS-
CoV-2-specific CD4" and CD8" T-cell responses for ef-
fective protective immunity.”>>> The spike protein is the
SARS-CoV-2 component of both mRNA and adenovirus-
based vaccines and is a good target for CD4" and CD8"
T-cell responses.***>* To date, there are limited data on T-
cell immunity following SARS-CoV-2 vaccination of many
immuno-compromised patient groups including CLL."***
Here, we collected PB samples from individuals prior to
and after vaccination to ascertain how T-cellular immune
response emerged after SARS-CoV-2 vaccine. We identified
significant increases in both CD4" and CD8" total T-cell fre-
quencies following vaccine administration in CLL patients
independently of the serological status. As shown in previ-
ous studies, the magnitude of CD4" and CD8" T-cell expan-
sion depends on the amount of antigen available, as happens
in the vaccine-induced response.****™* In our study, the
expanded T cells found in vaccinated CLL patients repre-
sent evidence of immune response to the vaccine, suggesting
that patients who suffer from insufficient humoral response
might still benefit from vaccination due to the cellular im-
mune responses.

This expansion of total CD4" and CD8" T cells was influ-
enced by CLL-targeted treatments. In BTK-inhibitor-treated
patients, we detected a strong increase of CD4" cells com-
pared to other groups after vaccine administration. This is
in line with previous data showing that ibrutinib treatment
increases numbers of both CD4" and CD8" T cells that lack
the typical immunophenotypic features of CLL-exhausted T
cells.** Thus, despite the impaired humoral response, ibru-
tinib may contribute to preserve a certain degree of immu-
nization through T-cell activity. We also found that BCL-2
inhibitor treatment induced a strong CD4" T-cell expansion
and the highest increase of CD8" T-cell frequency after vac-
cination. In contrast to our findings, Ludwig et al. reported

that venetoclax treatment reshapes the immune system lead-
ing to a decrease in circulating T-cell numbers in mice.*’
Additionally, ex vivo and in vivo BCL-2 inhibition led to
shifting of global T-cell populations towards a more mem-
ory T-cell state with increased expression of BCL-2, BCL-XL,
and MCL-1.”

Consistently, our in-depth characterization of T-cell sub-
populations showed that before vaccination there was a lower
frequency of CD4" Naive T cells and an expansion of EM
T cells in BCL-2-inhibitor-treated compared to untreated
patients. Similar changes in these cell subsets were also ob-
served after vaccination, suggesting that the poor response
to vaccine in venetoclax-treated patients was associated not
only with a poor humoral response, but even with alterations
in some specific T-cell compartments prior to vaccination.

In CLL patients, the T-cell compartment is dysfunctional
as CLL cells determine a chronic stimulation of T cells that
leads to a terminally differentiated and an exhausted T-cell
phenotype.***** Under persistent antigenic stimulation
such as vaccine, early differentiated CD8"CD27'CD57" T
cells are able to proliferate and differentiate into the most
potent effector terminally differentiated CD8*CD27 CD57"
T cells.”” Our data showed that CD8" T cells were skewed
towards a terminally differentiated phenotype that further
expanded after the second dose of vaccination, compatible
with the antigen stimulation.

Notably the ratio between terminally and early differenti-
ated CD8" T cells was increased both in patients developing
and not developing antibodies after vaccination. These re-
sults suggest that CLL patients showing both humoral and
T-cell responses could be those who will better control a po-
tential COVID-19 infection. However, even in seronegative
patients, the induction of a T cell-mediated cytotoxicity by
vaccination could be important, given the crucial role of cel-
lular immunity for the viral clearance.

Our data also demonstrated the presence of functional
spike-specific T-cell responses to vaccine, due to an in-
crease of CD4" T cells producing either IFNy or TNFa, in
a significant fraction of CLL patients. These findings are
in line with previous data indicating that the presence of
anti-spike antibodies depends on spike-specific CD4" T
cells.***® Additionally, we found a more prominent CD4"
T-cell response to SARS-CoV-2 vaccination than CD8" T-
cell responses, confirming previous findings.** This cellular
response was independent of the serological status as T-cell
responses were elicited in the absence or presence of circulat-
ing antibodies, consistent with a non-redundant role as key
determinants of immune protection against COVID-19.%
This contribution of a T-cellular response to vaccination
might implement the compromised humoral immunity pro-
tection against various current and emerging SARS-CoV-2
variants.*’

This study showed that CLL-directed treatments influ-
enced the magnitude of spike-specific T-cell responses to
vaccine. Analysis on CLL treatment subgroups revealed a
significantly higher production of IFNy and TNFa by CD4"
T cells in patients under a BTK inhibitor compared to other
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treatments, while cytokine levels in CD8" T cells were not
influenced by CLL treatment. Published reports suggested a
potential benefit from ibrutinib and acalabrutinib treatment
in people with severe COVID-19 infection.” In fact, ibruti-
nib treatment overcomes the negative impact of CLL on the
cellular immunity** and could play an anti-COVID-19 effect
by modulating cytokines and T cells.”® In our study, the rel-
atively low numbers of patients in each treatment subgroup
do not allow to draw definite conclusions in favour of a spe-
cific CLL therapeutic choice during the pandemic.

Recent evidence demonstrated that ibrutinib restores
T-cell number and function in CLL patients by binding
interleukin-2-inducible kinase (ITK) and by reducing the
expression of exhaustion and inhibitory markers such as
PD-1 and CTLA-4.** The ITK binding subverts Th2 im-
munity thereby potentiating Th1-based immune responses.
Generally, CLL cells produce IL-6 and stimulate IL-4 pro-
duction by T cells, skewing the immune system towards a
Th2 phenotype.***"> Less severe cases of SARS were asso-
ciated with accelerated induction of a Th1 cell response,*®™*
whereas Th2 cell responses have been associated with en-
hancement of lung disease following infection in hosts
parenterally vaccinated with inactivated SARS-CoV-2 viral
vaccines.”*”® Thus, an ideal COVID-19 vaccine should be
able to induce a Thl cell-like phenotype. Here, we demon-
strated a significant expansion of Thl cells after SARS-
CoV-2 spike peptide stimulation supported by an increased
production of IFNy and TNFa cytokines by CD4" cells. In
addition, vaccinated CLL patients showed a significant im-
pairment of the Th2 profile documented by a decrease of
IL-4-producing CD4" T cells. Interestingly, untreated and
ibrutinib-treated CLL showed the most relevant reduction
of antigen-specific IL-4 producing Th2 cells and higher
Thl cytokines than other treatment groups, demonstrating
that ibrutinib treatment may potentiate Thl-based immune
responses to SARS-CoV-2 vaccination. Further studies in
larger cohorts of vaccinated CLL are needed to confirm this
Thl subset skewing in BTK-inhibitor-treated patients.

Overall, our study showed that although CLL patients did
not develop a complete serological response to SARS-CoV-2
vaccination, a significant fraction of patients showed a T-
cellular response mediated by both terminally differentiated
CD8" T cells and functional Th1 cells. T-cell responses were
influenced by different CLL treatments with patients under
a BTK inhibitor displaying higher IFNy and TNFa produc-
tion in CD4" cells than in others. However, more evidence is
needed to support potential implications for the therapeutic
choice for CLL patients during the COVID-19 vaccination
era, given the small number of patients analysed in each
treatment subgroup. Combining T-cell metrics with sero-
prevalence may yield a more accurate measure of protective
immunity in CLL patients providing consequential insights
for public health.
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