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Abstract

Multiple myeloma (MM) and chronic lymphocytic leukemia (CLL) patients have
increased morbidity and mortality rates of COVID-19 due to immunosuppression
associated with the disease and ongoing therapy. The same immune impairment
accompanying CLL and MM also affects suboptimal vaccine response. The study
assessed the effectiveness of the humoral and T cell-mediated immunity following
mRNA COVID-19 vaccination (using either BNT162b2 or mRNA-1273) in short-term
(2-5 weeks after second dose) and long-term follow-up (12 weeks after vaccination).
Between March and August 2021, blood samples were obtained from 62 CLL and
60 MM patients from eight different hematology departments in Poland. Total anti-
RBD antibodies were detected in 37% MM patients before vaccination, increased to
91% and 94% in short- and long-term follow-up, respectively. In CLL, serological
responses were detectable in 21% of patients before vaccination and increased to
45% in the short-term and 71% in long-term observation. We detected a tendency to
higher frequencies of specific CD8+ T cells against SARS-CoV-2 after vaccination
compared to samples before vaccination in MM patients and no changes in frequen-
cies of specific T cells in CLL patients. Our study provides novel insights into mMRNA
vaccination efficacy in immunocompromised MM and CLL patients, and our findings
highlight that specific CD8+ T cells against SARS-CoV-2 might be induced by vacci-
nation but do not correlate positively with serological responses.

Abbreviations: BCMA, B-cell maturation antigen; CM, central memory; ELISA, enzyme-linked immunosorbent assay; EM, effector memory; FMOC, fluorescence minus one control; HLA, human
leukocyte antigen; ISS, International Staging System; MdFI, median fluorescence intensity; MHC, major histocompatibility complex; OD, optical density; PBMCs, peripheral blood mononuclear
cells; RBD, receptor-binding domain; TCR, T cell receptor; TEM, terminally differentiated effector memory.
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1 | INTRODUCTION

The ongoing COVID-19 pandemic is caused by the novel corona-
virus—severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2).! The mortality rate of over 30% is observed among
patients with lymphoproliferative diseases, including patients with
multiple myeloma (MM) and patients with chronic lymphocytic
leukemia (CLL).2® Such a high rate of death in MM and CLL is asso-
ciated with hypogammaglobulinemia, a reduced percentage and
responses of neutrophils, T and B cells, and as well as immunosup-
pression associated with the ongoing therapy.”® MM or CLL
patients are particularly at risk of life-threatening pneumonia and
multiorgan failure associated with severe COVID-19 infection.
Moreover, a prolonged course of disease observed in immunocom-
promised patients favors creating viral reservoirs and the develop-
ment of new virus mutations. The same immune impairment
accompanying CLL and MM also affects a suboptimal vaccine
response as exemplified by the low levels of antibodies after immu-
nization by other vaccines.” The analyses of the effectiveness of
the postvaccination response may lead to the optimization of vacci-
nation. Notably, there are currently insufficient studies on the gen-
eration of short-term and, above all, long-term T-cell immunity in

these groups of patients.

2 | MATERIALS AND METHODS

21 | Patientsamples

The study assessed the humoral and T cell-mediated immunity follow-
ing mMRNA COVID-19 vaccination using BNT162b2 or mRNA-1273 in
60 MM as well as 62 CLL patients. Blood samples were collected at
three time points: before vaccination, 2-5 weeks after the second
dose (short-term follow-up), and 12 weeks after the second dose of
vaccine (long-term follow-up) from eight hematology departments in
Poland.

CLL, COVID-19, MM, mRNA vaccine, SARS-CoV-2

Multiple myeloma (MM) and chronic lymphocytic leukemia (CLL) patients are at high risk of life-
threatening complications associated with severe coronavirus disease 2019 (COVID-19). MM
and CLL patients further experience suboptimal immune responses against COVID-19 vaccines.
Our study shows that while serological responses to COVID-19 vaccination are detectable in
MM and CLL patients, the responses are not correlated with T cell-mediated immunity. In partic-
ular, whereas a specific CD8+ T cell response against SARS-CoV-2 occurred following vaccina-
tion in MM patients, frequencies of specific T cells were unaltered in CLL patients. Hence,

especially for CLL patients, sequential COVID-19 immunization could prove invaluable.

2.2 | Sample preparation

Peripheral blood mononuclear cells (PBMCs) were isolated by Biocoll
(Biochrom) density gradient centrifugation. Cells were cryopreserved
in RPMI 1640 medium (Biochrom) containing 20% fetal bovine serum
(Biochrom) and 10% dimethyl sulfoxide (Sigma Aldrich), and stored in
liquid nitrogen until the time of further analyses. Serum samples were
collected by centrifuging at 2000 rpm for 10 min and immediately
stored at —80°C.

2.3 | Assessment of serological response

To evaluate serological response in prevaccination and postvaccina-
tion serum samples, total antibody SARS-CoV-2, receptor-binding
domain (RBD) test (Mabtech) according to manufacturer protocol was
performed.’® All diluted serums samples were screened for anti-
SARS-CoV-2 spike RBD antibodies (IgM, IgG and IgA). Positive sam-
ples cut-off was set to 0.151 optical density (OD) value.

24 | Assessment of T-cell response

Specific cytotoxic T-cell response after mRNA vaccination was evalu-
ated in the HLA-A*02-positive CLL and MM samples. One million
PBMCs were analyzed by flow cytometry using MHC-dextramer
staining with the most common and with the highest binding score
SARS-CoV-2 specific epitope—HLA-A*0201/YLQPRTFLLyg9.277 (YLQ,
Immudex), that is included in all vaccines sequence®? (see Supplemen-

tary Materials for details).

2.5 | Statistical analysis

Statistical analyses were performed using Graph Pad Prism_9 (La Jolla,

Graph Pad Software). To evaluate the differences in values before and
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after vaccination, Wilcoxon matched-pairs signed-rank test was used.
The Mann-Whitney U-test and Kruskal-Wallis test were performed to
evaluate the differences between the subgroups of CLL and MM
patients. The correlations of variables were computed with the Spear-
man rank correlation coefficient. Results were presented as median
values. Statistical significance was defined as P value of less than .05.
Percentages of specific T cells subpopulations and median fluores-

cence intensities (MdFI) were described as medians.

3 | RESULTS

3.1 | Patient characteristics

Patients were vaccinated with two doses 3 weeks apart (+1 week)
and compared to matched samples before vaccination (baseline). Ten
CLL patients (16%) were untreated, 33 patients (55%) had received
anti-CLL therapy (15 patients—anti-CD20 mAb) and 16 patients (26%)
were in remission. Thirty-nine MM patients (65%) received antimye-
loma treatment, 9 MM patients (15%) were in remission, and 2
patients (3%) were untreated. Patient characteristics are summarized

in Table 1, Supplementary Tables 1 and 2.

3.2 | Multiple myeloma patients

Total anti-RBD antibodies were detected in 22/60 (37%) MM patients
before vaccination. Following vaccination, this rate increased to 42/
46 (91%) 2-5 weeks after the second dose, which then remained sta-
ble with 44/47 (94%) positive patients 12 weeks after the second
dose (Figure 1A). However, OD values were significantly higher
12 weeks after the second dose compared to 2-5 weeks (median:
3.78 vs 1.54, P < .001).

We compared OD values due to severity of the disease evaluated
by the International Staging System (ISS) and we found higher OD
values shortly after the second vaccine dose in MM patients in ISS
stage | compared to the ISS Il stage (median: 1.83 vs 0.56, P < .03)
and no significant differences according to other stages 12 weeks
after second dose. Age, gender, and history of infections were not
related to the antibody response rate in MM patients. After vaccina-
tion, there were no significant differences in OD values between MM
patients previously exposed to SARS-CoV-2 or not (Figure 1D). Next,
we analyzed serological response according to administered therapy
and found no differences in antibody levels in patients treated with
steroids. Interestingly, we found a tendency to lower OD values in
MM patients treated with antibiotics during vaccination in comparison
with untreated in a short-time observation after vaccine (median: 0.34
vs 1.719, P < .06), without differences in the long-term.

It is previously reported, that the presence of CD8+ T cells was
critical for hematological malignancies COVID-19 patients survival
even without existing antibodies.?? In our study, we used flow cyto-
metry analyses to evaluate frequencies of specific cytotoxic T cells
directed against YLQPRTFLL,g9.,77—SARS-CoV-2 Spike epitope

TABLE 1 Patient characteristics
Multiple  Chronic
Overall myeloma lymphocytic
(n, %) (n, %) leukemia (n, %)
Patients (n) 122 60 62
Gender
Female 57 (47%) 30 (50%) 27 (44%)
Male 65(53%) 30(50%) 35 (56%)

Median age (range), y 64 (35-81) 64 (35-81) 64 (43-81)

mRNA vaccine

BNT162b2 114 (93%) 56 (93%) 58 (94%)

mRNA-1273 8 (7%) 4 (7%) 4 (6%)
ISS stage system for MM

ISS | 30 (50%)

ISS Il 6 (27%)

ISS 1l 8 (13%)

No data 8 (13%)
Binet staging system for

CLL

Binet A 2 (35%)

Binet B 6 (42%)

Binet C 13 (21%)

No data 1(2%)
Disease status

Untreated 12 (10%) 2 (3%) 10 (16%)

In treatment 72 (59%) 9 (65%) 33 (55%)

In remission 25 (20%) 9(15%) 16 (26%)

No data 13 (11%) 0(17%) 3(5%)
Steroids 28 (23%) 5 (42%) 3(5%)
Antibiotics 12 (10%) 4(7%) 8 (13%)
NSAID 8 (7%) 6 (10%) 2 (3%)
Frequent infections 15 (12%) 5 (8%) 10 (16%)
Anti-SARS-CoV-2 35(29%) 22(37%) 13(21%)

antibodies at baseline

HLA-A*02 positivity 42 (34%) 17 (28%) 25 (40%)

Abbreviations: ISS, International Staging System; NSAID, nonsteroidal
antiinflammatory drugs.

(Figure 2C) and we found a tendency to higher frequencies of YLQ-
specific CD8+ T cells in a short time after second dose as compared
to baseline (median: 0.18 vs 0.11, P < .06), which might confirm induc-
tion of specific CD8+ T cells after vaccination. Moreover, we demon-
strated higher MdFI levels of specific TCRs in samples obtained 2-
5 weeks (median: 1925 vs 668, P <.001) as well as after 12 weeks
after second dose (median: 1021 vs 668, P < .01) compared to paired
baseline samples (Figure 2A). Interestingly, we demonstrated a strong
negative correlation between OD values and YLQPRTFLL-specific
CD8+ T cells frequencies that appeared 12 weeks after second dose
of vaccine (r = —0.62, P < .03).
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FIGURE 1 Total anti-RBD anti-SARS-CoV-2 spike receptor-binding domain antibodies responses after mRNA vaccination. (A) Anti-RBD

antibody response were measured prior mRNA vaccination as a baseline, next 2-5 weeks after second and 12 weeks second dose in multiple
myeloma (MM) patients and (B) chronic lymphocytic leukemia (CLL). (C) Significantly higher response rates in MM patients in comparison with CLL
measured 2-5 weeks after second as well as 12 weeks after second dose evaluated by ELISA. (D) Differences in OD values between patients with
the presence of anti-RBD antibodies before vaccination (C+) and without (C—) in MM and CLL (E) in two-time points after second vaccine dose. (F)
Effect of antileukemic treatment in CLL patients without anti-RBD antibodies before vaccination on antibody response, data for MM not showed
due to an insufficient number of untreated patients. OD values were obtained with absorbance measured at 450 nm. The nonparametric two-sided
Mann-Whitney U-test was performed for pairwise comparisons of distributions between groups, P < .05 was considered as statistically significant

[Color figure can be viewed at wileyonlinelibrary.com]

Flow cytometry analysis of specific cytotoxic T cells subpopulations
revealed an increase of effector memory (EM) T cell frequencies after 2-
5 weeks after second vaccine dose-related to paired baseline samples
(median: 43% vs 33%, P < .02), and then the decrease after 12 weeks after
second dose (median: 47% vs 36%, P < .03). Noteworthy, we observed
increased frequencies of terminally-differentiated effector memory (TEM)
T cells after 12 weeks postvaccination compared to paired samples
obtained 2-5 weeks after second dose (median: 46% vs 37%, P < .04). A
strong negative correlation between serological response reflected by OD
values and YLQPRTFLL-specific CD8+ naive T cells 12 weeks after sec-
ond dose of vaccine was observed (r = —0.63, P < .02).

3.3 | Chronic lymphocytic leukemia patients

In the CLL cohort, total antibody responses were detectable in 13/62
(21%) of patients before vaccination, and numbers increased to 18/40

(45%) 2-5 weeks after the second dose with an additional increase to
30/42 (71%) 12 weeks the after second dose (Figure 1B). We
observed a significant increase of total antibody response measured
12 and 2-5 weeks after the second dose in comparison with paired
baseline samples (median: 0.90 vs 0.09; P < .001 and 0.76 vs 0.16;
P < .01, respectively). Similarly, in the cohort without antibodies at
baseline samples, we observed a significant increase of OD values
12 weeks after second dose in comparison with paired baseline sam-
ples (median: 0.45 vs 0.09, P < .001, Figure 1E).

The stage of the disease according to Binet classification, gender
and age were not related with the level of humoral response mea-
sured in two-time points after the second vaccine dose. However,
COVID-19 naive patients treated for CLL demonstrated significantly
lower OD values early after the second dose (median: 0.08 vs 2.2,
P < .001) as well as in long-term follow-up (median: 0.21 vs 2.86,
P < .05) than untreated COVID-19 naive patients (Figure 1F). More-
over, we analyzed results according to the type of anticancer
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treatment and found no differences between them in short-term nor
long-term serological responses. mMRNA COVID-19 vaccines showed
significantly higher efficacy in CLL patients exposed to SARS-CoV-2
before vaccination compared to patients without exposure 2-5 weeks
after second dose (median: 1.09 vs 0.09, P < .02) as well as 12 weeks
after second dose (median: 3.23 vs 0.28, P < .03).

In 27 CLL patients, we were able to look for specific T-cell
responses. Four of these patients had detectable anti-SARS-CoV-2 anti-
bodies at baseline. We did not find any differences between frequencies
of YLQPRTFLL-specific CD8+ T cells in short-term nor long-term fol-
low-up after second dose compared to baseline samples in paired and
grouped analyses. Interestingly, we observed higher MdFI levels of spe-
cific TCRs after 2-5 weeks compared to 12 weeks after second vaccine
dose in paired samples (median: 1084 vs 750, P < .04, Figure 2B).

We found a tendency to higher frequencies of YLQPRTFLL-specific
CD8+ T cells in the 4 SARS-CoV-2 exposed patients 12 weeks after sec-
ond dose compared to those without antibodies (median: 0.18% vs
0.07%, P < .08) and respectively significantly higher MdFI levels of spe-
cific TCRs (median: 2777 vs 747, P < .05). There were no correlations
between frequencies of YLQPRTFLL-specific CD8+ T cells with antibody
response rates in short-term as well as long-term follow-up after vaccina-
tion. However, a weak positive correlation between MdFI and OD values
2-5 weeks after second dose (r = 0.46, P < .05) was observed.

Higher EM frequencies were observed short-time after second
dose compared to baseline samples (median: 34.93% vs 26.32%,
P < .05) and significantly decreased after 12 weeks after second dose
(median: 34.93% vs 25.17%, P < .04). Individual results for MM and
CLL patients are displayed in Figure 2D,E. Analyses of the subpopula-
tion of YLQPRTFLL-specific T cells revealed significantly lower frequen-
cies of CM cells in patients previously exposed for SARS-CoV-2
compared to no exposure after 12 weeks after second dose (median:
1.32% vs 5.32%, P < .02). Age, gender, and stage of the disease were
not related to the changes of CD8-+ T cells populations in CLL samples.

34 |
and MM

Comparison of immune responses in CLL

Interestingly, a comparison between the two chronic lymphoid malig-
nancies MM and CLL with different mechanisms of immune deregula-
tion showed a statistically significant increase in OD values in MM
samples after first dose (median: 1.71 vs 0.12, P <.0001) and after
second dose (median: 3.57 vs 0.90, P < .005) (Figure 1C). Similar to
serological responses the frequency of specific CD8+ T cells was sig-
nificantly higher in MM 2-5 weeks after the second dose compared to
CLL samples (median: 0.18% vs 0.09%, P < .03) at the same time,
without differences in long-term follow-up samples.

4 | DISCUSSION

Consistent with other studies concerning serological responses to
anti-SARS-CoV-2 in CLL and MM patients, we confirm mRNA

vaccines are effective in inducing antibody production and boosting
anti-RBD antibody levels that persist for at least 3 months after the
second dose in both diseases.>>?131> |n MM, we detected high fre-
quencies of serological responses: 91% in short-term and 94% in a
long-term follow-up that were higher compared to previous
reports.*®*” Higher results might be associated with the selection of
more accurate tests or a high number of patients immunized before
vaccination (37%).

In our study, most MM patients were in ongoing treatment (96%),
enabling them to perform tests comparing patients according to treat-
ment status. However, such high response rates in patients receiving
antimyeloma therapy provide evidence for the high efficacy of
mRNA-based vaccines. We did not find any differences in seroconver-
sion rates between groups divided by treatment agents, probably
because of the high diversity in our group. Recent studies demon-
strated significantly lower antibody levels in MM patients receiving
anti-myeloma therapy, particularly in patients treated with anti-CD38
or BCMA targeted therapy.”*® Stampfer et al'? reported lower anti-
body levels in patients who received steroids but we did not observe
this association in our MM cohort. Antibody responses in CLL cohort
were 41% shortly after second dose and increased to 71% after
12 weeks from second vaccine shot. The seroconversion rate in the
CLL cohort was below this reported by Herishanu et al,? but equal

I and Parry et al,*82°

with those observed by Chung et a similarly
with no correlations with age, disease stage, or sex. In line with other
observations, CLL patients, who were not exposed to SARS-CoV-2,
but received antileukemic treatment have impaired anti-SARS-CoV-2
production.*®2!

In our study, we observed high frequencies of previously exposed
CLL as well as MM patients which confirms high exposure to SARS-
CoV-2 during the third wave of COVID-19 in spring 2021 in Poland.
Similar results were published for other patients with hematological
malignancies in Poland as well as in the general population of 500
cases analyzed at a time corresponding to our experiment.??2° Bud-
ziar et al?® identified 35.5% of IgG positive healthy volunteers who
had never been diagnosed with COVID-19 nor vaccinated against
SARS-CoV-2 and 52.3% positive for IgA-SARS-CoV-2-specific with-
out any symptoms of the disease.

T-cell response against SARS-CoV-2 is a key factor in reducing
mortality from COVID-19 in hematological patients.*?> For the first
time, we demonstrated anti-SARS-CoV-2 specific cytotoxic T cells to
assess cellular response after mRNA vaccines in patients with hemato-
logic malignancies using flow cytometry technique. We found CD8+
T-cell immune responses against the immunodominant SARS-CoV-2
spike epitope (YLQPRTFLL) in all HLA-A*02 positive MM (n = 17) and
CLL (n = 25) patients.

Interestingly, we discovered a strong negative correlation
between YLQPRTFLL-specific CD8+ cells and serological response in
long-term follow-up. This might be explained by shorter half-time of
T-cell responses or the fact that serological immune response might

be skewed by ongoing antimyeloma treatment.2

This phenomenon
was limited to MM while in CLL we did not find significant differences

between the frequencies of specific CD8+ T cells at any time-point.
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However, the highest frequencies of YLQPRTFLL-specific CD8+ cells
in CLL, as well as MM patients, were found in those who were
exposed to the virus before vaccination compared to those without
exposure. Marasco et al?® detected T-cell response in 86% of sero-
negative patients using in vitro ELISA-based test T-helper cell type 1-
associated cytokine release in plasma samples of five groups of lym-

I'> assessed T-cell immune response

phoid malignancies. Malard et a
in lymphoid and myeloid hematological malignances using the IFN-y
ELISPOT assay. They reported a significant increase in T-cell response
against the Spike protein, with 53% of patients having an anti-S IgG-
positive ELISPOT after the second vaccine dose. Our study confirmed
the development of specific T cell-mediated responses after mRNA
vaccines in CLL patients. These data may suggest the occurrence of
specific T-cell response is independent of seroconversion level and
treatment status.

We did not observe differences in median YLQPRTFLL-specific
CD8+ frequencies and their subpopulations in CLL patients with
ongoing treatment, which in majority comprised anti-CD20 mAbs,
BCL2 antagonists, or BTK inhibitors compared to untreated patients,
but results were obtained from small cohort of HLA-A*02-restricted
patients. Interestingly, in both CLL and MM, we detected an increase
in EM-specific CD8+ T cells shortly after vaccination, then decreased
after 12 weeks. It might confirm proliferation boost of EM specific
CD8+ T cells after priming with virus peptides. Similarly, immune
boost was shown in the study of HV after vaccination with
BNT162b2.2° We observed also higher TEM cell numbers after
12 weeks in MM patients who had generally better responses to vac-
cination compared to CLL patients. This mechanism mimicked a
response on MRNA SARS-CoV-2 vaccines in HV.

In summary, we showed for the first-time acceleration of spike-
specific T cell-mediated immune response in CLL and MM patients
after anti-SARS-CoV-2 mRNA vaccination, which did not correlate
positively with serological response in both diseases. The results
might indicate the necessity of assessing both serological and T-cell
responses and need for sequential immunization, especially for CLL

patients.
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