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Abstract

We assessed the humoral and cellular response to the fourth BNT162b2 mRNA
COVID-19 vaccine dose in patients with CLL. A total of 67 patients with CLL and
85 age matched controls tested for serologic response and pseudo-neutralization
assay. We also tested the functional T-cell response by interferon gamma (IFNy) to
spike protein in 26 patients. Two weeks after the fourth vaccine antibody serologic
response was evident in 37 (55.2%) patients with CLL, 20 /22 (91%) of treatment
naive, and 9/32 (28%) patients with ongoing therapy, compared with 100% serologic
response in age matched controls. The antibody titer increased by 10-fold in patients
with CLL, however, still 88-folds lower than age matched controls. Predictors of bet-
ter chances of post fourth vaccination serologic response were previous positive
serologies after second, third, and pre-fourth vaccination, neutralizing assay, and
treatment naive patients. T-cell response improved from 42.3% before the fourth
vaccine to 84.6% 2 weeks afterwards. During the time period of 3 months after the
fourth vaccination, 14 patients (21%) developed COVID-19 infection, all recovered
uneventfully. Our data demonstrate that fourth SARS-CoV-2 vaccination improves
serologic response in patients with CLL to a lesser extent than healthy controls and

induces functional T-cell response.
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Novelty Statements

1. What is the NEW aspect of your work?This is the first report of cellular and humoral
response to the fourth BNT162b2 mRNA COVID-19 vaccine dose in patients with chronic
lymphocytic leukemia. Anti-spike antibody correlation with pseudo-typed virus neutralizing
titers, comparison of the serologic response with age matched control and short-term out-
come are also presented.
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1 | INTRODUCTION

Since the beginning of the COVID-19 pandemic, multiple waves have
led to more than six million deaths globally. Particularly at risk are the
elderly and individuals with comorbidities.* The rapid development of
mRNA vaccination and its worldwide deployment proved to be a suc-
cessful factor in reducing the disease burden and infectivity.2™* How-
ever, the decline in the vaccination's protection over time and the
emergence of resistant variants required a booster dose to restore
serologic response.>® Patients with chronic lymphocytic leukemia
(CLL) are in a high risk of severe disease and mortality due to impaired
cellular and humoral response related to the disease and its therapy.”
In effect, these patients' antibody response rate is reduced post
SARS-CoV-2 infection and in response to COVID-19 vaccination.?

In November 2021, the Omicron (B.1.1.529) SARS-CoV-2 variant
emerged, causing a steep increase in community infection. This vari-
ant is reported to have various mutations in the receptor binding
domain (RBD) that leads to breakthrough infection in fully vaccinated
people. Although the Omicron variant was found to have lower risk
for a severe disease, its high transmissibility rate has led to a high

h.2% A second booster vaccine was found to be immu-

cumulative deat
nogenic, safe, and efficacious primarily against symptomatic
disease.'X"*2 In January 2022, the Israeli Ministry of Health approved
the fourth Pfizer and Moderna mRNA vaccines for the elderly, health
care workers, and caregivers of individuals who belong to high-risk
groups. The FDA approval followed in March 2022. Considering the
progression of events depicted above, we decided to evaluate the
serologic and cellular response to a fourth BNT162b2 mRNA COVID-
19 vaccine in patients with CLL. This evaluation can broaden our
ongoing understanding of repeated booster and assist in better

modeling the treatment for this group of high-risk patients.

2 | METHODS

This prospective study investigates the efficacy of fourth BNT162b2
mRNA COVID-19 vaccine in patients with CLL/SLL, who are followed
up at the Chaim Sheba Medical Centre. The study was approved by
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2. What is the CENTRAL finding of your work?Serologic response after the fourth vaccine dose
was evident in 55% of patients with CLL and 100% in age matched controls. Titers increased
by 10-fold in patients with CLL, still 88-fold lower than in the controls. Predictors of better
serologic response were positive serologies after previous vaccinations, neutralizing assay,
and treatment naive patients. T-cell response was evident in 84.6% of patients, twice as high
as before the fourth vaccine dose.

3. What is (or could be) the SPECIFIC clinical relevance of your work?The fourth BNT162b2
mRNA COVID-19 vaccine dose has a clear positive impact on the serologic response as well
as functional T-cell response in patients with CLL. Yet, anti-spike titers are much reduced

compared to age matched controls.

the Institutional Review Board. All subjects provided informed con-
sent and were vaccinated through a national Israeli vaccination pro-
gram of administering a fourth vaccine dose to individuals aged
60 years and older and immunocompromised subjects. Eligibility cri-
teria for the study included diagnosis of CLL/SLL per the guidelines
of the International Workshop on Chronic Lymphocytic Leukemia
for ages 18 years or older.?* Elderly individuals in long term care
facilities and community residences served as a control group and
signed informed consent. Blood serum samples of patients with
CLL/SLL and control subjects were collected before and 2 weeks
after the administration of the fourth vaccine. The primary end
point was the proportion increase of anti-SARS-CoV-2 S antibodies,
neutralizing antibodies and T-cell response. Other endpoints
included safety, factors affecting response, short term COVID19
infection rate and outcome.

21 | Serological response assay

Serum samples were evaluated for immunoglobulin G (IgG), aimed at
the SARS-CoV-2 S protein receptor-binding domain (RBD), using the
commercial automatic chemiluminescent microparticle immunoassay
SARS-CoV-2 IgG Il Quant (Abbott Laboratories, Abbott Park, lllinois),
according to the manufacturer's instructions. Antibody levels were
measured in binding antibody units (BAU) as per the World Health
Organization standard measurements. This assay considered positive
concentration of 21.4 BAU/ml and higher.

2.2 | Neutralization antibody assay

A surrogate viral assay was used to test antiviral humoral response
based on a highly infectious recombinant vesicular stomatitis virus
(VSV) bearing the SARS-CoV-2 spike glycoprotein S. This recombinant
virus, rVSV-SARS-CoV-2 or SARS-CoV-2 pseudo-virus (psSARS-2),
closely resembles SARS-CoV-2 in its entry related properties. A
psSARS-2 neutralization assay was performed as previously described,
to detect SARS-CoV-2 neutralizing antibodies.’® Sera not capable of
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reducing viral replication by 50% at a 1 in 8 dilution or below were

considered non-neutralizing.

2.3 | T-cell response analysis

Functional T-cell response to BNT162b2 mRNA COVID-19 vaccine
was measured in peripheral blood collected before the vaccination
and 2 weeks after, from treatment naive and patients with ongoing
Bruton's Tyrosine Kinase inhibitor (BTKi) therapy. Interferon
gamma (IFNy) response to spike protein measured in an enzyme-
linked immunospot and a whole blood-based interferon gamma
release assay (IGRA). Whole blood was collected into sodium hepa-
rin vacutainer tubes and processed within 4 h from draw. For the
evaluation of SARS-CoV-2 Spike-specific T-cell responses, heparin-
ized whole-blood samples were stimulated ex-vivo with Spike
protein (SARS-CoV-2 IGRA stimulation tube set, Eurolmmun,
Germany), in strict adherence to the manufacture protocol. Plasma
was collected after 24 h of stimulation, and secreted IFNy was
quantified (ELISA DuoSet, R&D Systems, Minneapolis, Minnesota,
USA). Results are presented as the difference between IFNy levels
in response to Spike versus background response to no antigen
control. Values above 50 pg/ml of Spike-specific response were
considered positive.

On the day of the serologic test, all subjects were queried and
filled in a questionnaire about local or systemic adverse events that
occurred after the fourth vaccine dose. Relevant data were extracted
from the medical records and included demographic characteristics,
complete blood count, Binet stage, serum immunoglobulin levels,
mutational status of the immunoglobulin heavy chain variable (IGHV)
gene and analysis of genomic aberrations by fluorescent in situ
hybridization (FISH), and TP53 mutations whenever available.

24 | Statistical analysis

All statistical analysis and visualization were done using R statistical
computing software (version 3.6.3). Non-normal variables were
described as Median with Inter-Quartile Range (IQR). Pearson's Chi-
square test was used for testing association between two large-
sample categorical variables, and Fisher's exact test was used for test-
ing association between small-sample categorical variables. Continu-
ous variables were tested for normality using QQ-plots and Shapiro-
Wilk's tests. Some continuous variables were log-10 scaled prior to
analysis to fit normality. Correlations between normally distributed
variables were calculated using Pearson's product-moment method,
and correlation significance was calculated using F-test. Paired t-tests
were used to compare two measures from the same patient. Univari-
ate and multivariate binary logistic regression models were fitted to
determine the influence of both categorical and continuous variables
upon patients' immune response. Variables which were significantly
associated with response at a significance level p < .1 in the univariate

models were included in the multivariate analysis.
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3 | RESULTS
3.1 | Patient characteristics

From January to April 2022, this prospective study involved
67 patients with CLL/SLL who are treated in Chaim Sheba Medical

Centre and 85 age matched control subjects from home care facilities

TABLE 1 Patient baseline characteristics
Patients with
Parameter CLL (n = 67)
Age, median (IQR), y 71.46 [64.90, 75.82]
Male sex, N (%) 47 (70.1)
Time since CLL diagnosis, median (IQR), 10(7.9,14.1)

y
Time since 3rd booster (IQR), days
Binet stage,” N (%)

175 [174, 175]

A 27 (40.3)

B 3(4.5)

C 3(4.5)
R-CIRS

<6 49 (73.1)

26 18 (26.9)
IGHV mutational status, N (%)

Mutated 13 (19.4)

Unmutated 22 (32.8)

Unknown 32(47.8)
FISH, N (%)

Normal 12 (17.9)

del(13q) 16 (23.9)

Trisomy 12 11 (16.4)

del(11q) 9(13.4)

del(17p) and/or TP53mut 8(12.0)
Disease/treatment status, N (%)

Treatment-naive 22(32.8)

On-therapy 32(47.8)

Off-therapy in remission 10 (14.9)

Off-therapy in relapse 3(4.5)

Laboratory parameters, median (IQR)

Absolute lymphocyte count, (10°/L) 4.88 [1.78, 13.77]

I1gG, mg/dL 681 [541, 966]

IgM, mg/dL 24.8[18.8, 42.8]

IgA, mg/dL 68.10 [46.80, 130.00]
Ongoing treatment, N (%)

BTKi 22(32.8)

Venetoclax 10 (14.9)

Time since last anti-CD20 antibody N (%)
6(17.6)
28 (82.4)

<12 mo

212 mo

Abbreviation: FISH, fluorescence in situ hybridization.
*Treatment-naive patients and patients in relapse.
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in Israel. Patients' baseline demographic and disease characteristics
are summarized in Table 1. The median age of patients with CLL was
71.5 years (IQR, 64.9-75.8 years), and 72.3 (IQR, 67.2-75.8) for
healthy control subjects. The proportion of males in the CLL group
was 70.1% (N = 41) and 33% (N = 28) in the control group. Twenty-
two patients with CLL (32.8%) were treatment naive, 32 (47.7%) were
on active therapy, 10 (14.7%) were previously treated, in clinical com-
plete remission (CR) or partial remission (PR), and 3 patients (4.5%)
were experiencing disease relapse after being previously treated. The
median time from CLL diagnosis to vaccination was 7.7 years (IQR,
4.7-10.6). The median time from the third vaccine dose to the fourth
vaccine dose was 175 days (IQR, 174-175 days), with median time of
11.67 months (IQR, 11.53-11.73 months) from the second vaccine
dose. The time from the fourth vaccine dose to serology and cellular

testing was 14 days.

3.2 | Anti-spike antibody response in patients with
CLL compared to controls

Two weeks after the fourth vaccine, IgG antibodies were detected in
37 out of 67 CLL patients (55.2%), in comparison with 33 patients
(49.3%) before the fourth vaccine. Although only 4 patients serocon-
verted, the antibody titer increased by 10-fold, from 4.3 (IQR, 0.1-
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117.65 BAU/ml) before to 41.3 (IQR, 0.4-1185 BAU/ml) after the
fourth vaccination. Healthy control subjects had 91.5% (77/85) posi-
tive serologic response prior to the fourth vaccination and 100% posi-
tive serologic response 2 weeks after the fourth vaccination with a
6-fold increase in titers from 608.5 (IQR, 301.8-1205.6 BAU/ml) to
3642.3 (IQR, 2025.4-7356.9 BAU/ml). In comparison, control sub-
jects had 141-fold higher titer than CLL patients before the vaccine
and 88-fold higher titer than CLL patients 2 weeks after the fourth
vaccine (Figure 1). Among treatment naive patients with CLL, 20 of
22 (91%) had positive serologic response with antibody titer increase
of median 112.5 (IQR 8.9-436.2) to 794.1 (IQR 71.9-3474.1), com-
pared to 9/32 (28.1%) of patients of ongoing therapy. Seven of
22 (31.8%) BTKi treated patients responded, and 2/10 (20%) BCL2i
treated patients responded. Only 1 of 6 patients (16.6%) treated with
anti CD20 during the last 12 months had positive serologic response
with antibody titer of 15.5 and 14.8 BAU/ml before and after the
fourth vaccine, respectively.

3.3 |
levels

Neutralization assay and anti-IgG antibody

Anti-RBD antibody
antibodies titers (log transformed, R, = 0.7, p <.001), both pre- and

levels linearly correlated with neutralizing
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FIGURE 1

Anti-SARS CoV-2 spike antibody response in patients with CLL and healthy controls before and after the fourth vaccine. Boxplots

comparing antibody response rate in patients with CLL (n = 67) and healthy controls (HC, n = 85) prior the fourth vaccination (A) and 2 weeks after
(B). Wilcoxon tests found significant lower titer among patients with CLL for both comparisons (p < .001), with 141-fold lower titers prior-fourth
vaccination and 88-fold lower titers post- fourth vaccination. (C) Antibody titers rise among all patients, with CLL (n = 67) post-fourth vaccination
(Wilcoxon, p < .001). (D) Serologic titer before and after vaccination for untreated (N = 34, Wilcoxon p < .001) and treated (N = 33, p = .011) patients
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FIGURE 2 Pseudo-typed virus neutralization assay and the anti-spike antibody levels. A scatter plot of anti-spike protein antibody titers
vs. anti-SARS CoV-2 neutralizing antibody titers (A) reveal strong correlation between the results of two assays (Peasron's product-moment
R = .67, F-test p < .001). Boxplots shows significantly higher neutralizing antibody titers prior-fourth vaccine (B) among untreated patients
(n = 34) compared with treated patients (n = 33, Wilcoxon p = .004), (C) compared with BTKi-treated (n = 22, p = .039) and BCL2i + anti-
CD20-treated patients (n = 10, p = .012), and compared with (D) patients treated with anti-CD20 therapy (n = 34) and untreated

(n=233,p <.001)

post-fourth vaccine. Neutralization titers were lower in patients with
CLL in comparison with healthy controls, and lower in treated patients
in comparison with treatment naive patients (Figure 2).

3.4 | SARS-CoV2 spike specific T-cell response

Functional T-cell response after ex-vivo stimulation with Spike protein
assay was performed in 26 patients from our cohort, on blood sam-
ples drawn right before the fourth vaccination and 2 weeks afterward.
Fourteen of the patients were treatment naive and 12 were treated
with BTKi. Pre-vaccination, 11 of 26 (42.3%) patients had positive
T-cell response, compared with 22 (84.6%) responders 2 weeks after
vaccination. When adjusted for treatment, 4 of 10 (40%) patients
treated with BTKi and 7 of 16 (43.8%) treatment naive patients had
positive T-cell response before vaccination. Two weeks post vaccina-
tion, 8 of 10 (80%) treated with BTKi and 14 of 16 (87.5%) treatment
naive patients tested positive. Fisher's exact test found significant

association between therapy when the fourth vaccine was given and
T-cell response, both for pre-vaccination (p = .021) and post vaccina-
tion (p = .033) results (Figure 3).

3.5 | Correlation between anti RBD, neutralization
assay and T-cell response

No significant correlation was found between spike-specific T-cell
count and standard IgG titers or neutralizing antibody titer, both for
all patients and when adjusting for BTKi therapy. Eight of 12 patients
(67%) with negative T-cell response before the fourth vaccination
had positive neutralizing antibodies, with median level of 512
(range 16-512). Among 22 of 26 patients (86%) with positive T-cell
response after the fourth vaccination, 17 patients (77%) had neutraliz-
ing antibodies, with median level of 512 (range 16-10 000), and 2 of
the 3 patients (67%) with negative T-cell response had neutralizing
antibodies (Figure 3).
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FIGURE 3 Humoral and T-cell immune response after fourth BNT162b2 mRNA COVID-19 vaccine. Spike specific T-cell response was
determined using IFNy-release assay in (n = 26) patients with CLL. Scatter plots of T-cell response vs. anti-SARS CoV-2 Spike protein antibody
titers (A) and anti-SARS CoV-2 neutralizing antibody titers (B) reveals no significant correlation between T-cell response and neither antibodies
(Peasron's product-moment R = .02, .036; F-test p = .92, .87, respectively). (C) Boxplots show significant rise in T-cell response after fourth
vaccine (Wilcoxon p < .001). T-cell response was significantly elevated in untreated patients (n = 14, p = .003) and BTKi-treated patients

(n=12,p =.03)

3.6 |
vaccine

Predictors of serologic response to fourth

In a univariate analysis conducted to identify baseline covariates
associated with serologic response to the fourth vaccination, we
found that prior positive serology after the second (OR = 1.55,
[Cl:1.1-2.18], p = .015) or third (OR = 1.99, [CI:1.48-2.68], p < .001)
vaccination, and pre-fourth vaccination positive serology (OR = 2.4,
[Cl:2.14-2.69], p < .001) or neutralizing antibodies titer (OR = 2.04,
Cl = [1.65-2.51], p < .001), were associated with better chances of
post-fourth vaccination serologic response. Additional significant pre-
dictors of serologic outcome were treatment naive patients
(OR = 1.69, [Cl:1.29-2.21], p <.001), years since diagnosis
(OR = 0.51, [CI: .35-.74], p <.001) and increase in platelet count
(OR = 2.37, [Cl: 1.04-5.38], p = .04). In contrast, pre-vaccination anti-
CD20 therapy (OR = 0.6, [CI: 0.49-0.74], p < .001), current BTKi ther-
apy (OR = 0.68, [CI: 0.54-0.87], p = .003), current BCL2i therapy
(OR = 0.56, [Cl: 0.4-0.76], p < .001), and any active therapy on the
fourth vaccination day (OR = .63, Cl = [.48-.81], p < .001) were asso-
ciated with failure to achieve positive serologic response. No

significant association was found between serologic response and
patients' age, gender, absolute lymphocyte count, hemoglobin, and
blood immunoglobulin (IgG, IgA, IgM) titers. Notably, pre- and post-
fourth T-cell response was not significantly associated with serologic

response (Table 2).

3.7 | Adverse events

Within 2 weeks after the fourth vaccination, 52 of 64 patients
(81.3%) reported adverse events. The most common adverse event
was local pain in the injection site, which was reported by 44 patients
(68.8%). Overall, 32 patients (50%) reported at least one systemic
adverse event, and all were mild. The most frequently reported sys-
temic reactions were weakness or fatigue (n = 22, 34.4%), myalgia
(n = 11, 17.2%), headache (n = 9, 14.1%), runny nose (n = 7, 10.9%)
and night sweats (n = 6, 9.4%). Only 4 patients reported fever or shiv-
ering (6.25%). Other less common adverse events reported in a few
patients were rash, itching, increase in lymphadenopathy and sore
throat.
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TABLE 2 Univariate analysis for serologic response to fourth vaccine

Age at vaccination 4
<65y
>65y
Gender
Male
Female
Years since diagnosis
Past anti-CD20 Tx
No
Yes
Tx at vaccine 4
Untreated
BTKi
BCL2i
Active Tx at vaccine 4
No
Yes
Hemoglobin (mg/dL)
Platelets (K/pL)
WBC (K/pL)
ALC
ANC
1gG
>median
<median
IgA
>median
<median
IgM
>median
<median
Vaccine 2 seropositivity
Negative
Positive
Vaccine 3 seropositivity
Negative
Indeterminate

Positive

Pre vaccine 4 seropositivity

Negative

Positive

Positive

11
26

26

11

28

27

28

19
18

18
19

20
17

19

26

33

Negative

24

21

25

14

23

14
16

15
15

13
17

25

11

30

3.8 | COVID-19 infection during follow-up

During a time period of 3 months post-fourth vaccination, 14 of all
67 patients (21%) developed COVID-19 infection. Eleven of them
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Total p

67

17 Reference

50 .37

67

47 Reference

20 .98

67 <.001

67

33 Reference

34 <.001

66

34 Reference

22 <.001

10 <.001

34 Reference

32 <.001

67 72

67 .028

67 746

67 31

67 .74

67

33 Reference

34 7

67

33 Reference

34 9

67

33 Reference

34 4

53

44 Reference
9 011

67

10 Reference

14 .51

33 <.001

67

34 Reference

33 <.001

OR

0.88

0.95

0.56

0.65
0.55

0.6
1.01
1.0026
1.05
111
11

0.95

1.01

0.9

1.58

1.12
199

242

WILEY-L%
95% ClI
[0.67-1.16]

[0.77-1.3]
[0.93-0.98]

[0.46-0.68]

[0.51-0.82]
[0.4-0.75]

[0.48-0.73]
[0.96-1.07]
[1.0037-1.0014]
[0.78-1.42]
[0.91-1.34]
[0.62-1.98]

[0.75-1.22]
[0.8-1.29]

[0.71-1.14]
[1.12-2.22]

[0.8-1.57]
[1.48-2.67]

[2.16-2.7]

(77%) were treated with anti-viral therapy (8 paxlovid, 3 molnupiravir)

post infection. All except one had non-severe disease and recovered

uneventfully. One patient was hospitalized due to severe disease and

recovered uneventfully. The infected patients' serologic titer and
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neutralizing antibodies levels were 0.8 (IQR: 0.5-35.25) and 8 (IQR:
0-16), respectively, compared with 80.55 (IQR: .725-1536) and
256 (IQR: 0-4096) in the non-infected patients. Five of 6 tested
patients had positive T-cell response post vaccination. Thirteen of
14 COVID-19 infected patients were males.

In a univariate model fitting, lower COVID-19 infection risk was
significantly associated with age > 65, female gender, second vaccine
titer, and pre- and post-fourth vaccine titer. Post-third vaccination
titer showed a tendency to significance (p = .06). CLL treatment at
fourth vaccine showed closely significant association with an infection
risk (p = .06). In a multi-variate model combining post-fourth vaccine
antibody titer, CLL treatment at fourth vaccine, age group and gender,
only age > 65, gender and post-fourth vaccine antibody titer were

found as significant predictors of infection.

4 | DISCUSSION

Patients with CLL are among the most vulnerable to COVID19 com-
plications. Therefore, protecting them from SARS-CoV-2 infection
continues to be a major challenge. Since the third vaccine efficacy
decreases over time, we decided to prospectively evaluate the
humoral and cellular response of CLL patients to a second booster
and compare their serologic response with that of age matched
individuals.

The global immune response after standard two-dose BNT162b2
mRNA vaccination in patients with CLL is in the range of 40%-66%,
with up to 50%-73% positive antibody response rate in treatment
naive, less than 30% in patients who had been previously treated with
BTKi and BCL2i, and less than 10% after anti CD20 antibodies.”®
Although antibody titers significantly decline overtime, a quarter of
patients with negative serologic response responded to a booster
dose given 6 months after the second vaccine.r”"*? In our study, the
positive serologic response 6 months after the third vaccine was
49.3%, with only marginal increase after a fourth dose to 55%, while
in age matched controls positive serologic response increased from
91% to 100%. As expected, the response is more robust in treatment
naive patients not compromised by the effect of therapy, with 91%
serologic response in treatment naive compared with only 28.1% in
patients previously treated. Importantly, the rise in RBD-specific anti-
body levels increased by 10-fold following the second booster. Never-
theless, antibody titers were 88-fold higher in age matched controls,
in comparison with patients with CLL. By comparison with our results,
Parry et al. have recently showed an improved response rate to a third
vaccine dose with positive serologic response in 80% of patients with
CLL. However, after a fourth vaccination dose serologic response was
positive in 77% of patients showing no further increase in seroconver-
sion rate.?°

We found that treatment naive patients and more recent diagno-
sis of CLL were more likely to produce serologic response. Consistent
with previous publications, after second and third vaccination we also
found markedly impaired vaccine response with all forms of therapy

including ongoing BTK or BCL2 inhibitors at time of vaccination or in
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patients with prior anti-CD20 mAb.”*¢192122 Oyr results indicate
that failure to respond to two vaccination doses and low titers prior-
fourth vaccine are associated with low response rates to second
booster and with low levels of anti-S. Unlike reports of previous vacci-
nations, we did not find significant association between serologic
response and patients' age, absolute lymphocyte count, and blood
immunoglobulin levels.”1¢:19:23

Although known to be a risk factor for COVID-19 infection,
age > 65 was associated with lower infection risk in our cohort. This
finding may be explained by more precautious behavior and lower
environmental exposure among this age group.

Higher levels of immune markers, including binding and neutraliz-
ing antibodies, correlate with risk reduction of symptomatic disease
and severe infection; however, there is no single threshold value
indicative of absolute protection.?*

The SARS-CoV-2-specific T-cells are associated with accelerated
viral clearance and protection from severe COVID-19.2>2¢ However,
the exact contribution of the cellular immune response in protection
of SARS-CoV2 from infection, transmission, and clinical outcome is
largely unknown. Much less is known regarding the vaccine impact on
the cellular response.?’"2? Patients with a greater number of CD8
T-cells had improved survival in mixed hematological malignancies.*°
Previously tested small cohorts demonstrated SARS CoV-2 specific
T-cell immunity in about 80% of CLL convalescents and vaccinated
patients who were usually, but not always, paralleled by seroconver-
sion.?%2331 |n our study, T-cell response improved from 42.3% before
the vaccine to 84.6% after 2 weeks. While more treatment naive
patients had T-cell response (87.5%) compared with patients treated
with BTKi (80%), both groups had a 2-folds increase in the number of
responders after the booster. Although positive T-cell response in
5 of 6 patients who acquired COVID19 infection indicated no protec-
tion from future infection, their good outcome could be related to
preserved T-cell function. The relation between T-cell response and
outcome of COVID19 infection in patients with CLL needs to be fur-
ther investigated in more patients. While humoral and cellular
responses are generally coordinated in intact immune response, we
found no association between anti-RBD serology and neutralizing
activity to SARS-CoV-2 specific T-cell response.

In 3 months follow up, fifth of patients with CLL acquired
COVID19 infection. Despite differences in exact timing, exposure risk
behavior, age and comorbidity, this was not different from the find-
ings of a study performed in health care workers in our center.}* Our
study was too small to assess vaccine efficacy, and the good outcome
compared with earlier pandemic reports of 11%-35% mortality could
be attributed to different virulence of variants, patients' heterogeneity
and antiviral therapy promptly initiated in most of our patients.®31-34

The strength of our study is the comprehensive evaluation of
serologic response, neutralization assay, and assessment of T-cell
response after a second booster in patients with CLL, given the uncer-
tainty about cellular immune response and its protective role against
SARS-CoV2.

Furthermore, we used seroneutralization assay in comparison

with controls of the same age and reported on the clinical outcome of
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patients with CLL who were infected with SARS-CoV-2. However, we
have not tested specific neutralizing assay against the prevalent and
resistant Omicron variant. In addition, since all infected patients recov-
ered uneventfully and most of them received antiviral therapy with
acquisition of first symptoms, we cannot indicate a surrogate of vaccine
efficacy or whether certain antibody titers confer protective immunity.
Still, our findings suggest that a second booster is safe and increases
protection against SARS-CoV-2 infection in patients with CLL.

While our study clearly demonstrates reduced immune response
to BNT162b2 fourth vaccine in comparison with healthy subjects, it
also demonstrates that the second booster has a clear positive impact
on the serologic as well as cellular response in patients with CLL.
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