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Background. Patients with lymphoid malignancies are at risk for poor coronavirus disease 2019 (COVID-19)-related outcomes 
and have reduced vaccine-induced immune responses. Currently, a 3-dose primary regimen of mRNA vaccines is recommended in 
the United States for immunocompromised hosts.

Methods. A prospective cohort study of healthy adults (n = 27) and patients with lymphoid malignancies (n = 94) was 
conducted, with longitudinal follow-up through completion of a 2- or 3-dose primary mRNA COVID vaccine series, 
respectively. Humoral responses were assessed in all participants, and cellular immunity was assessed in a subset of participants.

Results. The rate of seroconversion (68.1% vs 100%) and the magnitude of peak anti-S immunoglobulin G (IgG) titer (median 
anti-S IgG = 32.4, IQR = 0.48–75.0 vs median anti-S IgG = 72.6, IQR 51.1–100.1; P = .0202) were both significantly lower in patients 
with lymphoid malignancies compared to the healthy cohort. However, peak titers of patients with lymphoid malignancies who 
responded to vaccination were similar to healthy cohort titers (median anti-S IgG = 64.3; IQR, 23.7–161.5; P = .7424). The third 
dose seroconverted 7 of 41 (17.1%) patients who were seronegative after the first 2 doses. Although most patients with 
lymphoid malignancies produced vaccine-induced T-cell responses in the subset studied, B-cell frequencies were low with 
minimal memory cell formation.

Conclusions. A 3-dose primary mRNA series enhanced anti-S IgG responses to titers equivalent to healthy adults in patients 
with lymphoid malignancies who were seropositive after the first 2 doses and seroconverted 17.1% who were seronegative after the 
first 2 doses. T-cell responses were present, raising the possibility that the vaccines may confer some cell-based protection even if not 
measurable by anti-S IgG.
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Although two nanoparticle-encapsulated mRNA severe acute 
respiratory syndrome cornavirus 2 (SARS-CoV-2) vaccines— 
mRNA-1273 (Moderna, Inc.) and BNT162b2 (Pfizer 
BioNTech, Inc.)—have demonstrated high efficacy and safety 
for the general population [1, 2], the humoral and cellular 

kinetics in patients with lymphoid malignancies have not 
been well described after a primary series (three doses). We 
have previously described the humoral response after two doses 
in patients with lymphoid malignancies [3], which is consistent 
with additional studies of decreased immunogenicity in these 
patients [4, 5]. Underlying type of lymphoid malignancy and 
type and timing of therapy also impact SARS-CoV-2 antibody 
responses in these patients [6]. In particular, patients with lym
phoid malignancies who have received specific therapies—such 
as anti-CD20 agents, Bruton tyrosine kinase (BTK) inhibitors, 
CD19-directed chimeric antigen receptor therapy (CAR-T), or 
stem cell transplantation—appear to have impaired humoral 
responses [7–9], although they may have some degree of cellu
lar immunity [10, 11]. The degree of protection based on cellu
lar immunity alone is not well described. Based on the existing 
data of poor immunogenicity in immunocompromised hosts 
with a two-dose mRNA series, the US Food and Drug 
Administration (FDA) amended the Emergency Use 
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Authorization (EUA) to recommend a three-dose mRNA 
vaccine series (mRNA-1273 or BNT162b2) for immunocom
promised hosts in August 2021 [12], which is now considered 
a primary series for this population. Few studies have evaluated 
the immunogenicity effects of a third dose for patients with he
matological malignancies [13, 14], although data from a prospec
tive registry (The Leukemia & Lymphoma Society National 
Registry, ClinicalTrials.gov Identifier NCT04794387) demonstrate 
that a third dose may produce a humoral response in a propor
tion of patients who had a suboptimal response to the first 
two doses [6].

There is an urgent need to better understand 
vaccine-induced immunogenicity in the context of heteroge
neous host characteristics to improve protection for these pa
tients who are at higher risk for poor outcomes from 
coronavirus disease 2019 (COVID-19). SARS-CoV-2 monoclo
nal antibody infusions have been a temporary solution for pre
vention, although this is a limited resource with short-lived 
efficacy due to immune escape mechanisms [15]. With limited 
tools in our current arsenal to protect immunocompromised 
patients against SARS-CoV-2, additional boosters have been 
approved [16], although these recommendations are based on 
imperfect data on a diverse range of immunocompromised 
hosts (eg, solid organ transplant recipients), which may not re
flect the same immunodeficient characteristics as those with 
lymphoid malignancies. In addition, patients with lymphoid 
malignancies, and especially those receiving B cell-depleting 
therapies, often experience prolonged courses of 
SARS-CoV-2 infection that may play a key role in the genera
tion of variant strains [17–19]. Thus, to generate optimal pre
vention strategies, the humoral and cellular aspects of 
immunity in this population and the nuanced effects of host 
characteristics and anticancer treatments must be better eluci
dated. In this study, we describe the SARS-CoV-2-specific im
mune humoral and cellular responses in a cohort of patients 
with lymphoid malignancies who received a primary series of 
three doses of mRNA COVID-19 vaccines. In the absence of 
a known correlate of protection, we compared these responses 
to the immunogenicity of a primary series (two doses of mRNA 
vaccines) in a cohort of healthy adults to further characterize 
the immune response.

METHODS

Study Population and Specimen Collection

A prospective cohort study was conducted at Brigham and 
Women’s Hospital (BWH) and Dana-Farber Cancer Institute 
(DFCI) from December 10, 2020 to February 15, 2022 with ap
proval by the BWH and DFCI Institutional Review Board. All 
participants provided written informed consent, with eligibility 
and additional details in the Supplementary Materials. 
Participants were excluded at the time of enrollment if they 

had a prior history of COVID-19 or had received 
SARS-CoV-2 monoclonal antibodies. For the lymphoid malig
nancy cohort 1, patients were enrolled before first dose, with 
blood drawn at Day 0 (prevaccination), Day 21–28 (at the 
time of the second dose), Day 56, Day 112, and Day 196 as 
well as pre-third dose (up to 7 days before the third dose), 
21–28 days after the third dose, and up to 3 months after the 
third dose. To increase the sample size, a separate cohort of pa
tients (lymphoid malignancy cohort 2) were enrolled after the 
third vaccine dose was approved for immunocompromised in
dividuals. In alignment with vaccination campaigns that were 
launched after the third dose approval, blood was collected at 
clinical satellite sites on the day of the third dose, 21–28 days 
after the third dose, and up to 3 months after the third dose. 
For the healthy cohort, blood was drawn at Day 0 (prevaccina
tion), Day 21–28 (at the time of the second dose), Day 56, 
Day 112, and Day 196.

Serologic Assays: Simoa and Roche Elecsys Anti-Sars-CoV-2 S

The multiplexed, single-molecule array (Simoa) assay, quanti
tative detection of immunoglobulin G (IgG) antibodies against 
the Spike (S) protein and nucleocapsid (N) proteins were as
sessed for lymphoid malignancy cohort 1, with methods de
scribed previously [3, 20, 21]. The Simoa assay has a 
positivity threshold of 1.07 and 5.2 normalized average en
zymes per bead (AEB) for anti-S IgG and anti-N IgG, respec
tively. The Roche Elecsys Anti-SARS-CoV-2 S assay, an 
electrochemiluminescence immunoassay, was used to analyze 
serum samples on the cobas c602 immunochemistry module 
in the lymphoid malignancy cohort 2 to assess total anti-S 
IgG [22]. The positive threshold is a cutoff index of ≥0.8 U/mL 
with an upper limit of 2500 U/mL. The samples from the healthy 
cohort were evaluated using both the Simoa and Roche assays. In 
this study, a “responder” was defined by any positive anti-S titer 
during the study period, according to the cutoff values for the giv
en assay.

Cellular Immunity: Activation Induced Marker Assay

The activation induced marker (AIM) assay was adapted from 
protocols previously described [23, 24]. Flow cytometry was used 
to phenotype B and T cells after stimulation in the AIM assay. 
Fluorescent intensities were acquired using a LSRFortessa flow 
cytometer (Becton Dickinson) and data were analyzed using 
FlowJo software version 10. Additional details are in the 
Supplementary Materials.

Statistical Analyses

Median (interquartile range [IQR]) and Mann-Whitney U test 
were used to compare continuous variables. Count (percent
age) and Fisher’s exact test were used to compare categorical 
variables. Correlation between months from CD20 therapy 
and anti-S IgG titer was evaluated using linear regression. 
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Two-sided P values less than 0.05 were considered statistically 
significant. All analyses were conducted in R version 4.1.2 
(https://www.R-project.org/).

RESULTS

Demographics and Disease Characteristics

Overall, 27 healthy participants and 103 patients with lymphoid 
malignancy were enrolled. Eight patients with lymphoid malig
nancy were excluded from the analysis due to receipt of 
non-mRNA COVID-19 vaccines during the study period, 
and 1 patient was excluded because he/she elected to terminate 
the study early. Therefore, a total of 94 participants were in
cluded in the analysis, with 41 participants in lymphoid malig
nancy cohort 1 and 53 participants in lymphoid malignancy 
cohort 2.

In the healthy cohort, 15 (56.0%) patients were female, and 
the median age 24.3 (IQR, 22.8–28.7), with 11 (40.7%) receiving 
2 BNT162b2 (30 mcg) doses and 16 (59.3%) receiving 2 
mRNA-1273 (100 mcg) doses. Only 1 participant in the healthy 
cohort had COVID-19 infection during the study period, with 
both a reported history and a positive anti-N IgG titer.

In the lymphoid malignancy combined cohort (n = 94), 49 
(52.1%) were female, and the median age 65.5 was years (IQR, 
57.5–72.8), with 56 (59.6) receiving 3 BNT162b2 (30 mcg) doses, 
26 (27.7%) receiving 3 mRNA-1273 (100 mcg) doses, 2 (2.1%) 
receiving 2 BNT162b2 doses and 1 mRNA-1273 dose, and 
7 (7.4%) receiving 2 mRNA-1273 doses and 1 BNT162b2 dose 
(Table 1). Three patients did not receive a third dose of 
mRNA vaccine due to clinician discretion, and 6 patients were 
not able to return to clinic for a post third dose blood draw. 
Most patients had an underlying diagnosis of chronic lympho
cytic leukemia (CLL) (59, 62.8%), with 9 other lymphoma types 
represented (Table 1). The treatment status, defined as treatment 
naive, history of prior treatment (before the first vaccine dose), 
or active treatment (received treatment at any time after the first 
vaccine dose) was split among participants, 22 (23.4%), 27 
(28.7%), 45 (47.9%), respectively, with specific treatments further 
characterized in Table 1.

Severe Acute Respiratory Syndrome Coronavirus 2 Infection During the 
Study Period

Eleven participants in the lymphoma cohorts and one partici
pant in the healthy cohort developed COVID-19 infection dur
ing the study period, as determined by reported history, 
positive SARS-CoV-2 polymerase chain reaction in the elec
tronic medical record, or positive anti-N IgG titer 
(Supplementary Table 1). Seven of the eleven lymphoma pa
tients had a positive anti-S response to vaccination before infec
tion, one seroconverted after infection, and two participants 
had no anti-S response before or after infection. One partici
pant had no earlier titers (in the lymphoid group 2 cohort), 

and thus it is unknown whether post third dose titers were pos
itive from infection or vaccination or both. The participant in 
the healthy cohort developed COVID-19 seven months after 
completing the two-dose vaccine series.

Seroconversion After Vaccination

All participants in the healthy cohort (27 of 27) had a positive 
response after the first mRNA COVID vaccine dose, which was 
maintained for the 6-month follow-up period, with modest an
tibody waning over time that was still maintained well above 
the positivity threshold (Figure 1). In contrast, there was a 
combined 68.1% seropositivity for patients with lymphoid ma
lignancies (Supplementary Table 2, with breakdown of seropo
sitivity by patient characteristics) after a three-dose series. In 
the lymphoid malignancy cohort 1, 14 of 41 (34.1%) had a pos
itive anti-S titer after the first dose, 22 of 41 (53.7%) were pos
itive after the second dose, and 22 of 32 (68.8%) were positive 
after the third dose. Patients did not necessarily maintain a pos
itive response over time, with evidence of seroreversion. Only 
two participants who were seronegative after the first two doses 
had seroconversion after the third dose, with low titers (median 
anti-IgG = 6.55 nAEB; IQR, 3.82–9.28). Of the 22 of 53 partic
ipants in lymphoid malignancy cohort 2 who were seronegative 
before receipt of the third dose, only five seroconverted after re
ceiving a third dose, with an overall low median titer of 
123.5 U/mL (IQR, 100.9–357.7).

Anti-S Immunoglobulin G Responses After First and Second Doses

There was greater variability in the lymphoid malignancy co
hort 1 after the first and second doses compared to the healthy 
controls (Figure 2A). At 21–28 days post first dose, the median 
anti-S IgG titer was 25.5 (IQR, 14.4–38.1) compared to 0.1 
(IQR, 0.1–1.6) in the healthy cohort and the lymphoid malig
nancy cohort 1, respectively (P < .001), with significantly lower 
titers at days 49–56 (post second dose) and days 168–250 as well 
(Table 2). Even among the responders (n = 28) with lymphoid 
malignancies (Figure 2B), the magnitude of response was sig
nificantly lower at 21–28 days (median anti-S IgG = 0.8; IQR, 
0.1–8.5), 49–56 days (post second dose; median anti-S IgG = 
27.2; IQR, 9.4–49.5), and 168–250 days (anti-S IgG = 2.4; 
IQR, 0.6–11.7) compared to the healthy cohort (median 
anti-S IgG = 25.5 and IQR = 14.4–38.1, median anti-S IgG = 
70.3 and IQR = 49.7–95.8, and median anti-S IgG = 17.1 and 
IQR = 10.4–25.0, respectively) (Table 2).

Anti-S Immunoglobulin G Responses After a Third Dose

After the third dose (median 45 days; IQR, 25–132.5), the me
dian anti-S IgG for the entire lymphoid malignancy cohort 1 
(median anti-S IgG = 32.4; IQR, 0.48–75.0) and the responders 
(median anti-S IgG = 64.3; IQR, 23.7 –161.5) was compared to 
the healthy cohort 28 days after a 2-dose series completion 
(median anti-S IgG = 72.6; IQR, 51.1–100.1) (Table 2). 
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Table 1. Demographics and Disease and Treatment Characteristics

Characteristics
Healthy Cohort 

(n = 27)
Lymphoid Malignancy 

Cohort 1 (n = 41)
Lymphoid Malignancy 

Cohort 2 (n = 53)
Combined Lymphoid 
Malignancy (n = 94)

Female sex, n (%) 15 (56) 23 (52.3) 26 (49.1) 49 (52.1)

Age at vaccine dose 1, median (IQR) 24.3 (22.8– 
28.7)

68.4 (60.3–73.1) 63.0 (56.8–70.6) 65.5 (57.5–72.8)

Vaccine typea (first/second/third dose) n (%)

Pfizer/Pfizer/Pfizer n/a 22 (53.7) 34 (64.2) 56 (59.6)

Moderna/Moderna/Moderna n/a 11 (26.8) 15 (28.3) 26 (27.7)

Pfizer/Pfizer/Moderna n/a 2 (4.9) 0 (0) 2 (2.1)

Moderna/Moderna/Pfizer n/a 3 (7.3) 4 (7.5) 7 (7.4)

Pfizer/Pfizer 11 (40.7) 2 (4.9) n/a 2 (2.1)

Moderna/Moderna 16 (59.3) 1 (2.4) n/a 1 (1.1)

Median time between doses, days (IQR)

Between 1st and 2nd doses 28 (21–28) 21 (21–27) 22 (21–28) 21 (21–28)

Between 2nd and 3rd doses n/a 168 (146–195) 167 (152–185) 168 (149–186)

History of COVID-19 infection during study period 
(reported or positive anti-N), n (%)

1 (3.7) 5 (12.2) 6 (11.3) 10 (10.6)

Median time (days) from third dose to postthird 
dose titer, (IQR)

n/a 45 (25.0–132.5) 27 (23–29) 28 (24–35)

Disease, n (%)

CLL n/a 23 (56.1) 36 (64.3) 59 (62.8)

DLBCL n/a 2 (4.9) 3 (5.7) 5 (5.3)

MCL n/a 5 (11.6) 2 (3.8) 7 (7.4)

FL n/a 3 (7.3) 4 (7.5) 7 (7.4)

MZL n/a 2 (4.7) 2 (3.8) 4 (4.3)

HL n/a 4 (9.3) 1 (1.9) 5 (5.3)

Angioimmunoblastic T-cell lymphoma n/a 1 (2.4) 0 1 (1.1)

CNS Lymphoma n/a 1 (2.4) 0 1 (1.1)

PLL n/a 0 1 (1.9) 1 (1.1)

T-LGL n/a 0 1 (1.9) 1 (1.1)

Treatment Status, n (%)

Treatment naive n/a 9 (21.9) 13 (23.2) 22 (23.4)

Prior treatment n/a 12 (29.3) 15 (26.8) 27 (28.7)

Active treatment n/a 20 (48.8) 25 (44.6) 45 (47.9)

Treatment Groups, n (%)

Observation n/a 9 (21.9) 13 (24.5) 22 (23.4)

BTKIb n/a 10 (24.3) 10 (18.9) 20 (21.3)

Venetoclax monotherapy n/a 5 (12.2) 3 (5.7) 8 (8.5)

CD20 Antibody therapyc n/a 24 (58.5) 29 (54.7) 53 (56.4)

CD20 Ab within 12 months of 1st dose, n (%) n/a 11/24 (45.8) 7/29 (24.1) 18/53 (34.0)

CD20 Ab beyond 12 months of 1st dose, n (%) n/a 13/24 (54.2) 22/29 (75.9) 35/53 (66.0)

CD20 monotherapy n/a 7 (17.1) 8 (15.1) 15 (16.0)

CD20 + BTKI n/a 6 (14.6) 4 (7.5) 10 (10.6)

CD20 + venetoclax n/a 5 (12.2) 5 (9.4) 10 (10.6)

CD20 + chemotherapy n/a 1 (2.4) 11 (20.8) 12 (12.8)

CD20 + autologous stem cell transplant n/a 2 (4.9) 0 2 (2.1)

CD20 + CAR-T cell therapy n/a 3 (7.3) 1 (1.9) 4 (4.3)

Chemotherapy n/a 2 (4.9) 3 (5.7) 5 (5.3)

Chemotherapy + autologous stem cell transplant n/a 1 (2.4) 0 1 (1.1)

Autologous stem cell transplant n/a 3 (7.3) 0 3 (3.2)

CAR-T cell therapy n/a 3 (7.3) 1 (1.9) 4 (4.3)

Median number of prior lines of therapy (IQR) n/a 2 (1–3) 1 (1–1) 1 (1–3)

IVIG during study period, n (%) n/a 2 (4.8) 6 (10.7) 8 (8.5)

Median baseline IgG, mg/dL (IQR) n/a 633 (483–937) 885 (708–969) 646 (489–938)

Abbreviations: Ab, antibody; BTKI, Bruton tyrosine kinase inhibitors; CAR-T, chimeric antigen receptor therapy; CLL, chronic lymphocytic leukemia; CNS, central nervous system; COVID-19, 
coronavirus disease 2019; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; HL, Hodgkin’s lymphoma; IgG, immunoglobulin G; IQR, interquartile range; IVIG, intravenous 
immunoglobulin; MCL, mantle cell lymphoma; MZL, marginal zone lymphoma; n/a, not applicable; PLL, prolymphocytic leukemia; T-LGL, T-cell large granular lymphocytic leukemia;  
a100 mcg per dose for the Moderna vaccine and 30 mcg per dose for the Pfizer vaccine.  
bBruton tyrosine kinase inhibitors: ibrutinib, acalabrutinib, Zanabrutinib, pirtobrutinib (LOXO-305).  
cCD20 antibody therapy includes the following: rituximab, Obinutuzumab. CD20 antibodies could be used as monotherapy or in combination with chemotherapy or targeted therapy.
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The median titer was significantly lower in lymphoid malig
nancy cohort 1 (P = .0202) but not significantly different for 
the responders (P = .7424), indicating that the responders 
were able to achieve similar titer levels to the healthy cohort af
ter the third dose.

In the lymphoid malignancy cohort 2, anti-S total IgG titers 
after the third dose were collected clinically using the Roche as
say. The median time from the anti-S IgG titer from the third 
dose was 27 days (IQR, 23–29), with a median anti-S IgG titer 
of 670 U/mL (IQR, 0–2500) for all patients and 2500 U/mL 
(IQR, 592–2500) for the responders. In comparison, the medi
an anti-S IgG titer in the healthy cohort was 2500 U/mL (IQR, 
1933.5–2500) at 28 days after a 2-dose series completion, which 
is significantly higher compared to the entire cohort 2 (P = .0032) 
but not significantly different compared to the responders only 
(P = .4574) (Supplementary Table 3), similar to the results de
scribed for cohort 1.

Responders by Treatment in the Lymphoid Malignancy Cohorts

Patients who were treatment naive had a higher rate of re
sponse (95.5%) compared to those who had received prior 
treatment (70.4%) or were actively receiving therapies 
(53.3%) during the study period. Within the treatment groups, 
participants who received prior or active venetoclax monother
apy, CAR-T therapy, CD20 antibody monotherapy, or combi
nation of venetoclax and CD20 therapy had the lowest rates of 
response (50.0%, 50.0%, 40.0%, and 30.0%, respectively). There 
was a positive although nonsignificant correlation between 
months from CD20 therapy and anti-S IgG titer (r2 = 0.1035, 
P = .125) (Supplementary Figure 1A), in which the highest 

anti-S IgG titer was selected for each participant who had re
ceived any CD20 therapy in the past, with a stronger linear cor
relation observed in participants who had received CD20 
monotherapy only (r2 = 0.58, P = .0454) (Supplementary 
Figure 1B).

B- and T-Cell Immunophenotyping Results

A subset of the overall lymphoid malignancy cohort 
(Supplementary Table 4) opted to have additional blood 
drawn for cellular analyses (n = 17) up to the third dose. 
Quantification of circulating S protein-specific B cells by flow 
cytometry confirmed that vaccine-induced B cells could be ob
served in some of the participants after the first and second im
munizations (Figure 3A). Phenotypic analysis of these B cells 
shows that the absence in increased B-cell frequency coincides 
with an impairment in class-switch recombination and memo
ry formation, as indicated by the absence of vaccine-specific 
IgD-CD27+ B cells (Supplementary Figure 2A). In contrast to 
the frequency of vaccine-induced B cells, an appreciable in
crease in vaccine-induced CD4+ and, in particular, CD8+ T cells 
was observed after the first and second immunization (Figure 3B
and C). Phenotypic analysis reveals that vaccine-specific T cells 
were of antigen-experienced phenotype (CD62L-negative) and 
capable of producing interleukin (IL)-2 and interferon (IFN)-γ 
after stimulation with antigenic peptides (Supplementary 
Figure 2B and C). In the cellular subset, 9 of 17 (52.9%) had a 
positive anti-S IgG response (Supplementary Table 4). It is inter
esting to note that among the eight participants in the cellular 
subset who had no anti-S IgG response, seven had 
vaccine-induced CD4+ and CD8+ responses and produced IL-2 

Figure 1. Anti-S IgG titers from the time of first vaccine dose (day 0) to 6 months after series completion (through day 205) in healthy participants (n = 27). The dotted line at 
1.07 represents the positivity threshold for the Simoa assay.
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and IFN-γ after stimulation with antigenic peptides. Both B- and 
T-cell frequencies waned over time.

DISCUSSION

In this study, we describe the kinetics of anti-S IgG response 
through a three-dose primary mRNA series in patients with 
lymphoid malignancies and found a decreased median humor
al response compared to a two-dose primary mRNA series in 
healthy individuals, with only 68.1% patients with lymphoid 

malignancy seroconverting at any point during the study peri
od. Although others have also described decreased seroconver
sion in patients with lymphoid malignancies after SARS-CoV-2 
vaccination [14], our study is unique in evaluating the humoral 
responses longitudinally through a third dose and comparing 
to a healthy cohort, as well as in evaluating cellular responses 
over time in a highly characterized cohort.

Seroconversion rates alone do not fully capture the quantity and 
quality of the humoral response nor timing of seroconversion, all 
important aspects of vaccine immunogenicity. In our study, only a 

Figure 2. Anti-S IgG titers from the time of first vaccine dose (day 0) to day 420 in all participants in the lymphoid malignancy cohort 1 (n = 41; A) and only the responders 
(n = 28) in lymphoid malignancy cohort 1 (B). Pink dots represent titers drawn from day 0 through post second dose titers; blue dots represent titers drawn after the third 
vaccine dose. The dotted line at 1.07 represents the positivity threshold for the Simoa assay.
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small number of patients with lymphoid malignancy who did not 
respond to the first two doses seroconverted after a third dose. 
Although this may still support the use of a third dose to increase 
the number of responders, those who seroconverted after the third 
dose had low titers, which may not confer strong protection. 
Furthermore, a positive antibody response at one point in time 
does not predict a sustained response in this population, as seen 
for the participants in our study who had waning antibody over 
time. Possible explanations may include lack of memory B-cell for
mation, rapid waning of antibody, and/or specific immunosup
pressive therapies given after the vaccine dose.

However, among participants in the lymphoid malignancy 
cohort who seroconverted after the first 2 doses, 3 doses were 
needed to achieve similar titer levels to those in the healthy 
cohort post series, supporting the use of a third dose for 
this subset of patients. Although correlates of protection for 
SARS-CoV-2 vaccines have not yet been clearly defined 
[25], the comparison of titer levels to the healthy controls 
offers more insight to the degree of protection (rather than 
seroconversion alone) based on available evidence from 
phase 3 trials [26].

With respect to cellular immunity, some participants dem
onstrated an increased frequency of S-positive B cells after vac
cination although generally low, which is not unexpected given 
B cell-directed therapies. However, most demonstrated in
creased frequencies of vaccine-induced CD4+ and CD8+ cells, 
consistent with other studies of immunocompromised hosts 
[13, 27]. We found that among participants in the cellular sub
set who had no humoral response, most were able to produce 
vaccine-induced CD4+ and CD8+ responses. Thus, patients 
with lymphoid malignancy receiving mRNA vaccines may 
have partial protection due to cellular immunity, even in the 
absence of a humoral response. However, the durability of 
this response could be short lived, with decreasing frequencies 
in the periphery observed for both B- and T-cells at 5 to 
6 months post second doses of vaccine. Alternatively, the de
crease in peripheral frequency could be the result of homing 
to tissue or lymph node, thus potentially improving durability, 
if T-cells have a high CCR7 expression [28, 29]. Further studies 

should evaluate whether additional vaccine doses can bolster 
cellular immunity or induce a more durable T-cell response 
and determine how cellular immunity correlates with clinical 
efficacy against severe COVID-19.

Limitations of this study include the relatively small sample size, 
precluding assessment of potential differences in humoral or cellu
lar responses based on age, vaccine type, disease characteristics, or 
treatments. However, we were able to demonstrate important 
trends by disease type and treatments, which should be further ex
plored in larger studies. Although we used two different assays to 
measure anti-S IgG response, we have previously demonstrated 
high concordance between the Simoa and Roche assays [9]. 
Future studies should address the clinical efficacy and the role of 
both humoral (including neutralization) and cellular immunity 
in conferring protection against COVID-19 in patients with lym
phoid malignancies. Due to the timing of our study, third doses for 
immunocompromised hosts were not available until approximate
ly six months after the first two mRNA vaccine doses were admin
istered. Thus, in our cohort, the median time between the second 
and third dose was 168 days (IQR, 146–195). The Centers for 
Disease Control and Prevention now recommends that immuno
compromised hosts may receive the third dose of the primary se
ries as early as one month after the second dose [30]. Our study 
does not assess how the timing of the third dose may affect anti
body response, nor how additional boosters (fourth or fifth doses) 
may affect immunity; these variables will be important to assess for 
future studies.

CONCLUSIONS

In summary, although a primary series of three doses of mRNA 
vaccines is currently recommended in the United States for immu
nocompromised hosts, our study demonstrates that the third dose 
only bolsters humoral responses in those who could produce an 
endogenous response to one or two doses, with a similar magni
tude of titer compared to healthy individuals after a primary series. 
However, as has been described in solid organ transplant recipients 
[31], a third dose did not induce substantial seroconversion among 
those who were seronegative after the first 2 doses, nor did it 

Table 2. Median Anti-S IgG Titers Over Time in Healthy Adults vs Lymphoid Malignancy Cohort 1

Simoa Assay (Normalized 
AEB)

Healthy Cohort  
(n = 27)

Lymphoid Malignancy 
Cohort 1 (n = 41)

Cohort 1: Responders 
Only (n = 28)

P Value (Healthy vs 
Cohort 1)

P Value (Healthy vs 
Responders Only)

21–28 days postfirst dose, 
median (IQR)

25.5 (14.4–38.1) 0.1 (0.1–1.6) 0.8 (0.1–8.5) P < .001 P < .001

49–56 days postfirst dose, 
median (IQR)

70.3 (49.7–95.8) 15.3 (0.6–39.4) 27.2 (9.4–49.5) P < .001 P < .001

168–250 days postfirst dose, 
median (IQR)

17.1 (10.4–25.0) 0.6 (0.6–5.6) 2.4 (0.6–11.7) P < .001 P < .001

Postseries completiona, 
median (IQR)

72.6 (51.1–100.1) 32.4 (0.48–75.0) 64.3 (23.7–161.5) P = .0202 P = .7424

Abbreviations: AEB, average enzymes per bead; IgG, immunoglobulin G; IQR, interquartile range.  
aPostseries completion titers were taken ∼1–2 months after the 2-dose series (healthy cohort) or 3-dose primary series (lymphoid malignancy cohort).
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dependably convert those who had seroreverted. In addition, 
T-cell immunity was induced, even in those without a humoral re
sponse. Thus, measuring antibody responses alone may not be a 
full measure of SARS-CoV-2 protection.

Given the increasing appreciation of the variation in immu
nity between individuals, we are entering an era of precision 
vaccinology [32]. In this context, future vaccination recom
mendations must consider specific host characteristics of pa
tients with lymphoid malignancies, avoiding a classification 
of this subpopulation under a generic umbrella of “immuno
compromised hosts.” Precision immunization strategies to 

protect this vulnerable population according to disease, prior 
anticancer therapeutics, and other host characteristics are ur
gently needed to provide improved protection and reduce pro
longed SARS-CoV-2 shedding, thereby providing broader 
public health benefits by curbing the pandemic and potentially 
reducing generation of variant strains.

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 

online. Consisting of data provided by the authors to benefit the reader, the 
posted materials are not copyedited and are the sole responsibility of the 

Figure 3. The percentage frequency of Spike-specific B cells (A), CD4+ cells (B), and CD8+ cells (C) are shown. A subset of participants from both lymphoid malignancy 
cohort 1 and 2 (n = 17) had cellular responses assessed at baseline (the time of dose 1; Visit 1), 21–28 days later (the time of dose 2; Visit 2), 49–56 days later (1 month after 
dose 2; Visit 3), and 5–6 months later (the time of dose 3; Visit 4). Prepandemic samples were run as controls and shown on the left.
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authors, so questions or comments should be addressed to the correspond
ing author.
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