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In this prospective
study, 60% of
patients with CLL
developed SARS-
CoV-2 antibodies and
80% developed
functional T-cell
responses after
vaccination.

Vaccinated patients
with CLL developed
antibodies against
wild-type and variant
SARS-CoV-2 viruses
capable of binding

and effector functions.

Chronic lymphocytic leukemia (CLL), the most common leukemia worldwide, is
associated with increased COVID-19 mortality. Previous studies suggest only a portion of
vaccinated CLL patients develop severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) spike antibodies. Whether the elicited antibodies are functional and/or
accompanied by functional T-cell responses is unknown. This prospective cohort study
included patients with CLL who received SARS-CoV-2 and PCV13 vaccines (not
concurrently). The primary cohort included adults with CLL off therapy. Coprimary
outcomes were serologic response to SARS-CoV-2 (receptor binding domain [RBD]
immunoassay) and PCV13 vaccines (23-serotype IgG assay). Characterization of
SARS-CoV-2 antibodies and their functional activity and assessment of functional T-cell
responses was performed. Sixty percent (18/30) of patients demonstrated serologic
responses to SARS-CoV-2 vaccination, appearing more frequent among treatment-naive
patients (72%). Among treatment-naive patients, an absolute lymphocyte count
=24000/uL was associated with serologic response (94% vs 14%; P < .001). On
interferon-y release assays, 80% (16/20) of patients had functional spike-specific T-cell
responses, including 78% (7/9) with a negative RBD immunoassay, a group enriched for
prior B-cell-depleting therapies. A bead-based multiplex immunoassay identified
antibodies against wild-type and variant SARS-CoV-2 (e, B, v, and d) in all tested patients
and confirmed Fc-receptor binding and effector functions of these antibodies. Of 11
patients with negative RBD immunoassay after vaccination, 6 (55%) responded to an
additional mRNA-based vaccine dose. The PCV13 serologic response rate was 29% (8/28).
Our data demonstrate that SARS-CoV-2 vaccination induces functional T-cell and
antibody responses in patients with CLL and provides the framework for investigating
the molecular mechanisms and clinical benefit of these responses. This trial was
registered at www.clinicaltrials.gov as #NCT05007860.
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Introduction

Chronic lymphocytic leukemia (CLL) is the most common leukemia
worldwide, accounting for approximately 114 000 new cases annu-
ally and 35000 deaths. Infectious complications are a leading
cause of death, and the same mechanisms underlying enhanced
infection risk contribute to impaired vaccine responses.>® These
include hypogammaglobulinemia, complement defects, and
T-/natural killer cell dysfunction.”® Vaccine responses are also
affected by CLL therapy (eg, CD20 antibodies [CD20 Ab], Bruton's
tyrosine kinase inhibitors [BTKil, and BH3 mimetics). Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccines are
highly effective at reducing the risk of severe COVID-19,°"" but
patients with CLL were excluded from these studies. CLL is associ-
ated with increased COVID-19 mortality,'>'® and there is an urgent
need to establish whether SARS-CoV-2 vaccines are effective in
patients with CLL. Serologic responses were reported in 23.1% to
64.2% of patients with CLL following initial mMRNA SARS-CoV-2
vaccination.'*'® Whether SARS-CoV-2-specific antibodies are
functional or accompanied by functional T-cell responses is
unknown. Although a subset of vaccinated patients with CLL
develop neutralizing antibodies against wild-type SARS-CoV-2,'®
antibodies also engage Fc receptors on immune effector cells, alone
or in conjunction with neutralizing antibodies, to initiate an effective
coordinated immune response against SARS-CoV-2. Herein, we
prospectively evaluate the humoral and cellular immunogenicity of
SARS-CoV-2 and pneumococcal conjugate (PCV13) vaccines in
CLL and report the completed cohort of patients not on active CLL-
directed therapy. We also measure functional spike-specific T-cell
responses and perform antibody profiling to comprehensively ana-
lyze SARS-CoV-2 vaccine immunogenicity in CLL.

Methods
Patients

This prospective cohort study was approved by the Dana-
Farber/Harvard Cancer Center Institutional Review Board and
complied with Declaration of Helsinki and Good Clinical Prac-
tice Guidelines. All patients were enrolled at the Massachusetts
General Hospital (MGH) Cancer Center and provided written
informed consent.

Inclusion criteria were age =18 years and CLL/small lymphocytic
lymphoma (World Health Organization criteria). We excluded HIV or
primary immune deficiency disorder, planned initiation of CLL ther-
apy within 2 months, prior CD20 Ab within 6 months, prior chemo-
therapy within 1 year, or any prior bendamustine or fludarabine.
None had prior SARS-CoV-2 vaccination. We excluded patients
with PCV13 = 2 years or 2 to 5 years with protective titers for
=50% of PCV13-specific Streptococcus pneumoniae IgG titers
(supplemental Table 1). Prior COVID-19 infection was permitted
and was assessed by history/serologies. Eligible patients were
assigned to no active therapy (n = 30; completed primary analysis
cohort) or active BTKi (n = 6; exploratory cohort) (supplemental Fig-
ure 1). All data collected for the study, including individual deidenti-
fied participant data and a data dictionary defining each field in the
set, will be made available 6 months after publication.
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Study assessments

Patient/disease characteristics, infection history, complete blood
counts, immunoglobulins, and T-cell subsets were collected at base-
line. Vaccine-specific serologies were collected before vaccination
and 36 days after vaccination (median, 32 days; interquartile range,
27-38). S pneumoniae serologies were measured with the
23-serotype IgG assay. COVID-19 serologies were measured with
a quantitative electrochemiluminescence immunoassay for detecting
antibodies to SARS-CoV-2 spike protein receptor binding domain
(RBD immunoassay; Roche Elecsys) and a qualitative electrochemi-
luminescence immunoassay for detecting antibodies to SARS-CoV-
2 nucleocapsid antibody (N-immunoassay; Roche Elecsys). Due to
logistical constraints in 2 cases, post—-COVID-19 vaccine spike
serologies were measured with the DiaSorin Liaison SARS-CoV-2
S1/S2 IgG assay (n = 1) or the Siemens SARS-CoV-2 total assay
(n=1).

Vaccine administration

SARS-CoV-2 vaccines were obtained from commercial supply and
administered per the package insert, with product selection based
on availability of BNT162b2 (Pfizer-BioNTech),'® mRNA-1273
(Moderna),!" or Ad26.COV2.S (Johnson & Johnson).® PCV13
(Wyeth) was obtained from commercial supply and administered
per the package insert (supplemental Methods). SARS-CoV-2 and
PCV183 vaccinations were not performed concurrently.

Patients without detectable spike protein antibody after vaccination
(RBD immunoassay) were offered an additional dose of mRNA-
1273 or BNT162b2 from investigational product surplus from a mul-
ticenter trial (#NCT04761822; supplemental Methods).

Antibody profiling

SARS-CoV-2 wild-type and variant-of-concern spike-specific anti-
body subclasses and isotypes from plasma samples were quantified
using a bead-based multiplex immunoassay.'® Bead-based flow
cytometric assays were performed to measure antibody-dependent
complement deposition (ADCD), antibody-dependent cellular
phagocytosis (ADCP), and antibody-dependent neutrophil phagocy-
tosis (ADNP) against SARS-CoV-2 wild-type and variant-of-concern
spike in vaccinated patients with CLL and plasma samples in indi-
viduals with no history of cancer.2>?? Individuals with no history of
cancer (n = 14) provided informed consent under protocol MGH
IRB 2020P003538, and plasma was collected after 2 doses of an
mRNA SARS-CoV-2 vaccine.

Antigens and antigen biotinylation reaction. For ADCD,
ADNP, and ADCP, SARS-CoV-2 wild-type (Lake Pharma) and
variant spike antigen (B.1.1.7, B.1.351, B.1.617, P.1; Saphire Labo-
ratory, La Jolla Institute for Immunology) were biotinylated with Sulfo-
NHS-LC-LC biotin (Thermo Fisher Scientific), and excess biotin
was removed by phosphate-buffered saline (PBS) buffer exchange
in Zeba desalting 7-kDa cutoff spin columns (Thermo Fisher
Scientific).

ADCD. ADCD was assessed as described previously.?'
Immune complexes were formed by incubating plasma samples
diluted 1:10 in PBS and coupled biotinylated antigen with 1.0-
pm red fluorescent neutravidin beads (Thermo Fisher Scientific)
for 2 hours at 37°C in 96-well plates per antigen, in duplicate.
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The beads were washed with PBS and incubated with reconsti-
tuted guinea pig complement (Cedarlane Labs) diluted in gela-
tin veronal buffer (Sigma-Aldrich) for 20 minutes at 37°C. The
reaction was then stopped with 15 mM EDTA in PBS. Goat
anti-guinea pig fluorescein isothiocyanate (FITC)-conjugated
C3 polyclonal antibody (MP Biomedicals) diluted 1:100 in PBS
was used to detect C3 deposition on the beads by flow cytom-
etry (iQue 3; Sartorius). The median fluorescence intensity
(MFI) of all bead-positive events in the FITC channel was ana-
lyzed with ForeCyt 8.1. Results were visualized with GraphPad
Prism 9.

ADNP. ADNP assay using isolated primary human neutrophils was
performed as described previously.?? Biotinylated antigens were
individually coupled to 1.0-um yellow-green, fluorescent neutravidin-
labeled microspheres (Thermo Fisher Scientific). Immune complexes
were formed by incubating the biotinylated antigen-coupled beads
with plasma samples diluted 1:50 in PBS for 2 hours at 37°C in
96-well plates per antigen tested, in duplicate. White blood cells
were isolated from whole blood of healthy donors, collected by the
Ragon Institute of MGH, Massachusetts Institute of Technology,
and Harvard, coagulated with acid citrate dextrose. Two donors
were used as experimental replicates. Red blood cells were lysed
by mixing the blood at a 1:10 ratio with ammonium-chloride-
potassium lysis buffer (Thermo Fisher Scientific). White blood cells
and neutrophils were pelleted by centrifugation and washed with
cold PBS. Cells were diluted to a final concentration of 250 000
cells/mL in R10 media (RPMI-1640; Sigma) supplemented with
10% Fetal bovine serum, 2 mM L-gluthamine, and 100 U/mL of pen-
icillin/streptomycin. Immune complexes were washed in PBS to
remove unbound antibodies before adding 50 000 white blood cells
in complete R10 per well and incubated for 1 hour at 37°C. The
cells were stained with CD66b-V450/PacBlue AB (BioLegend) for
20 minutes, fixed with 4% paraformaldehyde, washed with PBS,
and then resuspended in PBS. Neutrophil phagocytosis of beads
was assessed by flow cytometry (iQue; Sartorius). The product of
the percentage of neutrophils that phagocytosed beads and the
fluorescent signal of phagocytosed beads (geometric MFI of bead-
positive neutrophils) was calculated for each sample with ForeCyt
8.1 and reported as the phagocytotic score (phagoscore). Results
were visualized with GraphPad Prism 9.

ADCP. Monocyte THP-1 cell-line-mediated phagocytosis assay
was performed as described previously.?° Immune complexes com-
prising of biotinylated antigen coupled to 1.0 wm yellow-green fluo-
rescent, neutravidin-labeled microspheres (Thermo Fisher Scientific)
and plasma antibodies diluted 1:100 in PBS were incubated for 2
hours at 37°C in 96-well plates per antigen, in duplicate. THP-1
monocytes (ATCC, TIB-202) were added at a concentration of
250000 cells/well in R10 media (RPMI-1640; Sigma) supple-
mented with 10% fetal bovine serum, 2 mM of L-gluthamine, 100 U/
mL penicillin/streptomycin, 20 mM of HEPES, and 50 pM of
B-mercaptoethanol. Cells were incubated with immune complexes
for 16 hours at 37°C, 5% CO,. Cells were then washed with PBS,
fixed with 4% paraformaldehyde, and resuspended in PBS for flow
cytometric acqusition (iQue; Sartorius). A phagoscore was calcu-
lated by dividing the product of percentage bead-positive cells and
bead-positive MFI by 10° with ForeCyt 8.1. Results were visualized
with GraphPad Prism 9.
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Antibody subclass, isotype, and Fcy-receptor titer. Mag-
netic microspheres (Luminex Corp.) were coupled to individual anti-
gens per bead-region by a carbodiimide-NHS ester-coupling reaction
(Thermo Fisher Scientific), as previously established.'® The antigen-
coupled beads were washed and incubated with plasma samples
diluted in PBS (1:500 for IgGy; 1:100 for IgGs, IgA, and IgM; 1:1000
for Fc-receptor readouts) for 2 hours at 37°C in black, clear-bottom
384-well plates (Greiner Bio-One). The unbound antibodies were
washed in assay buffer (0.05% Tween-20, 0.1% bovine serum albu-
min in PBS). Detection of antigen-bound antibodies of interest were
detected with R-phycoerthrin (PE; Agilent Technologies) conjugated
anti-human antibody for each subclass and isotype (IgGj, I1gGs, IgA,
and IgM; Southern Biotech). PE-streptavidin (Agilent Technologies)
was conjugated to recombinant, biotinylated Fcy-receptors (FcyR2A,
FcyR2B, FcyR3A, and FcyR3B; Duke Protein Production Company).
Each secondary detection was incubated with the immune complexes
for 1 hour at room temperature. Plates were then washed in assay
buffer and the beads were resuspended in QSol buffer (Sartorius) for
flow cytometric acquisition (iQue; Sartorius) and analyzed with Fore-
Cyt 8.1 software. MFl of PE is reported for antigen-specific antibody
subclass or isotype, and Fcy-receptor titers. Ebola virus glycoprotein,
used as a negative control antigen, was purchased from IBT
Bioservices.

Functional T-cell response assessment

Functional T-cell responses to SARS-CoV-2 vaccination were mea-
sured in peripheral blood collected before and after vaccination
using interferon-y (IFN-y) responses to spike/nucleocapsid protein
in an enzyme-linked immunospot (ELISpot) assay and a whole
blood-based IFN-y release assay (IGRA).>®

Blood processing. Blood was collected (Lithium Heparin) and
peripheral blood mononuclear cells (PBMCs) were isolated using
ficoll density gradient centrifugation in a SepMate tube (Stem Cell
Technologies).

Peptide pools/protein. Peptide pools spanning the entire spike
and nucleocapsid sequence were obtained from JPT peptide solu-
tions and consisted of 15mers with an 11 amino acid overlap, with
guaranteed purity of >70%. The nucleocapsid pool (PM-WCPV-
NCAP2) contained 102 peptides. The spike protein pool (PM-
WCPV-S-3) was divided into pools A (158 peptides) and B (157
peptides, of which the last is a 17mer). Peptide pools were reconsti-
tuted in 50 uL of dimethyl sulfoxide (DMSO) and equal volume ster-
ile PBS (Gibco). Working aliquots were stored at —20°C. S1-His
protein (S1N-C52H3) and S2-His protein (S2N-C52H5) (Acro Bio-
systems) had >90% purity and were expressed in HEK293 cells.
Proteins were reconstituted with sterile water to final concentration
of 0.5 pg/uL and working aliquots were stored at —20°C.

ELISpot assay. Within 8 hours of venesection, PBMCs were resus-
pended in serum-free T-cell assay media (ImmunoSpot) and plated
2.5e5 cells/well of human IFN-y ELISpot plate (ImmunoSpot). Cells
were incubated with 1:1 DMSO:PBS (negative control); the spike A,
spike B, or nucleocapsid peptide pools; or phytohemagglutinin (PHA;
positive control). Antigen wells were set up in duplicate. PHA (Sigma-
Aldrich) was added as a positive control at a final concentration of 5
pg/mL. Peptide pools contained each peptide at a final concentration
of 2 pwg/mL. Negative control wells contained equivalent volume of
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Table 1. Baseline patient characteristics

Cohort
Total, n = 36 (%) No active CLL therapy, n = 30 (83) Active BTKi, n = 6 (17) P
Age at registration
Median (range, y) 62 (31-86) 60 (31-86) 68 (58-76) .23*
Age < 65y 19 (583) 17 (57) 2 (33) .39t
Age =65y 17 (47) 13 (43) 4 (67)
Sex
Female 14 (39) 10 (33) 4 (67) .18t
Male 22 (61) 20 (67) 2 (33)
Infection history
Pulmonary infection
No 30 (83) 25 (83) 5 (83) >.99t
Yes 6 (17) 5(17) 1(17)
SARS-CoV-2 infection
No 35 (97) 29 (97) 6 (100) >.99t
Yes 1(3) 1) -
IVIG therapy
No 36 (100) 30 (100) 6 (100) >.99t
Yes = = =
Disease characteristics
Rai stage
0 29 (81) 25 (83) 4 (67) 21t
1-2 6 (17) 5(17) 1(17)
3-4 1@ - 1a7)
Immunoglobulin heavy chain gene
Unmutated 11 (31) 6 (20) 5 (83) .01t
Mutated 13 (36) 13 (43) -
Missing 12 (33) 11 (37) 1(17)
CLL treatment status
Treatment-naive
No 11 (31) 5(17) 6 (100) <.001t
Yes 25 (69) 25 (83) =
Number of prior lines
Median (range) 0 (0-2) 0 (0-2) 1(1-2) <.0011
Laboratory parameters
ALC
Median (range) 13.9 (0.5-142.9) 14.5 (0.5-42.9) 4.6 (1.6-141.0) .83*
ALC = 24 000/pL 26 (72) 22 (73) 4 (67) >.99t
ALC > 24 000/pL 10 (28) 8 (27) 2 (33)
Immunoglobulin G
Median (range) 761 (395-1858) 761 (395-1413) 734 (500-1858) .85*
Immunoglobulin M
Median (range) 42 (10-1157) 42 (10-1157) 32 (12-193) .36*
Immunoglobulin A
Median (range) 94 (19-495) 102 (19-495) 79 (34-398) 77"
Absolute CD3+ T-cell count
Median (range) 1797 (460-3947) 1729 (460-3947) 2735 (1784-3796) .05*
Missing 5 (14) 4(13) 1(17)

ALC, absolute lymphocyte count; IGHV, immunoglobulin heavy chain gene; IVIG, intravenous immunoglobulin; —, none.
*Wilcoxon rank-sum test.
tFisher's exact test.
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Table 1. (continued)

Cohort
Total, n = 36 (%) No active CLL therapy, n = 30 (83) Active BTKi, n = 6 (17) P
CD4+ T-cell count
Median (range) 1268 (339-2743) 1127 (339-2743) 1656 (746-2185) 12%
Missing 2 (6) 2(7) -
Vaccination history
COVID-19 vaccine type
BNT162b2 14 (39) 13 (43) 1(17) .29t
mRNA-1273 13 (36) 11 (37) 2 (33)
Ad26.COV2.S 9 (25) 6 (20) 3 (50)

ALC, absolute lymphocyte count; IGHV, immunoglobulin heavy chain gene; IVIG, intravenous immunoglobulin; —, none.

*Wilcoxon rank-sum test.
tFisher's exact test.

DMSO and PBS as peptide pools. Plates were incubated at 37°C for
16 to 20 hours and developed according to manufacturer's instruc-
tions before counting (ImmunoSpot CoreS6 ELISpot counter). Back-
ground spot forming unit (SFU) count was subtracted from the antigen
wells spot count. Average SFU for spike pool A, spike pool B, and
nucleocapsid pool is reported. In some instances, responses to spike
pool A and B are added together to better reflect responses to the
entire spike protein. In cases with no spot responses to antigen, the
PHA well was always positive. The median background of the negative
control was 0 SFU/2.5 X 10° cells (range 0-6). The positive threshold
of average 6 SFU per 2.5 X 10° PBMC (after background subtrac-
tion) was previously described.?®

IGRA. Within 8 hours of venesection, 1 mL of blood was aliquoted
into sterile tubes with loose-fitting caps. For the negative condition,
20 pL of sterile water was added; for the positive control, 18 pL of
PHA (1 pg/pL stock) and 2 plL of Cell Activation Cocktail (Biole-
gend) were added. Whole protein spike S1 subunit and spike S2
subunit of SARS-CoV-2 were thawed and immediately added (20
pl) to individual tubes for a final concentration of 5 mg/mL. Sam-
ples were carefully mixed before incubating at 37°C for 16 to 24
hours. Samples were then centrifuged and plasma isolated and
stored at —20°C prior to IGRA testing (Qiagen). Manufacturer-
specified acceptance criteria were always met. A positive threshold
of =0.3 IU/mL IFN-y (after subtraction of background in the nega-
tive control) to either S1 or S2 subunit was previously described.?®

Statistical analyses

The primary end point was frequency of serologic response. Serologic
response to SARS-CoV-2 vaccination was defined as =4-fold
increase (ie, for patients with serologic evidence of prior infection) or
seroconversion (negative [<0.40 U/mL] to =0.80 U/mL) with the
RBD immunoassay. To control for prior SARS-CoV-2 infection, total
nucleocapsid antibody was measured before and after vaccination
using the N-immunoassay. Serologic response to PCV13 was defined
as =2-fold increase or seroconversion (nonprotective to protective
titer for =50% PCV13-specific serotypes). One patient was deemed
ineligible for PCV13 analyses but included in COVID-19 analyses.

The sample size was calculated to provide adequate power for test-
ing the primary end points (serologic response to SARS-CoV-
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2/PCV13 vaccines). A 1-sample binomial test was used to test the
null hypothesis that =30% would achieve each primary end point,
which was based on the previously reported serologic response
rate (SRR) of pneumococcal vaccines in CLL.?* SRRs associated
with SARS-CoV-2 vaccines in patients with CLL were not estab-
lished at study start. With 30 patients, there was 81.9% power to
test 50% (alternative) vs 30% (null) using a 1-sided significance
level of 0.084. This design required that =13 patients achieve the
primary end point to be declared promising.

Patient/disease characteristics were summarized using descriptive
statistics (median/range for continuous variables; numbers/percen-
tages for categorical variables). Immune responses were tabulated/
summarized descriptively. Frequencies/proportions were calculated
with 95% exact binomial confidence intervals.

The following covariates were considered in the univariate analyses
for SRR after SARS-CoV-2 vaccination: age, vaccine type, absolute
lymphocyte count (ALC), CD3 T cells, CD4 T cells, IgG, immuno-
globulin heavy chain gene status, Rai stage, and pulmonary infection
=3 years. We used established cutoffs for age (=65 years),?>2®
Rai stage (0 vs =1), and IgG (<600 mg/dL). We used univariate
recursive partitioning to identify a robust cutoff for association of
ALC (>24000/uL; 10000 models were fit with bootstrap resam-
pling, with the median chosen as the cut point). CD3/CD4 T-cell
cutoffs were based on median values. Associations of response
with covariates were conducted using univariable logistic regression
and reported as odds ratios with 95% confidence intervals.

Results

Patient characteristics

From August 2020 to August 2021, 36 patients with CLL/small
lymphocytic leukemia were enrolled (supplemental Figure 1). The
median age was 62 years (range, 31-86), 61% (22/36) were men,
and 97% (35/36) had Rai stage of O to 1 (Table 1). The primary
cohort was comprised of 30 patients not on active therapy (25
treatment-naive and 5 previously treated). Most received mRNA-
based SARS-CoV-2 vaccines (24/30; 80%), and 20% (6/30)
received the adenovirus-based SARS-CoV-2 vaccine. A secondary
BTKi cohort was comprised of 6 patients on active BTKi (Table 1).
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Figure 1. Humoral responses to SARS-CoV-2 vaccination in patients with CLL. (A) Anti—-SARS-CoV-2 spike antibody response rate (RBD immunoassay) in patients
with CLL not on active therapy (n = 30) by vaccine type and treatment history. One patient developed COVID-19 after enrollment but prior to vaccination and had a >4-fold
spike antibody titer increase with vaccination and thus was counted as a response. (B) Distribution of anti-SARS-CoV-2 spike antibody responses in patients not on active
therapy. Each circle or bar represents an individual patient and is color coded based on disease history. Dotted line represents RBD immunoassay cutoff for a detectable
result (=0.40 U/mL), with undetectable results (<0.40 U/mL) indicated as circles and results within the measuring interval (=0.40 to >2500 U/mL) indicated as bars. Caret
(*) indicates a serologic response to PCV13. Two patients with positive qualitative spike antibody results are not included here. (C) Distribution of anti-SARS-CoV-2 spike
antibody responses (n = 11) following an additional mMRNA vaccine dose. Each bar or circle represents an individual patient and is color coded based on disease history.
Initial and subsequent SARS-CoV-2 vaccine types (1, Ad26.COV2.S; 2, mMRNA-1273; 3, BNT162b2) are indicated on the y-axis, with the subsequent vaccine type placed in
brackets after the initial vaccine type. Dotted line represents RBD immunoassay cutoff for a detectable result (=0.40 U/mL), with undetectable results (<0.40 U/mL)

indicated as circles and results within the measuring interval (=0.40 to >2500 U/mL) indicated as bars. Every patient received 1 additional dose of mMRNA vaccine except

for patient indicated by an asterisk (*), who received 2 doses. (A-C) Prior treatment refers to CD20 antibody therapy plus venetoclax

Serologic response to SARS-CoV-2 vaccination

The overall anti—-SARS-CoV-2 SRR after SARS-CoV-2 vaccination
in patients with CLL not on therapy was 60% (18/30; Figure 1A;
supplemental Table 2; supplemental Figure 2) and was higher in
treatment-naive (72% [18/25]) than previously treated patients (0%
[0/5]; Figure 1A). Among treatment-naive patients who received an
mRNA vaccine, the SRR was 77% compared with 33% for adeno-
virus vector-based vaccine. Of patients with CLL not on active ther-
apy who responded to SARS-CoV-2 vaccination, the median spike
antibody level was 402.00 U/mL (range, 1.72 to >2500 U/mL
[upper limit of assayl; Figure 1B). Of 6 patients on a BTKi, the SRR
was 33% (2/6; supplemental Table 3; supplemental Figure 3A-C).

Efficacy of a SARS-CoV-2 mRNA additional vaccine
dose in seronegative patients

Patients who remained seronegative after SARS-CoV-2 vaccination
(2 doses of mRNA vaccine [n = 6] or 1 dose of Ad26.COV2.S
[h = 5]) were offered an additional dose of mRNA vaccine
(BNT162b2 or mRNA-1273). Of 11 patients who received an addi-
tional SARS-CoV-2 vaccine dose, the SRR was 55% (6/11), and
an additional patient achieved a detectable RBD immunoassay but
was considered a nonresponder given titer <0.80 U/mL (Figure
1C). Of 6 patients with seroconversion after an additional mRNA
vaccine dose, 3 (50%) previously received Ad26.COV2.S and 3
(50%) previously received an mRNA vaccine. Overall, of 28 patients
not on therapy who received =1 dose of an mRNA vaccine (2
mRNA doses [n = 19], 3 mRNA doses [n = 5], or 1
Ad26.COV2.S vaccine plus 1 mRNA dose [n = 4]), the SRR was
79% (22/28).
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BTKi within the past 2 years.

Predictors of serologic response to SARS-CoV-2
vaccination in patients with CLL

In a preplanned univariate analysis to identify baseline covariates
associated with serologic response to SARS-CoV-2 vaccination, we
found that ALC =24 000/uL (P = .028), absolute CD3 T-cell count
greater than the median (P = .021), and use of an mRNA-based
vaccine (P = .035) were associated with serologic response to
SARS-CoV-2 vaccination in patients not on therapy (Figure 2).
Treatment-naive patients with ALC =24 000/uL demonstrated a
higher SRR than patients with prior/current CLL treatment or ALC
>24000/uL in the absence of prior treatment (94% [15/16] vs
14% [1/7]; P < .001; Figure 3).

SARS-CoV-2 antibody and effector function
profiling following mRNA vaccination

We performed detailed characterization of SARS-CoV-2 spike-
directed antibodies and their functional activity after mRNA-based
SARS-CoV-2 vaccination in 21 patients with CLL (18 not on active
therapy, 3 on BTKi; Figure 4). Using a bead-based multiplex immu-
noassay, we detected SARS-CoV-2 spike IgG+, IgGs, IgM, and IgA
antibodies in all tested patients, in most cases at titers and binding
capacities similar to vaccinated non-CLL controls, with the exception
of lower IgGs titers and higher FcyR3B binding in patients with
CLL (Figure 4A-B; supplemental Figure 4). Spike-specific ADCP
responses to wild-type SARS-CoV-2 virus were preserved in
patients with CLL compared with non-CLL controls, whereas
ADCD and ADNP responses were slightly diminished (Figure 4D-
E). IgG, IgM, and IgA subclasses, Fcy-receptor binding, and spike-
specific ADCP, ADNP, and ADCD responses were demonstrated
against the a (B.1.1.7), B (B.1.351), v (P.1), and & (B.1.617)
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N (%) OR (95% CI) p-value

Age at registration

Age < 65 years 17 (57) Reference

Age > 65 years 13 (43) 0.36 (0.07, 1.58) .18
COVID-19 vaccine type

Adenovirus 6 (20) Reference

mRNA 24 (80) 12.14 (1.59, 256.24) .035
ALC

ALC > 24 000/uL 8 (27) Reference

ALC < 24 000/uL 22 (73) 8.00 (1.41, 66.29) .028
Absolute CD3+ T-cell count

CD83 < median 14 (47) Reference

CD3 > median 12 (40) 9.00 (1.59, 76.16) .021
CD4+ T-cell count

CD4 < median 15 (50) Reference

CD4 > median 13 (43) 5.00 (1.03, 30.14) .056
Immunoglobulin G

IgG < 600 9 (30) Reference

IgG > 600 21 (70) 2.50(0.51, 13.21) .26
IGHV

Unmutated 6 (20) Reference

Mutated 13 (43) 11.25 (1.28, 257.32) .053
Rai stage

0 25 (83) Reference

1-2 5(17) 3.14(0.39, 66.26) .34
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Figure 2. Clinical characteristics associated with SARS-CoV-2 vaccine response. Forest plot of univariable logistic regressions of characteristics associated with a

spike serologic response (RBD immunoassay) to SARS-CoV-2 vaccination in patients not on any CLL therapy (n = 30). The odds ratio reflects the presence of the variable

compared with the absence.

variants (supplemental Figure 4). As expected, SARS-CoV-2 spike
IgG; levels appeared higher (1.17-log; P = NS), and ADCP (1.06-
log; P = NS), ADNP (1.13-log; P = NS), and ADCD (1.35-log;
P = .0126) responses appeared more robust among patients with
CLL with RBD immunoassay response (Figure 4C).

Functional T-cell responses after SARS-CoV-2
vaccination

Among 20 patients with CLL (16 not on active therapy, 4 on BTKi)
with samples for T-cell assays, 80% (16/20) had functional T-cell
responses to SARS-CoV-2 spike protein, including 12/16 by ELI-
Spot and IGRA and 4/16 by IGRA alone (Figure 5A-B; supplemen-
tal Figures 3C and 5). Of 9 patients who did not achieve a
serologic response on RBD immunoassay, 7 (78%) demonstrated a
functional T-cell response (Figure 5A). Notably, 2 patients without
an RBD immunoassay or functional T-cell response had an ALC
>24000/uL (Figure 5A).

Breakthrough SARS-CoV-2 infections

With a median follow-up of 263 days (interquartile range, 241-280)
from first SARS-CoV-2 vaccine, 3 patients developed SARS-CoV-2
infection, and all patients are alive (supplemental Table 4). Two
patients (1 previously treated and 1 active BTKi) required hospitali-
zation and received dexamethasone (n = 2), remdesivir (h = 2) =
casirivimab/imdevimab (n = 1). Both hospitalized patients were
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initially vaccinated with Ad26.COV2.S with undetectable postvac-
cine titers (<0.04 U/mL) and received an additional dose of mMRNA
vaccine on study (subsequent titers of <0.04 and 1.39 U/mL). A
third patient had mild upper respiratory symptoms and convalesced
at home. This patient had received 3 doses of BNT162b2 with
undetectable titers before and after the third dose.

Serologic response to PCV13 vaccination

PCV13 appeared less immunogenic than SARS-CoV-2 vaccines in
the same cohort of patients, with a PCV13 SRR of 29% (8/28) in
patients not on active therapy, including 35% (8/23) among
treatment-naive patients and 0% (0/5) among previously treated
patients, and 20% (1/5) in patients on active BTKi therapy (Figure
6; supplemental Figure 3A). Of 9 patients with a PCV13 response,
8 (89%) had a SARS-CoV-2 vaccine response (Figure 1B; supple-
mental Figure 3B).

Discussion

This prospective study demonstrated that 60% of patients with
CLL not on active therapy exhibited a serologic response to SAR-
S-CoV-2 vaccination using a clinically validated RBD immunoassay,
and responses appeared more frequently in patients who were
treatment-naive (72%) or received an mRNA vaccine (71%). Among
treatment-naive patients, an ALC =24000/uL was strongly
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rank-sum test comparing the distributions of the continuous data among the 4 groups; P < .001 for Wilcoxon rank-sum test comparing 2 groups (treatment-naive patients

with ALC = 24 000/pL vs ALC > 24 000/pL and/or current or prior therapy). Patients enrolled in both cohorts were included in this analysis. Two patients without

quantitative spike antibody serologies were not included in the plot.

associated with serologic response (94% vs 14%; P < .001).
Importantly, we found that most (80%) tested patients had func-
tional SARS-CoV-2 specific T-cell responses, including most
patients who lacked detectable SARS-CoV-2 antibodies after vacci-
nation. Additionally, a higher sensitivity bead-based multiplex immu-
noassay identified SARS-CoV-2 antibodies in all tested patients,
and we confirmed Fc-receptor binding and spike-specific antibody
effector functions against wild-type and variant SARS-CoV-2 viruses
(o, B, 7y, and B).

This study met its primary end point (serologic response to SARS-
CoV-2 vaccination), with SRRs of 60% overall, including 72%
among treatment-naive patients, consistent with previous reports in
patients with CLL without recent or ongoing therapy (55% to
94%).'1618 pCV13 did not meet its co-primary end point with an
SRR of 28%, which is consistent with previous reports,*® support-
ing that this is a representative cohort of patients with CLL not on
active therapy in terms of immune responses to vaccination. S pneu-
moniae is a major cause of morbidity and mortality among patients
with CLL, and these data underlie the urgency to develop better
vaccines against common pathogens that affect immunocompro-
mised patients. Notably, whereas 88% (7/8) of off-treatment
patients who responded to PCV13 demonstrated a SARS-CoV-2
vaccine response, only 39% (7/18) of patients who responded to
SARS-CoV-2 vaccination demonstrated a PCV13 response. These
data support the development of novel vaccine technologies against
other pathogens (eg, S pneumoniae, Haemophilus influenzae, and
influenza).

An ALC = 24000/uL was associated with a higher likelihood of
serologic response to SARS-CoV-2 vaccination (73% vs 27%);
P = .028). We combined both cohorts and observed that
treatment-naive patients with an ALC = 24000/uL had a higher
SRR than those with prior/current therapy and/or high ALC (94%
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vs 14%; P < .001). Others have also found that lymphocytosis is
associated with fewer serologic responses to SARS-CoV-2 vac-
cines,'® and these data are consistent with prior reports that
advanced disease burden is an independent risk factor for infections
among treatment-naive patients with CLL.2? External validation of
this association between the ALC and SARS-CoV-2 vaccine effi-
cacy is necessary, and further studies to identify the mechanisms
underlying this finding are warranted.

Prior studies of SARS-CoV-2 vaccine efficacy in CLL have focused
on immunoassay-based serologic responses but did not answer
whether antibodies measured after vaccination are capable of effec-
tor functions, if certain antibody titers confer protective immunity,
and whether spike antibodies are accompanied by spike-specific
T-cell responses. To address these knowledge gaps, which have
left us unable to effectively counsel CLL patients as to whether they
are protected against SARS-CoV-2, we performed detailed analyses
of humoral and T-cell immunity after SARS-CoV-2 vaccination.
Using a bead-based multiplex immunoassay with higher sensitivity
than traditional immunoassays,?® we identified spike-specific anti-
body subsets after mRNA-based vaccination in all tested patients
with CLL. Fc-receptor binding and spike-specific antibody effector
functions (eg, cellular and neutrophil phagocytosis and complement
deposition) were observed in all tested patients with CLL, although
they appeared more robust among patients with a positive RBD
immunoassay result. We also demonstrated that 80% of tested
patients with CLL developed functional spike-specific T-cell
responses, including 78% of patients with CLL without detectable
spike antibodies on an RBD immunoassay, a group enriched for
prior B-cell-depleting therapies.

These data provide a model for comprehensively assessing vaccine
immunogenicity in other high-risk populations excluded from pivotal
trials. Taken together, our findings confirm that post-vaccination RBD
immunoassay antibody testing underestimates the immunogenicity
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Figure 4. SARS-CoV-2 wild-type spike-specific antibody responses in patient with CLL or non-cancer (NC) donor plasma after 2 doses of SARS-CoV-2
mRNA vaccine. (A) SARS-CoV-2 spike-specific plasma IgGy, IgGa, IgM, or IgA titer from vaccinated patients with CLL (V2; n = 21) and NC donors (V2; n = 14) were
analyzed with a bead-based multiplex immunoassay, represented as median florescence intensity (MFI) in log10. Antibody titers against Ebola virus glycoprotein (EBOV GP)
were used as a negative antigen control readout. WT S, wild-type spike. (B) SARS-CoV-2 spike-specific plasma FcyR2A, FcyR2B, FcyR3A, or FcyR3B titers from
vaccinated patients with CLL (V2; n = 21) and NC donors (V2; n = 14) were assessed with a bead-based multiplex immunoassay and analyzed as median florescence
intensity (MFI) in log10. (C) Univariate analysis of RBD immunoassay responder (R; n = 12) and nonresponder (NR; n = 3) antibody features among vaccinated patients
with treatment-naive CLL. Circle represents the median of each group. SARS-CoV-2 spike-specific IgGj titer is reported as MFl in log10. Flow cytometric assays to deter-
mine SARS-CoV-2 spike-specific antibody-dependent THP-1 monocyte phagocytosis (ADCP), ADNP, or ADCD effector functionality were performed to measure the relative
effector function. Cellular or neutrophilic phagocytosis is reported as phagoscore in log10. Complement deposition is reported as the MFI of C3-FITC-positive cells in log10.
(D) Comparison of SARS-CoV-2 spike-specific ADCP functionality between vaccinated patients with CLL (V2; n = 21) and NC donors (V2; n = 14). Complement deposi-
tion is reported as the MFI of C3-FITC—positive cells in log10. (E) Comparison of vaccinated patient with CLL (V2; n = 21) or NC donor (V2; n = 14) antibody-dependent
THP-1 monocyte-mediated phagocytosis functionality against SARS-CoV-2 spike. ADCP is reported as the phagoscore in log10. (F) Comparison of ADNP effector function-
ality against SARS-CoV-2 spike protein between vaccinated patients with CLL (V2; n = 21) and NC donors (V2; n = 14). ADNP is reported as the phagoscore in log10.
(A-F) Postvaccine samples were available for 21 patients with CLL vaccinated with mRNA SARS-CoV-2 vaccines. Statistical significance of comparisons between the 2
groups was calculated using the nonparametric two-tailed Mann-Whitney U test with P value cutoffs indicated as follows: P = .1234 (ns); *P = .0332; **P = .0021; **P =
.0001. (A-B, D-F) The black solid line represents the median with dashed lines for the 95% confidence interval in the truncated violin plots. (D-F) The dotted line on the
y-axis represents background PBS signal.

of SARS-CoV-2 vaccination and provides evidence of functional
humoral and/or cellular immune responses after vaccination against
SARS-CoV-2 in most patients with CLL. The significance of spike
antibodies detectable only with higher sensitivity methods and/or
presence of spike-specific T-cell responses without a positive RBD
immunoassay warrant prospective validation. However, these data
suggest that patients with CLL generate functional immune res-
ponses to vaccines, and novel vaccine strategies (eg, additional
mRNA vaccine doses) should be studied to enhance protection
against SARS-CoV-2 virus.
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Of 11 patients with a negative RBD immunoassay after SARS-
CoV-2 vaccination, 6 (65%) responded to an additional dose of
mRNA-based vaccine. These data call into question RBD
immunoassay—directed vaccine strategies but suggest that a
3-dose mRNA vaccine series or an mRNA vaccine after
Ad26.COV2.S may be more immunogenic in patients with CLL.
In a randomized trial of mMRNA-1273 vs placebo in solid organ
transplant recipients after primary vaccination, a third dose
resulted in more serologic and T-cell responses.2® Although our
cohort given additional vaccine doses is limited by its small
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Figure 5. T-cell responses to SARS-CoV-2 vaccination in patients with CLL. (A) Co-occurrence plot of spike RBD immunoassay serologic responses with T-cell

responses (ELISpot and IGRA), vaccine history, and clinical characteristics (n = 36). Shaded squares represent the presence of the indicated characteristic. Each column

represents an individual patient. (B) Summary table of spike RBD immunoassay serologic and T-cell responses based on SARS-CoV-2 vaccine type (mRNA vs adenovirus)

for patients not on any active therapy. (A-B) Postvaccine samples were available for 20 patients with CLL vaccinated with either adenovirus or mRNA SARS-CoV-2

vaccines.

sample size and lack of a control, our serologic conversion rate
compares favorably with organ transplant recipients given an
additional vaccine dose (33% to 44%)3°3" and in seronegative
patients with CLL given a third dose of BNT162b2 (23.8%)3?
and further supports the current Centers for Disease Control
and Prevention recommendations to offer additional mRNA-
based vaccine doses to immunocompromised patients, such as
patients with CLL. Additional assessment, including serial anti-
body profiling and T-cell assays, should be obtained over time
and with additional SARS-CoV-2 vaccine doses and may
provide additional insight into the optimal SARS-CoV-2 vaccine
type/frequency to ensure that patients with CLL achieve
and maintain protective immunity to SARS-CoV-2 variants of
concern.

1680 HAYDU et al

Our study was not powered to detect differences between vaccines
or treatment history to analyze risk of breakthrough infection; thus,
randomized data and/or large well-controlled observational datasets
are needed to determine the optimal SARS-CoV-2 vaccine strategy
in patients with CLL. Because the Centers for Disease Control and
Prevention recently updated their guidance to recommend that
mRNA-based vaccines be preferred over Ad26.COV2.S in all
adults, we recommend mRNA-based vaccines for patients with
CLL. Because the functional analyses were conducted before the
B.1.1.529 variant (0), they should be repeated against o spike anti-
gen once feasible. An additional limitation of these data is that most
of the enrolled patients were treatment naive and Rai stage O or 1
and had preserved IgG levels, and whether these data are generaliz-
able to patients with high Rai stage or hypogammoglobulinemia'®

22 MARCH 2022 - VOLUME 6, NUMBER 6 & blOOd advances



100 A

g 80 A

2

S

[+

2 60 -

2

&

=) 35%

S 497 29% (8/23)

3 (8/28)

o

=

a 20 4
0%
(0/5)

0 T
Overall Treatment-naive  Prior treatment

Figure 6. Humoral response to PCV13 vaccination in patients with CLL.
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warrants further evaluation. Although it is possible that the SRR
would be significantly lower in a cohort of patients with a higher
ALC, those with low ALC were enriched for prior therapy and/or
active BTKi.

Strengths of our study include a prospectively powered design
in a defined cohort of patients not on active therapy, compre-
hensive evaluation of SARS-CoV-2 vaccine immunogenicity,
including functional T-cell responses, antibody Fc-receptor bind-
ing, and effector functions, paired PCV13/SARS-CoV-2 analy-
ses, and RBD immunoassay response assessment after an
additional mRNA vaccine dose in patients with a negative RBD
immunoassay. To our knowledge, this is the most comprehen-
sive analysis of SARS-CoV-2 vaccine immunogenicity in CLL to
date. Whether these surrogates of SARS-CoV-2 vaccine immu-
nogenicity (eg, RBD immunoassay, bead-based spike immuno-
assay, presence of antibody effector functions, and/or functional
T-cells) predict protective immunity is unknown and warrants
further study. Although we and others have reported that peo-
ple with CLL generally have a lower SRR compared with peo-
ple without cancer, we can detect antibodies capable of FcR
binding and effector function in all patients receiving mRNA
vaccines and functional spike specific T-cells in most patients,
suggesting that novel vaccine strategies, including additional
vaccine doses, may increase protection against SARS-CoV-2
infection. Our results may also lead to further studies of the
mechanisms underlying functional T-cell and humoral responses
after SARS-CoV-2 vaccination and whether they predict pro-
tective immunity in patients with CLL.
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