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Abstract

Patients with indolent lymphoma undertaking recurrent or continuous B cell suppres-

sion are at risk of severe COVID-19. Patients and healthy controls (HC; N = 13)

received two doses of BNT162b2: follicular lymphoma (FL; N = 35) who were treat-

ment naïve (TN; N = 11) or received immunochemotherapy (ICT; N = 23) and

Waldenström's macroglobulinemia (WM; N = 37) including TN (N = 9), ICT (N = 14),

or treated with Bruton's tyrosine kinase inhibitors (BTKi; N = 12). Anti-spike immuno-

globulin G (IgG) was determined by a high-sensitivity flow-cytometric assay, in addi-

tion to live-virus neutralization. Antigen-specific T cells were identified by

coexpression of CD69/CD137 and CD25/CD134 on T cells. A subgroup (N = 29)

were assessed for third mRNA vaccine response, including omicron neutralization.

One month after second BNT162b2, median anti-spike IgG mean fluorescence
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intensity (MFI) in FL ICT patients (9977) was 25-fold lower than TN (245 898) and

HC (228 255, p = .0002 for both). Anti-spike IgG correlated with lymphocyte count

(r = .63; p = .002), and time from treatment (r = .56; p = .007), on univariate analysis,

but only with lymphocyte count on multivariate analysis (p = .03). In the WM cohort,

median anti-spike IgG MFI in BTKi patients (39 039) was reduced compared to TN

(220 645, p = .0008) and HC (p < .0001). Anti-spike IgG correlated with neutralization

of the delta variant (r = .62, p < .0001). Median neutralization titer for WM BTKi

(0) was lower than HC (40, p < .0001) for early-clade and delta. All cohorts had func-

tional T cell responses. Median anti-spike IgG decreased 4-fold from second to third

dose (p = .004). Only 5 of 29 poor initial responders assessed after third vaccination

demonstrated seroconversion and improvement in neutralization activity, including to

the omicron variant.

1 | INTRODUCTION

In the current SARS-CoV-2 pandemic, patients with B cell malignan-

cies are at increased risk of severe COVID-19 disease and death.

Therefore, a comprehensive understanding of the efficacy of vaccina-

tion in these patients is a priority.1,2 Follicular lymphoma (FL) is an

indolent lymphoma accounting for 20%–30% of all B cell NHLs,3 char-

acterized by a relapsing and remitting course following treatments

over a median survival of approximately 20 years. Waldenström's

macroglobulinemia (WM) is a rare indolent lymphoplasmacytic lym-

phoma productive of monoclonal immunoglobulin M and involving

the bone marrow.4 Management of both FL and WM often involves

an initial “watch and wait” period. Patients who require systemic

treatment commonly receive combination induction chemotherapy

and immunotherapy (with an anti-CD20 antibody), which reduces

both normal and malignant B cells. FL patients often proceed to a

“maintenance” period of anti-CD20 antibody treatment for 2 years,

although this practice has reduced due to risk-mitigation in the

COVID-19 era.5 Patients with WM are increasingly on continuous

therapy with Bruton's tyrosine kinase inhibitors (BTKi) and occasion-

ally B-cell lymphoma 2 (BCL-2) inhibitors.

Patients with hematological malignancies are reported to have a

reduced humoral response to vaccination.6,7 It is postulated that this is

due to both the underlying disease process effect on the immune sys-

tem, in addition to the influence of immunosuppressive treatments. A

prospective cohort study of 885 patients in Lithuania with a hemato-

logical malignancy showed a reduced anti-spike immunoglobulin G (IgG)

response to COVID-19 vaccination, particularly in those with lympho-

proliferative disease who had received BTKi therapy and anti-CD20

therapy.8 Similar results were seen in an Israeli study of COVID-19 vac-

cination in patients with chronic lymphocytic leukemia/small lympho-

cytic lymphoma.9 The potentially protective role of the T cell response

to vaccination is recognized but has not yet been prospectively and lon-

gitudinally measured in patients with indolent lymphoma.10

The available COVID-19 vaccines in Australia at commencement

of this study were the Pfizer-BioNTech (BNT162b2) mRNA vaccine

and the Astra Zeneca (ChAdOx1) nonreplicating viral vector vaccine.

Response to these vaccines can be assessed by measuring specific

antibody and T cell responses.11,12

Until the emergence of the omicron variant in December 2021,

the incidence of COVID-19 infection in Australia had been relatively

low compared to other regions, due to a rigorous viral suppression

public health strategy. The confirmed positive cases as a percentage

of population was 0.12% in Australia at enrolment to this study in

May 2021, compared to 9.84% in the USA at the same time. We were

in a unique position to assess the efficacy of COVID-19 vaccination in

a population that had lower rates of exposure to endemic SARS-

CoV-2 and therefore less potential for confounding of immune

responses due to natural infection.

In this study, we comprehensively profiled both the humoral, live

viral neutralization and cellular response to COVID-19 vaccination in

patients with FL and WM and determined the impact of differing lym-

phoma treatment regimens. In addition, we present data from a subset

of poor vaccine responders who were encouraged to expedite access

to an approved third dose of mRNA (preferably mRNA-1273) vaccina-

tion in October 2021. We chart the rate of ongoing seroconversion

and neutralizing activity to early-clade SARS-CoV-2, as well as the

delta variant. We also present data of neutralization activity for the

omicron variant to this third dose subset of patients.

2 | METHODS

2.1 | Participants

Patients with FL, WM and healthy age-matched controls were

enrolled in May–June 2021 to a prospective study of immune

response after two doses of BNT162b2 administered 21 days apart.

The study was approved by the Sydney Local Health District Human

Research Ethics Committee (HREC Approval Number: X21-0120) and

all subjects provided written informed consent prior to participation.

Recruitment was targeted to obtain comparable proportions of
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healthy controls (HC), treatment naïve (TN) and treated patients with

at least 10 participants in each cohort. All participants had serum

specimens collected for antibody measurement and approximately

half of participants in each cohort had peripheral blood mononuclear

cell (PBMC) specimens collected for T cell analysis (based on logistical

limitations). Specimens were collected immediately prior to the first

dose (T1), at Day 21 immediately prior to the second dose (T2), and

Day 49 (±7d) (T3). A subset of participants had serum collected for

antibody assessment prior to and after a third dose of mRNA vaccine

(either BNT162b2 or mRNA-1273).

2.2 | High-sensitivity anti-spike IgG assay

IgG titers to the SARS-CoV-2 spike protein were measured by our pre-

viously published high-sensitivity live-cell assay.13 Briefly, HEK293 cells

were transfected to express early-clade SARS-CoV-2 spike antigens.

Diluted serum (1:80) was added to live spike-expressing cells. Briefly, in

relation to spike expression construct synthesis, codon-optimized, wild-

type SARS-CoV-2 strain Wuhan spike open reading frame with

18 amino acids deleted from their cytoplasmic tail, was cloned within

the MCS of a lentiviral expression vector, pLVX-IRES-ZsGreen, using

EcoRI and XbaI restriction sites, resulting in pSpike-IRES-ZsGreen vec-

tor. All synthetic gene fragments were ordered through IDT. Cells were

then incubated with Alexa Fluor 647-conjugated anti-human IgG (H+

L) (Thermo Fisher Scientific). Cell events were acquired on LSRII flow

cytometer (BD Biosciences), and median fluorescence intensity (MFI), a

proxy of antibody titers14 was analyzed. The threshold for a positive

result was determined if the delta MFI (ΔMFI = MFI transfected

cells�MFI untransfected cells) was above the positive threshold (mean

ΔMFI+ 4SD of 24 prepandemic age-matched controls) in at least two

of three quality-controlled experiments. Low level of spike IgG were

defined as <30 000 MFI and were associated to no live virus neutraliza-

tion. The cut-off for live virus neutralization was 1:20 and was ≤30 000

MFI. This has been estimated to provide 50% protection against

detectable SARS-CoV-2 infection.15 The assay was validated using the

WHO20/136 Standard16 at a starting dilution 1:80 (Figure S1 and

Table S1) with a cut-off for seropositivity of approximately 0.028

BAU/ml. The sensitivity was superior to several commercial assays at

98% (95% confidence interval: 92%–99%).13 Data were analyzed using

FlowJo 10.4.1 (TreeStar), Excel (Microsoft), and GraphPad Prism

(GraphPad Software).

2.3 | Live virus neutralization assay

In addition to measuring the concentration of anti-spike IgG we

assessed the functionality of these antibodies to prevent cellular

infection with live virus, initially using both an early-clade (A2.2) and

delta strain as previously published.13 Briefly, sera were serially

diluted and mixed in duplicate with an equal volume of virus in solu-

tion at a median of 1.5� 103 tissue culture infectious dose per

ml. After 1 h of virus-serum coincubation at 37°C, 40 μl were added

to equal volume of freshly trypsinized VeroE6 cells and a HekAT

(HAT-24) cell line selected for SARS-CoV-2 permissiveness. The data

for VeroE6 is typically the same as the HekAT line, although the for-

mer is less sensitive to low responses. The validation of HAT-24 has

been previously described.17 After 20 h for HAT-24 and 72 h for

VeroE6, cells were stained with NucBlue (Invitrogen) and each well

was imaged in its entirety with InCell Analyzer (Cytiva). Nuclei counts

decrease with higher viral replication in a dose dependent manner.

Samples were compared between convalescent sera, mock controls

(defined as 100% neutralization) and infected controls (defined as 0%

neutralization). The cut-off for determining the neutralization end-

point titer of diluted serum samples was set to ≥50% neutralization

and the cut-off of positivity for neutralization on live virus was 1:20.

In December 2021, live omicron viral neutralization was assessed

in pre- and post-third dose vaccination sera, adapting the above

method. In 29 participants, third dose mRNA vaccines were given to

11 FL cohort patients, 10 patients had mRNA-1273 and 1 had

BNT162b2. In the 18 WM cohort patients, 16 had mRNA-1273 and

2 had BNT162b2.

2.4 | Lymphocyte profiling and antigen-specific
CD4+ and CD8+ T cell responses

Cryopreserved PBMCs were thawed using RPMI (+L-glut) medium

(Thermo Fisher Scientific) supplemented with penicillin/streptomycin

(Sigma-Aldrich), and subsequently stained with antibodies binding to

extracellular markers. Ex vivo phenotyping of PBMCs were performed as

described previously.18 The extracellular panel included Live/Dead dye

Near InfraRed, CD3 (UCHT1), CD8 (HIL-72021), CD19 (HIB19)

(Biolegend); CD4 (OKT4) (BD Biosciences). Functional T cell assays and

FACS staining of 48 hr activated PBMCs were performed as described

previously,18 but with the addition of CD137 (4B4-1) (Biolegend) to the

cultures at 24 h. Final concentration of 10 μg/ml of SARS-CoV-2 spike

peptide pool (33 15-mer peptides previously described19,20) (Genscript)

were added to appropriate wells. 1 μg/ml of 2020 season Influvac Tetra

containing virus fragments from four influenza strains; A/Victo-

ria/2570/2019 (H1N1)pdm09-like strain, A/Hong Kong/2671/2019

(H3N2)-like strain, B/Washington/02/2019-like (B/ Victoria lineage) virus,

B/Phuket/3073/2013-like (B/Yamagata lineage) virus (Influenza vaccine-

Mylan Health) were used as a control antigen and SEB (5 μg/ml) was used

as a positive control (Thermo Fisher Scientific). The flow cytometry panel

included CD3 (UCHT1), CD4 (RPA-T4), CD8 (RPA-T8), CD69 (FN50; all

Biolegend), CD25 (2A3), CD134 (L106)—BD Biosciences. Samples were

acquired on a Cytek Aurora (Biolegend) using the Spectroflo software.

Prior to each run, all samples were fixed in 0.5% paraformaldehyde. Data

analysis was performed using FlowJo version 10.7.1 (TreeStar).

2.5 | Statistics

Differences between groups were determined by the nonparametric

Mann–Whitney U test and differences for nonparametric paired data
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was assessed using the Wilcoxon test. Correlations were determined

using simple linear regression. All were calculated using Prism soft-

ware (GraphPad). Multivariate analyses were performed using

R. Bonferroni corrections were used to correct for multiple

comparisons.

3 | RESULTS

3.1 | Participants

Eighty-five participants received their first dose of BNT162b2 from

May to June 2021. These included 35 patients with FL, 37 patients

with WM, and 13 HC. One FL patient died from an unrelated cere-

brovascular accident before the second vaccine dose. All remaining

participants received both vaccines and sampling according to

schedule with excellent vaccination time-point and blood collection

adherence at T2: median 21 days (range 20–22 days) and T3:

median 49 days (range 47–51 days), following baseline vaccination

and baseline bloods at T1. Patient characteristics of all evaluable

patients are shown in Table 1. In the FL cohort, 11 were TN, 23 had

immunochemotherapy (ICT) with 2 of these continuing on BTKi. In

the WM cohort, 9 were TN, 14 had ICT alone, 12 were on BTKi

(having prior treatment with ICT), 2 were on venetoclax (having

prior treatment with ICT and BTKi). There was no significant differ-

ence in gender or age compared to the HC: 8/13 (61.5%) were

female, with a median age of 72 (interquartile range [IQR]: 57–74)

years. No participant had detectable anti-spike IgG at T1, confirming

no prior SARS-CoV-2 exposure. This included one FL patient

and seven WM patients who were receiving immunoglobulin

replacement therapy. As of January 1, 2022, no participant had con-

tracted COVID-19.

3.2 | Anti-spike IgG levels in patients with FL

Postvaccination anti-spike IgG response in HC and FL treatment

cohorts to T2 are shown in Figure S2. At T3 (Figure 1A), 1 month after

two vaccine doses, the median MFI of HCs was 228 255 (IQR: 162

383–249 019), the same as the FL TN cohort: 245 898 (IQR: 180876–

251 062; p = .32); and 23-fold higher than ICT: 9977 (IQR: 0–131

350; p = .002). The median MFI of the TN cohort was also higher than

the ICT cohort (p = .001) (see above). Anti-spike IgG in FL ICT-treated

patients correlated on univariate analysis with lymphocyte count

(r = .63; p = .002; Figure S3A) and with time from treatment (r = .56;

p = .007; Figure S3B). On multivariate analysis, only lymphocyte

count correlated as an independent predictor of anti-spike IgG MFI

(p = .03), with time from treatment being insignificant (p = .16). For

patients with an anti-spike IgG response, the median time from treat-

ment was 26months (IQR: 13.5–47.5 months). For patients with no

anti-spike IgG response the median time from treatment was 6 months

(IQR: 4–14months).

3.3 | Anti-spike IgG levels in patients with WM

Postvaccination anti-spike IgG response in HCs and WM cohorts to

T2 are shown in Figure S4. At T3 (Figure 1B), the median MFI of HCs

was 228 255 (IQR: 162 383–249 019), which was not significantly dif-

ferent from TN: 220 645 (IQR: 131 374–253 237), nor ICT: 147 197

TABLE 1 Characteristics of patients

FL n = 34 WM n = 37 HC n = 13

Age in years, median (IQR) 65 (54–71) 71 (63–74) 72 (57–74)

Gender, male n (%) 16 (47) 19 (51.3) 5 (38.5)

Treatment status

Treatment naïve, n (%) 11 (32.3) 9 (24.3)

Anti-CD20 monoclonal+ other, n (%) 23 (65.7) 14 (37.8)

Rituximab chemotherapy ±maint., n (%) 19 (55.9) 11 (29.7)

Obinutuzumab chemotherapy ±maint., n (%) 4 (11.8) –

Completed treatment with anti-CD20

<6months, n (%)

10 (29.4) 0 (0)

Median time from therapy, months (IQR) 15.5 (7.5–30.5) 22 (12–39)

Bruton tyrosine kinase inhibitors, n (%) 2 (6) 12 (32.4)

Median time on BTKi, months (IQR) 56.5 (20–93) 64.5 (46–75)

Other—Venetoclax, n (%) – 2 (5)

Median previous lines, n (IQR) 1 (1–2) 2 (1–4)

Median baseline IgG, g/L (IQR) – 8.11 (3.93–18.5)

IVIg supplementation, n (%) 1 (3) 7 (18.9)

Lymphocyte count, n �109/L (IQR) 1.4 (0.78–1.73) 1.4 (0.93–1.7)

Abbreviations: BTKi, Bruton's tyrosine kinase inhibitor; FL, follicular lymphoma; HC healthy control; IgG, immunoglobulin G; IQR, interquartile range; WM,

Waldenström's macroglobulinemia.
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(IQR: 0–249 655); but 6-fold higher than in those on BTKi therapy:

39 093 (IQR: 4486–103 484; p < .0001). The difference in median MFI

between TN- and BTKi-treated patients was also highly significant

(p = .0008; values above). There was no significant difference

between the ICT and BTKi cohorts (p = .07, values above). No signifi-

cant relationship was seen on univariate analysis in WM patients in

the ICT cohort and their lymphocyte count (r = .51; p = .16) or time

from treatment (r = .13; p = .7). Median time from ICT for this cohort

F IGURE 1 Comparison of anti-spike IgG response between healthy controls, FL and WM treatment cohorts at T3. In FL (A), there is no
difference in response comparing HC with TN, but there is a significantly reduced response in the ICT cohort compared to HC and TN. In WM (B),
there is no difference in response comparing HC with TN or ICT, but there is a significantly reduced response BTKi with both HC and TN. A
p < .03 was considered statistically significant in A and <.01 in B after Bonferroni correction. BTKi, BTKi-treated cohort; HC, healthy controls; ICT,
immunochemotherapy-treated cohort; IgG, immunoglobulin G; MFI, delta mean fluorescence intensity; TN, treatment naïve cohort. **p < .01;
***p < .001; ****p < .0001

F IGURE 2 Live SARS-CoV-2 neutralization of delta variant in HEK cell line at T3. There is a slight reduction in neutralization of delta variant
in FL patients treated with ICT (A) compared to HC. There is significantly lower neutralization of delta variant in WM patients treated with BTKi
(B) compared to both HC and TN. Neutralization activity correlates well with anti-spike IgG (C). A p < 0.03 was considered statistically significant
in A and <.01 in B after Bonferroni correction. BTKi, BTKi-treated cohort; HC, healthy controls; ICT, immunochemotherapy-treated cohort; IgG,
immunoglobulin G; MFI, delta mean fluorescence intensity; TN, treatment naïve cohort. **p < 0.01; ***p < 0.001; ****p < .0001.
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was 22months (IQR: 12–39months). None of these patients were

exposed to BTKi or venetoclax.

3.4 | Live virus neutralization after two dose
vaccination

Median neutralizing activity of HC to the delta variant: 40 (IQR: 20–80)

was equivalent to FL TN: 40 (IQR: 20–80; p = .47) and higher than

the median for FL ICT patients: 0 (IQR: 0–70) (p = .02; Figure 2A).

There was good correlation between anti-spike IgG levels and live

virus neutralization titers for the delta variant (r = .62, p < .0001;

Figure 2C). Median neutralization for HC was comparable to the WM

TN 40 (IQR: 10–40; p = .08) and for ICT: 20 (IQR: 0–120; p = .12) but

was significantly higher than BTKi: 0 (IQR: 0–0; p < .0001). A full com-

parison of neutralizing activity for both early-clade (A2.2) and delta

for both VeroE6 and HEK cell lines at T3 are shown in Figure S5 and

Table S2. There was comparable neutralization for both cell lines

within cohorts, with a nonsignificant trend toward reduced neutraliza-

tion for the delta variant (Table S2). There was an absence of neutrali-

zation in patients with low level anti-spike IgG. Specifically, the live

virus neutralizing activity of the delta variant in the HEK cell line at T3

is shown in Figure 2.

3.5 | Lymphocyte profiling and antigen-specific
CD4+ and CD8+ T cells

Relative proportions of CD19+ B cells and CD4+ and CD8+ T cells

across groups are shown in Table S3. In the FL group, the TN cohort

had a reduced proportion of CD8+ T cells compared to HC (at 5.01%

vs. 22.7%; p = .004). There was no difference in the proportion of

SARS-CoV-2 spike specific CD4+ CD25+ CD134+ (OX40) and CD8+

CD69+ CD137+ T cells between groups, as compared to HC (see

Figure S6 for an example of flow cytometry plots demonstrating

SARS-CoV-2 spike specific CD4+ and CD8+ reactive cell events).

The median percentage of B cells of live lymphocytes in WM

patients treated with BTKi was 0.11% (IQR: 0.055–1.31), lower than

HC 3.08% (IQR: 2.37–5.90; p = .0003). There were no other signifi-

cant differences between HC and other lymphoma cohorts. WM

patients on BTKi also had a reduced proportion of CD4+ T cells with

median 46.9% (IQR: 45.8–57.7) compared to HC, median 69.9% (IQR:

56.4–81.6; p = .006), with no significant difference between other

lymphoma cohorts. WM patients on BTKi had an elevated proportion

of CD8+ T cells with median 45.4% (IQR: 31.9–47.5) compared to HC

median of 22.7% (IQR: 10.9–36; p < .01). WM patients treated with

ICT also had reduced CD8+ T cells as compared to HC (median 6.79%

compared to 22.7%; p = .01).

Data on reactivity to influenza antigens is presented for compari-

son. There was no difference in the proportion of antigen-specific

CD4+ CD25+ CD134+ (OX40) and CD8+ CD69+ CD137+ T cells

between groups, as compared to HC (see Table S4).

3.6 | Attrition of anti-spike IgG occurred between
second and third vaccine doses

In FL patients who had seroconverted 28 days post the second

BNT162b2 dose and in whom there was pre-third dose anti-spike IgG

measured (n = 9), the anti-spike IgG had dropped 4-fold from a

median MFI 82 663 (IQR: 11 061–131 245) to a median MFI 19 942

(IQR: 5802–19 567; p = .004; Figure 3A). The median time between

second and third doses was 4months.

3.7 | Third primary mRNA vaccine dose resulted in
seroconversion in some poor initial responders

Four HC and 29 lymphoma participants had sera collected before and

after a third dose mRNA vaccination. The lymphoma cohort com-

prised 9 FL ICT, 1 WM TN, 6 WM ICT, 10 WM BTKi, 1 WM ven-

etoclax. In composite data of all FL and WM patients (n = 29;

F IGURE 3 Changes in anti-spike IgG. (A) There is a significant reduction in anti-spike IgG following the second dose of BNT162b2 after a
median of 4 months, prior to a third mRNA vaccine dose (n = 9). (B) Four weeks following a third mRNA vaccine dose, there was a significant
increase in anti-spike IgG in those who had previously responded and seroconversion in some patients who had previously not responded
(n = 29) including FL ICT, WM TN, WM ICT, WM BTKi. BTKi, BTKi-treated cohort; ICT, immunochemotherapy-treated cohort; IgG,
immunoglobulin G; MFI, delta mean fluorescence intensity; TN, treatment naïve cohort. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S7) there was a 7.5-fold increase in anti-spike IgG: median MFI

pre-third dose of 774 (IQR: 246–18 302) compared to median MFI

28 days post-third dose of 5789 (IQR: 620–87 720; p < .0001;

Figure 3B).

In the FL cohort, 2 of 11 (18.2%) had anti-spike IgG detected prior

to, and 4 of 11 (36.4%) had anti-spike IgG detected 28 days post-third

dose vaccination. In the WM patients, 8 of 18 (44.4%) had detectable

anti-spike IgG before and 11 of 18 (61.1%) had anti-Spike IgG

detected 28 days post-third dose vaccination.

At Day 28 (Figure S7) following the third vaccine dose, all four

HC had neutralization activity to early-clade, delta and omicron vari-

ants, though with a 4–8-fold reduction in activity against omicron

compared to early-clade and the delta variants.

In the FL cohort, of the eight patients already seropositive, only

two had neutralizing activity detected before the third vaccination

dose. All eight patients had neutralizing activity detected 28 days fol-

lowing the third dose. The two with neutralizing activity prior to third

dose had 2–4-fold increases in activity titer post-third dose and both

developed omicron neutralization which had not been present prior.

All eight patients neutralized early-clade and the delta variant, and five

of eight had activity against omicron.

In the WM cohort, of the two who were already seropositive, one

had no detectable neutralizing activity before or after third dose to

early-clade, delta or omicron variants. The other had neutralizing

activity which increased 16-fold for early-clade and delta variants and

8-fold for the omicron variant. Of the two additional seroconverters,

one had low titer (1:20) neutralizing activity only to the early-clade

variant.

Nine of eighteen WM patients assessed were on BTKi therapy.

Two of this cohort seroconverted with the third dose and had low

level neutralizing activity. An additional patient who was seropositive

before and after the third vaccination dose, had neutralization activity

absent before which appeared at a low level following the third dose.

All three WM patients on BTKi that seroconverted had withheld their

BTKi therapy, of their own volition, immediately prior to the third

dose and for 2–4weeks afterwards.

3.8 | WM patients treated with venetoclax had
poor humoral response to vaccination

The anti-spike IgG response and neutralization titer were poor in two

WM patients treated with venetoclax, one of whom also had a third

vaccine dose. Given the small number of two in this cohort, the data

has not been included in the above comparisons, but is shown for

completeness in Table S5.

4 | DISCUSSION

As the COVID-19 pandemic continues to evolve, it is imperative to

understand which subgroups of the vaccinated population remain at

higher risk of contracting the virus and of having severe COVID-19

disease. Patients with indolent lymphomas comprise a sizable propor-

tion of people with hematological malignancies, and are vulnerable to

severe disease. Here we prospectively studied both humoral and cel-

lular immune responses post-BNT162b2 vaccination in people with

FL and WM on a variety of treatment regimens. The longitudinal data

generated from this prospective study may help inform future risk

assessments, management strategies and the timing of ICT and BTKi

therapy with first to third primary and now fourth- and subsequent-

dose booster vaccines emerging.

Our results are reassuring in that TN patients with both lym-

phoma subtypes had similar humoral responses as healthy age-

matched controls, highlighting that in this setting it is the therapies,

rather than the disease process, that are detrimental to seroconver-

sion. These results indicate the merit of completing at least two doses

of vaccination during the period of initial observation after diagnosis

and pretreatment.

The reduced humoral response in 47.8% of patients who have

received ICT for FL correlated on univariate analysis with both abso-

lute lymphocyte count and time from treatment, with lymphocyte

count remaining significant as a predictive for poor outcome after

multivariate analysis in this cohort. This is consistent with other publi-

shed data in the literature.21,22 Comparable findings were not seen in

the WM ICT group with only 28.6% failing to seroconvert, but a limi-

tation was that this cohort does not include patients recently (<12

months) treated with ICT. Therefore, this finding must be interpreted

with caution. Of particular concern, were WM patients treated with

continuous BTKi therapy, who had approximately 6-fold lower anti-

spike IgG than the TN cohort following the second vaccine dose and a

virtual absence of neutralization activity, consistent with previous

reports.9,23

Anti-spike IgG levels positively correlated to live virus neutraliza-

tion activity across all groups. Some subjects were observed to have a

low level measurable anti-spike IgG response without neutralization

activity, suggesting caution in the interpretation of low-titer anti-spike

IgG alone in assessing a patient's response to vaccination. Nonethe-

less, our limited third dose data suggest this initial low-titer antibody

may be enhanced with subsequent vaccination, and the passage of

time after ICT. There remains a need to identify a clinically relevant

optimal anti-spike IgG level that consistently predicts neutralization

activity. This is challenging given the continuum of serology assays

being used, nonstandardization and the high demand for serology

standards that have finite supply. However, this will continue to be

reassessed with the emergence of new variants of concern where res-

olution of variant specific spike antibody levels will need to be

assessed alongside variant equivalent neutralization assays.

To date, a subgroup of 29 patients, skewed in representation of

poor initial responders, were assessed following a third primary dose

of an mRNA vaccine (mostly mRNA-1273), and 5 of 29 (17%) of these

patients demonstrated seroconversion. All those who had previously

responded had an increase in measurable anti-spike IgG and neutrali-

zation activity. There was a trend for higher neutralization titers for

early-clade and the delta variant compared to lower or absent omicron

neutralization, consistent with other emerging data.17,24
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Our data, together with previously published reports,25 suggest

that many people with indolent lymphomas will fail to adequately

seroconvert following three doses of an mRNA COVID-19 vaccine,

and that viral neutralization may remain compromised. Encouragingly,

despite poor humoral response in the ICT- and BTKi-treated

populations, our patients had measurable antigen-specific CD4+ and

CD8+ T cells responses of a magnitude comparable to HC. How these

functional T cell responses relate to protection from SARS-CoV-2

infection requires further characterization. Having a greater number

of CD8+ T cells at the time of SARS-CoV-2 infection has been found

to positivity influence recovery from COVID-19 in immunosuppressed

patients, including those treated with anti-CD20 monoclonal anti-

bodies.26 How this relates to vaccine-induced CD4+ and CD8+ T cells

and the potential benefit they confer following infection is still being

assessed, but raises the possibility that even in patients who fail to

seroconvert there may be benefit from vaccination.

In the next phase of the pandemic, patients with poor immune

responses need prioritization for targeted education, shielding, and

streamlined medical review in the event of SARS-CoV-2 infection. In

addition to our planned prospective assessment of a closely moni-

tored treatment interruption to BTKi therapy, our extended cohort of

high-risk patients would be ideal candidates for further study of the

long-acting antibodies tixagevimab/cilgavimab, (AZD7442).27 This is

pertinent given only 196 (3.8%) of the participants in the Phase

3 PRoVENT study were on concurrent immunosuppressive therapy.

Additionally, it will be important to assess the tolerance, longevity and

neutralization capacity of tixagevimab/cilgavimab in such populations.

Both in vitro17 and in vivo28observations of tixagevimab and

cilgavimab showed limited activity against the omicron BA1 lineage.

Fortunately, activity for tixagevimab/cilgavimab is retained in vivo for

omicron BA2 and this latter omicron lineage is supplanting BA1 glob-

ally. If repeated vaccination cannot stimulate a native humoral vaccine

response in such patients, further developments in either passive anti-

body therapy and/or broader antivirals may be key to ensuring

increased safety of this vulnerable population as the world pivots to

living with, rather than eliminating, SARS-CoV-2. Future therapeutics

will always need to be assessed against both each emerging variant of

concern and also their ability to not promote the rapid emergence of

resistant variants.29

In summary, TN FL and WM patients have comparable COVID-

19 vaccine-induced humoral immunity to HCs. Likewise, most patients

distant from ICT have a good humoral response to mRNA vaccination.

Patients on BTKi have reduced humoral immunity with markedly low

anti-spike IgG and virtual absence of neutralizing activity to the delta

and omicron variants. A small subgroup of patients who received a

third dose of mRNA vaccine showed additional seroconversion, with

increased IgG titer and neutralization activity in those who had previ-

ously responded, though there was a trend toward lower neutraliza-

tion of the omicron variant. Reassuringly, all patients demonstrate

functional CD4+ and CD8+ reactive T cells following two doses of

BNT162b2. Despite the impaired humoral response after ICT and

while on chronic B cell suppression, this SARS CoV-2-specific T cell

response may indicate the value of vaccination for all.

Further work needs to be done to more comprehensively investi-

gate the response to third and subsequent vaccinations in larger

cohorts and to monitor immunocompromised populations for the

emergence of vaccine-evasive, highly transmissible mutants of SARS-

CoV-2.
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