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ABSTRACT The anti-spike T-cell and antibody responses to SARS-CoV-2 mRNA vaccines in

patients with B-cell malignancies were examined in a real-world setting. A next-
generation sequencing (NGS)-based molecular assay was used to assess SARS-CoV-2-specific T-cell
responses. After the second dose, 58% (166/284) of seropositive and 45% (99/221) of seronegative
patients display anti-spike T cells. The percentage of patients who displayed T-cell response was higher
among patients receiving mMRNA-1273 vaccines compared with those receiving BNT162b2 vaccines.
After the third vaccination, 40% (137/342) of patients seroconverted, although only 22% displayed
sufficient antibody levels associated with the production of neutralizing antibodies. 97% (717/738) of
patients who were seropositive before the third dose had markedly elevated anti-spike antibody levels.
Anti-spike antibody levels, but not T-cell responses, were depressed by B cell-directed therapies. Vac-
cinated patients with B-cell malignancies with a poor response to SARS-CoV-2 vaccines may remain
vulnerable to COVID-19 infections.

SIGNIFICANCE: This study represents the first investigation of SARS-CoV-2-specific immune responses
to vaccination in a patient registry using an NGS-based method for T-cell receptor repertoire-based
analysis combined with anti-spike antibody assessments. Vaccinated patients with B cell-derived
hematologic malignancies are likely at higher risk of infection or severe COVID-109.

ing evidence suggests that viral antigen-specific T cells can

INTRODUCTION also contribute to protection from SARS-CoV-2 and SARS-

Neutralizing anti-spike protein (anti-S) antibodies to the
SARS-CoV-2 virus in response to SARS-CoV-2 vaccination
with mRNA vaccines (mRNA-1273 and BNT162b2) correlate
with protection against SARS-CoV-2 infection (1, 2). Emerg-
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CoV-2 variants of concern (reviewed in ref. 3). Moreover,
unique methods that facilitate the analysis of T-cell responses
in larger patient populations may provide actionable insights
for public health (3).
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Table 1. T-cell responses by mRNA vaccine type

T-cell nonpositive

Vaccine Anti-spike antibody (AU/mL)  T-cell positive T-cell negative T-cell no call Subtotal
Total <0.8(221) 99 (45%) 82 (37%) 40 (18%) 122 (55%)
N =505 >0.8(284) 166 (58%)° 96 (34%) 22 (8%) 118(42%)
mRNA-1273 <0.8(87) 45 (52%)° 27 (31%) 15(17%) 42 (48%)
N=236 >0.8(149) 97 (65%) 37 (25%) 15(10%) 52(35%)
BNT162b <0.8(134) 54 (40%) 55 (41%) 25 (19%) 80 (60%)
N=269 >0.8(135) 69 (51%) 59 (44%) 7(5%) 66 (49%)

NOTE: SARS-CoV-2-specific T-cell responses were categorized by anti-S antibody levels and mRNA vaccine type. Anti-S antibody levels were ana-
lyzed by the semiquantitative Elecsys anti-SARS-CoV-2 S enzyme immunoassay using patient sera. Immunosequencing of the CDR3 regions of human
T-cell receptor (TCR) beta chains on genomic DNA from peripheral blood samples and identification of SARS-CoV-2-specific TCRs were performed as
described in Methods. Peripheral blood samples for TCR sequencing were collected a median of 147 days after the second dose of vaccination [inter-
quartile range (IQR): 129-164 days]. A classifier trained to diagnose SARS-CoV-2 infection (10) was used to categorize SARS-CoV-2-specific T-cell
response calls. “No call” resulting from the insufficient number of T cells in the patient sample for a definitive negative call were grouped together with

negative call as “Nonpositive” to reflect the patient population with reduced T-cell activation after two doses of vaccination.
aSignificantly different compared with <0.8 AU/mL, T cell-positive value for the total cohort (P=0.003, Fisher exact t test).
bSignificantly different compared with <0.8 AU/mL, T cell-positive value for the BTN162b2 cohort (P=0.001 Fisher exact t test).

Although immune responses to SARS-CoV-2 mRNA vac-
cines in healthy individuals are robust, they are reduced
in patients with hematologic malignancies (4). However,
the correlation between humoral and cellular responses
with COVID-19 vaccine efficacy in patients with hemato-
logic malignancies is not well studied (4). We and others
reported that serological responses to mRNA vaccinations
are impaired in patients with B cell-derived malignancies
due to the disease itself and the use of B cell-suppressive
therapies (5, 6). Recent data suggest that breakthrough
SARS-CoV-2 infections are more common in patients with
hematologic malignancies than in healthy individuals (7, 8)
and may be more likely among patients with low levels of
anti-S antibodies (9).

In this report, we use sequencing of the T-cell recep-
tor (TCR) repertoire from peripheral blood and the enrich-
ment of SARS-CoV-2-specific TCRs (10) to characterize T-cell
responses after two doses of mRNA vaccines in patients with
B cell-derived malignancies. T-cell responses in this patient
population have mostly been characterized by IFNy produc-
tion (11-14). Our second effort focused on the humoral
response to a third mRNA vaccination across a broad range of
hematologic malignancies, which builds upon our previous
reports from us and others (5, 15).

RESULTS

Patients with hematologic malignancies who previously
were examined for the anti-S antibody response (5) pro-
vided additional blood samples for the analysis of SARS-
CoV-2-specific T-cell responses after two doses of mRNA
vaccines (Supplementary Fig. S1). Samples from nine patients
with confirmed SARS-CoV-2 infection or anti-nucleocapsid
(anti-N) antibodies were excluded from the analysis. The
remaining 505 patients in the analyzed cohort predomi-
nantly had chronic lymphocytic leukemia (CLL; n = 285)

and non-Hodgkin lymphoma (NHL; » = 154). Most patients
(n = 338) were 65 years of age or older. Samples were roughly
evenly split between the two mRNA vaccines (mnRNA-1273 or
BNT162b2; Supplementary Table S1). Immunosequencing
of the CDR3 regions of human TCRp chains on genomic
DNA from peripheral blood samples and identification of
SARS-CoV-2-specific TCRs were performed as described in
Methods. Samples were classified as positive or negative
for enrichment of SARS-CoV-2 T cells using Adaptive’s T
DETECT technology, which underlies the FDA-approved
T-Detect assay (16). Briefly, the T-MAP COVID classifier was
built using infected and convalescent subjects compared with
prepandemic control samples and has a 99.8 target specificity
with a range of 75% to 100% sensitivity depending on time
since infection (10). As shown in Table 1, of 284 seropositive
patients, 58% had a positive call, whereas 34% had a negative
call, and 8% had an insufficient number of T-cell rearrange-
ments to make a definitive negative call with the classifier
(labeled “No call” in Table 1). All samples including the “No
call” samples passed all standard sequencing QC metrics, but
“No call” samples had a significantly lower T-cell fraction
compared with other samples, likely due to their hematologic
disease or prior therapy (P < 1le—15, Wilcox rank sum; Supple-
mentary Table S2). Therefore, we grouped “No call” samples
with other seronegative results to capture the entire patient
population likely at an elevated risk of infection or severe
disease due to reduced vaccine immunogenicity. Among the
221 seronegative patients, 45% had a positive T-cell call, 37%
had a negative T-cell call, and 18% had “No call” (Table 1).
Thus, the percentage of patients with a positive T-cell call was
higher among seropositive patients (58%) than among seron-
egative patients (45%; P = 0.003, Fisher exact test), suggesting
a positive relationship between positive T-cell calls and anti-S
antibody response. Notably, the percentage of seropositive
hematologic malignancy patients with a positive T-cell call
was lower compared with healthy populations using a range
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Figure 1. Association between T-cell COVID scores and anti-S antibody levels (A), type of mRNA vaccine (B), and both anti-S antibody levels and type
of mRNA vaccine (C). Anti-S antibody levels were assessed by the semiquantitative Elecsys anti-SARS-CoV-2 S enzyme immunoassay using patient sera.
COVID scores were obtained as defined in Methods. The horizontal lines represent median, boxes represent interquartile range, and symbols represent

each patient. P values were determined using the Wilcox rank-sum test.

of T-cell assessments (17-19). The percentage of patients
with a positive T-cell call was higher among patients receiving
mRNA-1273 vaccines than among those receiving BNT162b2
vaccines (P = 0.001 Fisher exact test; Table 1). A trend sug-
gestive of differences between the types of mRNA vaccines
persisted when subgroups of patients diagnosed with CLL or
NHL were examined (Supplementary Table S3).

To further assess patients likely to be at high risk of infec-
tion or severe COVID disease due to insufficient antibody and
T-cell responses, we evaluated the data set grouping samples
with anti-S antibody levels below 100 AU/mL together with
seronegative and “No call” samples. We chose this value based
on recent reports indicating that only anti-S antibody levels
above 100 AU/mL were associated with protective anti-S
antibody titers in primates and conferred 50% protective neu-
tralization in a clinical cohort (20). Supporting this hypoth-
esis, little or no neutralizing antibody activity was detected
in several studies in SARS-CoV-2-infected patients or vac-
cinated individuals with anti-S antibody levels of approxi-
mately 30-100 AU/mL (21-23). In this modified analysis,
we obtained a similar result finding that 56% (168/301) of
patients with no or low anti-S antibodies are likely to lack
protective T-cell responses.

Patient age did not significantly affect the T-cell response
(Supplementary Table S4). In addition, we examined if the
T-cell response correlated with time since the second vac-
cination. Most patient samples for T-cell analysis were col-
lected 129 to 164 days (25th-75th percentiles) after the
second vaccination; this time should reflect more persistent
T-cell responses after the initial peak of an antigen-elicited
T-cell response (10). We found little change in T-cell posi-
tivity in relation to the sampling time for the mRNA-1273
vaccine (Supplementary Table S5). T-cell positivity trended
lower beyond 164 days in patients with BNT162b2, but this
difference did not reach statistical significance (Supplemen-
tary Table SS5).

We did not observe an effect of treatment with BTK inhibi-
tors, anti-CD20 antibodies, or venetoclax on T-cell positivity
(Supplementary Table S6), consistent with a recent report

(11). Very few patients in our study reported active chemo-
therapy or steroid treatment, the two types of therapies
that have been reported to impact T-cell function (11, 13).
Therefore, the potential impact of these therapies could not
be analyzed.

To further the understanding of T-cell responses, we ana-
lyzed the COVID score, which is a quantitative value derived
from the logistic regression classifier and describes the
strength of the overall enrichment of SARS-CoV-2-specific T
cells in an antigen-independent manner (16). COVID scores
were higher among seropositive compared with seronega-
tive patients after two doses of SARS-CoV-2 mRNA vaccines
(P =0.0036, Wilcoxon rank-sum test; Fig. 1A). Interestingly,
COVID scores were higher in patients who received mRNA-
1273 than in those who received BNT162b2 vaccine doses
(P=0.0008, Wilcoxon rank-sum test; Fig. 1B and C).

Another indicator of T-cell activation is the breadth of
spike-specific TCRs, defined as the number of spike-specific
TCRs divided by the number of TCRs in the repertoire as a
whole. We compared the published mapping of TCRs selec-
tively identified in SARS-CoV-2-infected individuals versus
noninfected controls (10, 16) to the TCRs enriched in our
cohort. As expected, increased T-cell breadth was observed
for TCRs associated with responses to SARS-CoV-2 spike
protein and not for TCRs associated with responses to other
viral ORFs, whereas healthy controls who developed COVID-
19 infections demonstrated T-cell responses to other SARS-
CoV-2 antigenic proteins as well (Supplementary Fig. S2). We
observed a greater breadth of spike protein-associated T-cell
responses in seropositive patients compared with seronega-
tive patients (Supplementary Fig. S3A; P = 0.00873, Wilcoxon
rank-sum test). This correlation was preserved when we fur-
ther analyzed the breadth of spike protein-associated CD4
and CD8-specific T-cell responses (Supplementary Fig. S3A-
S3C). The median CD4 signal was higher than the median
CD8 signal (3.02e=5 vs. 0). This finding is likely based on
both T-cell biology (more HLA degeneracy and greater CD4
response) and the used technology (Adaptive’s CD4 panel has
longer peptides compared with the CD8 panel) and is consistent
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Figure 2. The serological response to second and third vaccinations in individual patients with hematologic malignancies was analyzed for anti-S
antibodies as described in the Methods. Individual lines represent each patient. Four types of responses were observed. Those patients who were sero-
negative prior to the third vaccination either remained persistent seronegative or seroconverted. Those patients who were seropositive prior to the third
vaccination either had an increase in anti-S antibody levels (seroelevated) or had a small decrease in anti-S antibody levels (serodecreased). The red line

in each graph represents the median anti-S antibody level.

with published literature that SARS-CoV-2 vaccines elicit a
stronger CD4 response (24, 25) that is associated with a lower
incidence of prolonged COVID-19 infections (26). We also
observed a trend for increased breadth of spike-specific T cells
in response to vaccination with mRNA-1273 compared with
the BNT162b2 vaccine. This trend was preserved in CD4 T-cell
responses but not in CD8 T-cell responses (Supplementary
Fig. S3D-S3F), largely due to the overall smaller CD8 signal
with the used method. Non-spike protein-associated T-cell
responses were not affected by anti-S antibody levels nor types
of mRNA vaccines (Supplementary Fig. S3G and S3H).

To address our second question, we compared anti-S
antibody responses of 1,080, anti-N-negative patients after
the second and the third dose of SARS-CoV-2 mRNA vac-
cine (Supplementary Fig. S1). Ninety-nine percent of these
patients received SARS-CoV-2 mRNA vaccines as the initial
vaccination, whereas all of these patients received SARS-
CoV-2 mRNA vaccines as the third vaccination (Supplemen-
tary Table S7). The cohort was predominantly composed of
patients with B-cell malignancies (Supplementary Table S8).
Anti-S antibody values were obtained at a median of 112
AU/mL [interquartile range (IQR), 52-144] and 29 AU/mL
(IQR, 8-34) days after the second and third vaccinations,
respectively. Of the 1,080 patients who had third vaccina-
tions, 32% were seronegative (i.e., <0.8 AU/mL), whereas 68%
were seropositive for anti-S antibodies prior to the third
vaccination (Supplementary Fig. S1). Four main types of
serological responses were observed after the third SARS-
CoV-2 mRNA vaccine dose (Fig. 2; Supplementary Fig. S1).
Among patients who were seronegative after the second vac-
cination, 40% achieved a vaccine-induced antibody response
(seroconverted) after the third vaccination with a wide range
of anti-S antibody levels (median, 101 AU/mL: IQR, 9.95-826
AU/mL). Forty-five percent of these patients had anti-S antibody

levels below 100 AU/mL. When we grouped these patients with
low antibodies together with seronegative patients, only 22%
of patients who had no detectable anti-S antibodies after the
second vaccination produced antibody levels >100 AU/mL
after the third SARS-CoV-2 mRNA vaccine dose.

Two types of responses were observed in patient who were
seropositive after the second vaccination (Fig. 2; Supplemen-
tary Fig. S1). Ninety-seven percent of these patients had sus-
tained high or markedly elevated levels of anti-S antibodies
after the third vaccination (seroelevated). The median anti-S
antibody levels before and after the third vaccination were
231 AU/mL and 2,500 AU/mL (IQRs, 46-638 AU/mL and
2,500-2,500 AU/mL, respectively). Within the seroelevated
group, only 2.4% had anti-S antibody levels <100 AU/mL
after the third vaccination. In the last group, a few patients
experienced a serodecreased response, but these patients typi-
cally had low anti-S antibody levels after the second vaccine.

The distribution of the four response groups by disease
type is shown in Supplementary Fig. S4. In general, in our
cohort impaired responses to the third vaccination were
greatest in patients with B cell-derived malignancies, except
for patients with multiple myeloma or Hodgkin lymphoma,
who responded well. The data for a large population of
patients with CLL (N = 450) allowed us to examine response
rates by treatment types when examining individual patients
(Fig. 3) or as a group (Supplementary Table S9). Patients
were typically treated with therapies that included anti-CD20
antibodies or BTK inhibitors. Although the magnitude of the
third dose response was high at the population level (Fig. 3A),
responses for individual CLL patients varied depending on
the type of treatment (Fig. 3B-F). Most patients who had no
treatment demonstrated a dramatic increase in anti-S anti-
bodies [median, 112 AU/mL (IQR, 2-472 AU/mL) to 2,500
AU/mL (IQR, 1,826-2,500 AU/mL), before and after the
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Figure 3. The anti-S antibody levelin CLL patients was assessed as described in the Methods. Overall response in patients (A); individual dots rep-
resent each patient. Response of individual patients before and after the third vaccination for patients with no treatment (B) or treatment (C). Patients
treated with BTK inhibitors (D), anti-CD20 antibodies (E), or a combination (F) are shown. Individual lines represent each patient (B-E). Red lines indicate

the median response.

third SARS-CoV-2 mRNA vaccine dose, respectively; Fig. 3B].
In contrast, patients on treatment had a smaller increase in
anti-S antibodies [median, 0.4 AU/mL (IQR, 0.4-8.5 AU/mL)
to 10 AU/mL (IQR, 10-1,428 AU/mL)] before and after the
third SARS-CoV-2 mRNA vaccine dose, respectively; Fig. 3C).
The anti-S antibody response was reduced among individ-
ual patients treated with B cell-suppressive or depleting
therapies, including BTK inhibitors (Fig. 3D), anti-CD20
antibodies (Fig. 3E), or both (Fig. 3F). The response was
highly variable in patients treated with BTK inhibitors as a
monotherapy [median, 0.4 AU/mL (IQR, 0.4-7 AU/mL) to
49 AU/mL (IQR, 0.4-1,392 AU/mL)], before and after the
third SARS-CoV-2 mRNA vaccine dose, respectively; Fig. 3D).
In contrast, two distinct types of responses were observed in
patients treated with anti-CD20 antibodies. Many patients

had a weak anti-S antibody response [median, 0.4 AU/mL
(IQR, 0.4-4.2 AU/mL) to 0.4 AU/mL (IQR, 0.4-1,384 AU/
mL)| before and after the third SARS-CoV-2 mRNA vaccine
dose, respectively; Fig. 3E. In contrast, 5 of 7 patients who
had very good antibody responses reported that they had
been treated with anti-CD20 antibodies 1 to 2 years prior to
the third vaccination. A similar response profile was found
in patients with Waldenstrom’s macroglobulenima (Supple-
mentary Fig. SSA and S5B) who were either not treated or
treated with similar therapies as CLL patients (Supplemen-
tary Fig. S5C and S5D; Supplementary Table S9). The third
largest subset of NHL patients was diagnosed with follicular
lymphoma. Treatment within anti-CD20 antibodies was also
associated with an impaired serological response to vaccines
in these patients (Supplementary Table S9). 75% (12/16)
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who remained seronegative after third vaccination had been
treated with an anti-CD20 antibody with a median of 185
days prior to the third vaccine, whereas 9 patients who had a
marked increase in the anti-S antibody levels had been treated
with an anti-CD20 antibody with a median of 393 days prior
to the third vaccination.

DISCUSSION

Here we report data on SARS-CoV-2 mRNA vaccination-
induced immune responses obtained from our registry of
patients with hematologic malignancies. We demonstrate
the utility of a molecular assay for T-cell analysis, based on
sequencing of TCR beta chains (10), in a real-world setting.
More than half of the patients in this cohort with no detect-
able anti-S antibodies (55%, 122/221) also did not exhibit
spike protein-directed T-cell responses to two full doses of
the SARS-CoV-2 mRNA vaccines. These findings are consist-
ent with other reports in patients with cancer (4, 11-14). Our
work and published studies also identify patients who have
limited or no anti-S antibody response due to anti-CD20
treatments but are able to mount T-cell responses to SARS-
CoV-2 vaccination (11, 12, 26-29). Such patients might expe-
rience protection against poor outcomes after SARS-CoV-2
infections based on their T-cell responses. For a subset of
279 patients, we examined a potential relationship between
T-cell positivity after the second dose and antibody responses
after the third dose of mRNA vaccine. However, the rates of
seroconversion after the third dose were similar for patients
with positive and negative T-cell responses. Similarly, others
have reported that only 5% (2/42) of immunocompromised
patients developed higher cellular responses after the third
vaccination compared with the primary vaccination (30).
Sample size for the analysis of the T-cell response to a third
dose of vaccine was too small for a thorough analysis.

The importance of T-cell immune responses as contribu-
tors to resolution of SARS-CoV-2 infections is supported by
the observation that patients with X-linked agammaglobu-
linemia, who are genetically incapable of B-cell production
but mount T-cell responses, can clear SARS-CoV-2 infection
(31). The preservation of T-cell responses may be particularly
critical in the context of SARS-CoV-2 variants of concern (4).
T-cell epitopes demonstrate a higher level of conservation
between viral variants than B-cell epitopes, and cross-reactive
T cells may provide protection from SARS-CoV-2 variants
of concern (32). Our data suggest that the mRNA-1273 vac-
cine elicits a stronger T-cell and antibody response than the
BNT162b2 mRNA vaccine, a difference we and others have
observed previously in the production of anti-S antibodies (4,
5). These differences may be attributed to the larger amount
of mRNA within the dose of mRNA-1273 (100 pg) versus
BNT162b2 (30 pg), other components of these products, or
dose scheduling differences (33). Additional factors contrib-
uting to different T-cell responses in patients with hemato-
logic malignancies remain under active investigation.

The immunosequencing assay used here provides a practi-
cal method to measure vaccine-induced T-cell responses in
a real-world setting. This method is based on the Multiplex
Identification of Antigen-Specific TCR Assay (34) applied
to SARS-CoV2 antigens (10, 16). It was also recently used

to characterize T-cell responses in patients with cancer with
delayed clearance of SARS-CoV-2 infection (26). Classic
assessments of T-cell responses using functional assays such
as ELISpot, intracellular cytokine staining, or activation-
induced marker assays typically require extensive handling
of live cells, immediate processing, temperature control of
samples, restimulation and incubation, and are generally
not amenable to implementation in population-level studies
(discussed in ref. 3). Although the use of multimeric reagents
for the detection of antigen-specific T cells does not require
restimulation of cells, the HLA specificity of these reagents
limits their wider scale use. Moreover, none of these assays
capture all aspects of relevant T-cell function related to the
breadth of cytokine production and cell killing ability. In
contrast, the immunosequencing-based T-cell assay used
here is based on DNA, which is extremely stable, has dem-
onstrated high sensitivity, and is easily amenable to stand-
ardization. The method is robust and easily scalable. It can,
therefore, be applied in real-world settings to provide action-
able insights to inform public health strategies. Although
this assay does not provide a direct functional assessment of
the T-cell response, it captures the clonal breadth of SARS-
CoV-2-specific T cells, which is a measure of T-cell activation
and proliferation.

Our data support the utility of a third vaccination for
patients with B-cell malignancies. Seroconversion (values
>0.8 AU/mL) occurs in approximately 40% of patients who
failed to produce anti-S antibodies after a second SARS-
CoV-2 mRNA vaccine dose. However, when a minimum
anti-S antibody level of 100 AU/mL was used to define a
meaningful serologic response associated with detection of
neutralizing antibodies based on previous work (21-23), only
22% of patients acquired meaningful serological responses
after the third dose (T-cell response positivity rate was not
altered). In contrast, 97% of patients who were seropositive
after the second mRNA vaccine dose experienced persistently
high or increased anti-S antibodies following the third dose.
The production of anti-S antibodies after the third dose I is
likely mediated, in part, by the activation of memory B cells
or long-lived plasma cells in the bone marrow (35, 36). The
reconstitution of normal B cells after prolonged B-cell sup-
pression may also contribute to the third dose responses
in patients who had completed treatment with anti-CD20
antibodies therapy approximately one year prior to vaccina-
tion, as has been described by others (27-29). In our study,
the response to vaccination in patients on BTK inhibitors
was variable. This may be related to the ability of BTK inhibi-
tors to decrease naive B-cell counts (37), yet promote helper
T cells, which could lead to an overall enhanced immune
response (38). Although others have reported lower sero-
conversion rates (20%-24%) in patients with CLL (12, 39)
compared with our results (34%; Supplementary Table S9),
higher rates of seroconversion (30%-60%) have been reported
in patients with lymphoid malignancies or solid organ trans-
plants who are immunosuppressed (19, 40). The basis for
the differences needs further investigation, but may include
differences in vaccine type, time of analysis after vaccination,
the specific population studied, percentage of patients on
active therapies, and the use of anti-S assays with different
performance characteristics.
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This study has limitations. First, the diagnoses and treat-
ments were self-reported by patients. However, our conclu-
sions are consistent with the T-cell and anti-S antibody
response profiles reported by others under more controlled
conditions (6). Second, our data were obtained before Janu-
ary 2022, and therefore, mostly prior to the emergence of the
SARS-CoV-2 the initial Omicron variant (December 2021).
The neutralizing capacity of anti-S antibodies induced by
SARS-CoV-2 vaccination is reduced for infections with Omi-
cron and subvariants compared with the prior SARS-CoV-2
variants for both healthy individuals (41-43) and patients
with hematologic malignancies (44). This suggests an ampli-
fied risk of Omicron or future variant infections in this patient
population. Third, our analysis did not examine neutralizing
antibody levels. Although the titer of neutralizing antibodies
tends to be correlated with anti-S antibody levels in patients
with blood cancer, this correlation is only observed for anti-S
antibody levels above a threshold of above approximately 30
to 100 AU/mL (21-23). The correlation between neutralizing
antibody levels and protection against SARS-CoV-2 infection,
particularly against new SARS-COV-2 variants, is not well
defined. Finally, the impact of deficient anti-S antibody and
T-cell responses on the likelihood of breakthrough infections
in hematologic patients needs further study.

In summary, we identify patients with hematologic malig-
nancies with no or low spike-directed T-cell and antibody
responses after two SARS-CoV-2 mRNA vaccinations, and
those with a persistent lack of serological responses after
three vaccinations. Such patients may be at the greatest risk
of infection or severe COVID-19. Alternative preventive and
therapeutic approaches, including the use of monoclonal
antibodies or antiviral drugs, may be justified in patients with
hematologic malignancies.

METHODS

Participation in the study was open to all patients diagnosed
with hematologic malignancies. Data were collected using
The Leukemia and Lymphoma Society National Registry with
written informed consent and sourced by Ciitizen/Invitae
(hteps://www.ciitizen.com/lls/; NCT04794387, NCT04806295,
and NCT04898985). Data were collected between May 2021
and December 2021, including demographics, diagnosis,
treatments within the past two years, vaccination type, and
dates as self-reported by the patients. Anti-S antibody levels
were assessed by the semiquantitative Elecsys anti-SARS-
CoV-2 S enzyme immunoassay for the detection of IgG anti-
S1-RBD-SARS-CoV-2 (range, 0.8-2,500 AU/mL; patients who
had <0.8 AU/mL were considered seronegative) as described
previously (5). Simultaneously, the detection of high-affinity
antibodies to the SARS-CoV-2 nucleocapsid protein (anti-N)
was assessed (LabCorp test 164068) to determine if patients
might have an infection close to the time of the second or
third vaccination. Patients were informed of their serological
results, as stated in the IRB consent for this trial. The median
time for serological assessment was 64 days (IQR, 61-74 days)
before and 29 days (IQR, 26-34 days) after the third dose of
the mRNA vaccine. Only 26 patients received the adenoviral-
based vaccine AD26COV-2 and the associated data were
removed from the analysis.

TCR Variable Beta Chain Sequencing

Immunosequencing of the CDR3 regions of human TCRp chains
was performed on genomic DNA from PBMC samples using the
ImmunoSEQ Assay (Adaptive Biotechnologies). ImmunoSEQ is only
for research use and not for use in diagnostic procedures. The
extracted genomic DNA was amplified using bias-controlled multi-
plex PCR, followed by high-throughput sequencing. Sequences were
collapsed and filtered to identify and quantify the absolute abun-
dance of each unique TCRB CDR3 region for further analysis, as pre-
viously described (45-47). Standard sample-level QC was performed
(47), and additional pairwise repertoire comparisons were made to
confirm that no samples showed evidence of unintended material
transfer between different individuals. The fraction of T cells was cal-
culated by normalizing TCR-B template counts to the total amount
of DNA usable for TCR sequencing. The amount of usable DNA was
determined by PCR amplification and sequencing of several reference
genes that are expected to be present in all nucleated cells.

Mapping of SARS-CoV-2 TCRf3 Sequences

TCR sequences from peripheral repertoires were mapped against
a set of TCR sequences known to react with SARS-CoV-2. Briefly,
SARS-CoV-2-specific sequences were identified at Adaptive by multi-
plex identification of TCR antigen specificity, which identifies TCRs
stimulated by particular antigens as well as identifies MHC class pres-
entation (34). TCRs that expanded in response to stimulation were
further screened for enrichment in COVID-19-positive repertoires
collected as part of immuneCODE (10) compared with COVID-
19-negative repertoires to remove TCRs that may be highly public
or cross-reactive to common antigens. The filtered list represents
a set of TCRs that are both experimentally observed expanding to
COVID antigens as well as enriched in COVID-19 subjects (16). Indi-
vidual response to vaccination can be quantified by the relative num-
ber (breadth) and/or sum frequency (depth) of SARS-CoV-2 TCRs
observed post-vaccination. TCRs were further stratified for specific
viral ORF based on MIRA associations, as well as MHC presentation.

All samples were classified as positive or negative for the detec-
tion and enrichment of COVID-specific T cells using Adaptive’s T
DETECT COVID dlassifier (ref. 16; https://www.fda.gov/media/146481/
download). The classifier uses a simple 2-feature logistic regression, with
independent variables E and N, where E is the number of unique TCR-B
DNA sequences that encode an enhanced sequence and N is the total
number of unique productive TCR-f DNA sequences in that subject.
We define the COVID score to be the log-odds of the probability of this
logistic regression model. The classifier was trained comparing periph-
eral repertoires from COVID* and convalescent subjects with control
samples collected pre-pandemic (10). T-cell responses are categorized
as negative, positive, and “No call” (representing samples with an insuf-
ficient number of T-cell rearrangements to make a definitive negative
call). For categorical T-cell response variables, Fisher exact test was used
to compare across patient groups and determine statistically significant
differences. ImmuneCODE data resources, including the COVID-19
MIRA data and COVID-19 study immunosequencing data, are available
for analysis and downloaded from the Adaptive Biotechnologies immu-
neACCESS site under the immuneACCESS Terms of Use at https://
clients.adaptivebiotech.com/pub/covid-2020 (16). ImmuneCODE is
used only for research purposes and is not used in diagnostic procedures.

Statistical Analyses

Anti-SARS-CoV-2 antibody levels are reported as a continuous
variable in arbitrary units or as a categorical variable using predefined
cutoff points. Categorical variables for serostatus are presented as
seronegative (<0.8 AU/mL) or seropositive (=0.8 AU/mL) and cat-
egorical variables for the change in anti-SARS-CoV-2 antibody levels
between doses two and three of the SARS-CoV-2 mRNA vaccine are
presented as persistent seronegative (patient remained seronegative),
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serodecreased (patient was seropositive and demonstrated a reduced (Mayo Clinic) and Barbara Banbury (Adaptive Biotechnologies) for
in antibody levels after third vaccine dose), seroconverted (patient their contribution to this research effort.

was seronegative and subsequently achieved a vaccine-induced

increase in antibody levels after third vaccine dose), or seroelevated Note

(patient was seropositive and achieved a vaccine-induced increase in Supplementary data for this article are available at Blood Cancer
antibody levels after third vaccine dose). For categorical serostatus Discovery Online (https://bloodcancerdiscov.aactjournals.org/).
variables, Fisher exact test was used to compare groups and deter-

mine statistically significant differences. For continuous serostatus Received May 4, 2022; revised July 12, 2022; accepted September 2,
variables, a two-sample log-rank test with hypergeometric variance 2022; published first September 27, 2022.

was used to compare the groups and determine statistically signifi-
cant differences.

Descriptive statistics are presented as frequencies and percentages. REFERENCES
The reported P values are two-sided. An imputation program was
not applied to the data, and differences in sample size due to missing
data are reported. No outliers were removed, and all data are shown.
Analyses were univariate, and P values are unadjusted. All T-cell sta-
tistics were run in R 4.1.x.
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