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Background: Few data are available about the durability of the response, the

induction of neutralizing antibodies, and the cellular response upon the third

dose of the anti-severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

vaccine in hemato-oncological patients.

Objective: To investigate the antibody and cellular response to the BNT162b2

vaccine in patients with hematological malignancy.

Methods: We measured SARS-CoV-2 anti-spike antibodies, anti-Omicron

neutralizing antibodies, and T-cell responses 1 month after the third dose of
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vaccine in 93 fragile patients with hematological malignancy (FHM), 51 fragile not

oncological subjects (FNO) aged 80–92, and 47 employees of the hospital

(healthcare workers, (HW), aged 23-66 years. Blood samples were collected at

day 0 (T0), 21 (T1), 35 (T2), 84 (T3), 168 (T4), 351 (T pre-3D), and 381 (T post-3D)

after the first dose of vaccine. Serum IgG antibodies against S1/S2 antigens of

SARS-CoV-2 spike protein were measured at every time point. Neutralizing

antibodies were measured at T2, T3 (anti-Alpha), T4 (anti-Delta), and T post-

3D (anti-Omicron). T cell response was assessed at T post-3D.

Results: An increase in anti-S1/S2 antigen antibodies compared to T0 was

observed in the three groups at T post-3D. After the third vaccine dose, the

median antibody level of FHM subjects was higher than after the second dose and

above the putative protection threshold, although lower than in the other groups.

The neutralizing activity of antibodies against the Omicron variant of the virus

was tested at T2 and T post-3D. 42.3% of FHM, 80,0% of FNO, and 90,0% of HW

had anti-Omicron neutralizing antibodies at T post-3D. To get more insight into

the breadth of antibody responses, we analyzed neutralizing capacity against

BA.4/BA.5, BF.7, BQ.1, XBB.1.5 since also for the Omicron variants, different

mutations have been reported especially for the spike protein. The memory T-

cell response was lower in FHM than in FNO and HW cohorts. Data on

breakthrough infections and deaths suggested that the positivity threshold of

the test is protective after the third dose of the vaccine in all cohorts.

Conclusion: FHM have a relevant response to the BNT162b2 vaccine, with

increasing antibody levels after the third dose coupled with, although low, a T-

cell response. FHM need repeated vaccine doses to attain a protective

immunological response.
KEYWORDS

COVID-19, SARS-CoV-2, mRNA vaccine, humoral and cellular response,
hematological patients
Introduction

Real-world studies on the effectiveness of two vaccine doses in

preventing severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) infection have shown that the BNT162b2 mRNA vaccine

(Comirnaty, BioNTech Manufacturing GmbH [Germany], Pfizer

Manufacturing Belgium NV [Belgium]) prevents severe COVID-19

disease in subjects aged over 12 years (1, 2). SARS-CoV-2 evolves

mutations to escape vaccine-and infection-acquired immunity,

raising concern about the potential impact of new variants on

vaccination programs (3). The Omicron variant was first detected in

November 2021 and was found to contain numerous mutations in

the spike protein, resulting in enhanced transmissibility, partial

escape from previously established neutralizing antibodies to wild-

type SARS-CoV-2, and possible re-infection (4, 5). Several sub-

lineages of the Omicron variant have emerged, all exhibiting partial
02
escape from wild-type spike-based vaccine-elicited neutralizing

antibodies (6). Data from clinical trials and real-world studies

suggest that current vaccines retain effectiveness against the Alpha

variant (B.1.1.7), although effectiveness may be reduced against the

Beta variant (B.1.351) and the Delta variant (B.1.617.2); however,

effectiveness against severe disease and hospitalization caused by

Delta remains high. Booster programs using mRNA vaccines have

been shown to restore protection against infection and symptomatic

disease by the Omicron variant (3).

However, as the incidence of COVID-19 progressively

increased after the second vaccination campaign, governments

worldwide fostered a third dose of vaccine as a booster. Several

studies evaluated the humoral, and in a few instances the cellular,

response following the third dose of the BNT162b2 vaccine in

healthy adult subjects and frail populations, including patients with

hematological malignancies and older subjects (7–27). However,
frontiersin.org
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few data are available about the durability of the response, and the

induction of neutralizing antibodies upon the third dose of vaccine

in hemato-oncological patients (28–34) and in older subjects (35–39).

Overall, in patients with hematological malignancy, repeated

vaccination obtains seroconversion in most subjects and the more

doses the higher the serological response (28, 30–34). Nevertheless,

results are inconsistent on the possibility of having seroconversion

with further doses in those who had not reached the positivity

threshold with the second dose (31, 33). The neutralizing capacity

against the Omicron variant seems poor (32). Finally, Firinu et al.

found that patients treated with antiCD20 had higher IFN-g
response compared to patients with immune-mediated

inflammatory disease, who were naïve to antiCD20 (29). It was

reported that subjects >80 years old had lower humoral response

than younger subjects to the second vaccine dose (36), but an

increase in anti-spike antibodies after the third dose was observed

both over 60 years and over 80 years (36, 38). The neutralizing

activity against Delta and Omicron increases after the third dose in

elders (35). Additionally, anti-spike IgG and neutralizing antibody

levels remain adequate 3 months after the third BNT162b2 vaccine

in healthy adults (39).

Indeed, whether the third dose of the BNT162b2 vaccine can

reinforce anti-spike antibody levels, and the neutralizing power of

antibodies and T-cell responses in fragile populations are still open

questions. Such problems need to be addressed to guide future

decisions about repeated anti-SARS-CoV-2 vaccinations in

frail subjects.

To this aim, we compared the response to the third dose of the

BNT162b2 vaccine and its efficacy in protecting against SARS-CoV-

2 infection over time in fragile patients with hematological

malignancy (FHM), fragile older not oncological subjects (FNO),

and a cohort of subjects in good general health, healthcare

workers (HW).
Participants and methods

Study design

A prospective observational study was carried out in the Istituti

Fisioterapici Ospedalieri (IFO; Rome, Italy), a referral center for the

treatment of oncological diseases in central Italy. During the

COVID-19 pandemic, it was a vaccination center directed at its

employees, oncological patients, and the general population over

>80 years old.

The vaccination timing, with the BNT162b2 vaccine, started in

December 2020 for employees of IFO and in March 2021 for

oncological patients and the general population with the first dose

of vaccine administration (T0), followed by the second dose after 21

days (T1) and ended with the third dose of the vaccine after 351

days (T pre-3D).

The study protocol complied with the Declaration of Helsinki

and was approved by the institutional scientific ethics committees

(IRCCS Lazio, protocol n.RS1446/20; protocol RS1463/21). All

enrolled subjects released written informed consent for

participation in the study.
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Participants

The study enrolled subjects who joined the vaccination

campaign organized by IFO and received three doses of the

vaccine. Three cohorts were recruited: a) patients aged >18 years,

affected with a diagnosed hematological malignancy, at any stage,

treated and followed-up at IFO (fragile hematological malignancy,

FHM); b) subjects from the general population, aged over 80 years

(fragile not oncological, FNO); c) employees of IFO, aged >18 years,

in good general condition (healthcare workers, HW). Consecutive

subjects of each group were included. All patients released informed

consent to receive the vaccine doses and to participate in the study.

FHM subjects receiving the first and the second dose in other

vaccination centers were admitted, while all subjects had to receive

the third dose in IFO. Data on the response to the first two doses in

all these subjects have been previously published (40, 41).
Time-course of analyses

Following the first dose of vaccination, the second dose of

vaccine was administered exactly 21 days after the first one, and the

third dose 351 days after the first one (Figure 1).

Blood samples were collected from each subject at day 0 (T0, the

day of the first dose of vaccine administration), 21 (T1), 35 (T2), 84

(T3), 168 (T4), 351 (T pre-3Dose), and 381 (T post-3Dose) days

after the first dose of vaccine (Figure 1).

Table 1 and Figure 1 report laboratory analyses performed at

each time point. IgG antibodies against S1/S2 antigens of SARS-

CoV-2 were assessed at each time point. Neutralizing anti-Omicron

antibodies were assessed at T2 (35 days after the first vaccine dose)

and at T post-3D (381 days after the first vaccine dose). Interferon-

gamma (IFN-g) secreted by T cells in response to SARS-CoV-2

antigens was measured in peripheral blood mononuclear cells

(PBMCs) at T post-3D time point.
Serum isolation and serological studies

The serum isolation method is described in the Supplementary

Material. The antibodies in the tested sera were quantified in

arbitrary units per milliliter (AU/mL) with the LIAISON® SARS-

CoV-2 S1/S2 IgG and the LIAISON® SARS-CoV-2 S1/S2 IgG

TrimericS test kits. In all measurements in which the LIAISON®

SARS-CoV-2 TrimericS IgG assay (Emergency Use Authorization,

EUA) was used, the AU/ml has been converted to BAU/mL

according to the manufacturer’s information regarding the WHO

standard. The conversion to BAU was AU/mL×2.6 (42, 43).

Binding Neutralization Assay Binding Neutralization tests are

described in the Supplementary Material. Neutralizing anti-

receptor-binding domain (RBD) antibodies against the Alpha

variant of the virus were measured by the COVID-19 Spike-

ACE2 Binding Assay Kit (Raybiotech Life, Inc., GA, USA). This

test detects semi-quantitative antibodies against the SARS-CoV-2

spike protein in human serum. To test functional neutralizing

antibodies against the Delta (B.1.617.2) and Omicron (B.1.1.529)
frontiersin.org
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variants of SARS-CoV-2, two commercially available ELISA kits

were used: SARS-CoV-2 Neutralizing Antibodies Detection Kit

(B.1.617.2 Delta variant), Cat. No. AG-48B-0007-KI01, Adipogen

and SARS-CoV-2 Neutralizing Antibody Titer Serologic Assay Kit

(B.1.1.529Omicron variant), ACROBiosystems. Both assays identify

the presence or absence of specific neutralizing antibodies by testing

the interaction of the RBD of the SARS-CoV-2 spike protein

and the recombinant human ACE2 receptor (hACE2). The

Adipogen kit defines a cut-off value for neutralization of 20%,

while for the ACROBiosystems kit, the cut-off value corresponds to

32%. The inhibition percentage of ≥20% or ≥32% indicates the

presence of neutralizing antibodies against the SARS-CoV-2 Delta

or Omicron variant, respectively. To test functional neutralizing

antibodies against the Omicron variants (BA.4/BA.5/BF. 7/BQ.1/

XBB.1.5) a commercial ELISA kit was used: Gene Tex SARS-CoV-2

Neutralizing Antibody, Cat. No. GTX538288. This is an in vitro

assay for qualitative SARS-CoV-2 neutralizing antibody (Nab)

screening. The inhibition percentage of ≥30% indicates the

presence of neutralizing antibodies against the SARS-CoV-2

Omicron variants.
Frontiers in Immunology 04
Assessment of activated T effector cells

The methods used are described in the Supplementary Material.

PBMCs were isolated from “buffy coats” (whole blood

concentrates without serum) via density gradient centrifugation

using Lympholyte®-H Cell Separation Media (CEDARLANE®).

The T-SPOT COVID-19 test was used to assess the activation of

effector T cells. An enzyme-linked immunospot (ELISPOT) assay

identifies T cells in PBMCs that release IFN-g in response to

stimulation with SARS-CoV-2 spike S1 and/or nucleocapsid

peptides. It is a commercialized, standardized ELISPOT platform

that allows reproducible measurements of T cells reactive to SARS-

CoV-2 antigens. The T-SPOT COVID-19 test is built on the T-

SPOT platform (Oxford Immunotec, a PerkinElmer Company). To

quantify the activation of effector T cells, we used the T-SPOT

COVID-19 test. As part of the T-cell response, SARS-CoV-2

antigens on the vaccine could activate both CD4+ and CD8+

effector T cells, which, if further stimulated by these antigens,

produce IFN-g cytokine. The spot-forming units (SFUs) were

counted using an automated ELISPOT plate reader (CTL, Shaker
FIGURE 1

Consort flow diagram of the study. In the upper box, the three cohorts are indicated. The left box describes the time course of blood sample
collection. In the right box executed procedures are listed.
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Heights, OH, USA). Results were ‘invalid’ if the negative control

had more than 10 SFUs or the positive control had fewer than 20

SFUs when the antigen wells were non-reactive. Results were

‘reactive’ when the SFUs in the higher of the two antigen wells

minus the negative control were ≥6, ‘non-reactive’ when the SFUs

in both antigen wells minus the negative control were ≤6, and

‘borderline’ when the SFUs in the higher of the antigen wells minus

the negative control were 5, 6 or 7.
In vitro stimulation of PBMCs

To test T cell activation, PBMCs were thawed and rested for 4

hours in 10% FBS-supplemented RPMI-1640. Then, 2×106 PBMCs

were seeded in U-bottom 96-well plates in a total volume of 200 ml
and stimulated for 12–16 hours at 37°C in 10% FBS-supplemented

RPMI-1640 with PepTivator® SARS-CoV-2 protein S peptide pool

(Miltenyi Biotec, cat. 130-127-953) or CEFX Ultra SuperStim Pool

(JPT, PM-CEFX-2) at the final concentration of 1 mg/mL of each

peptide or with an equal volume of water, in the presence of

Brefeldin A (Thermo Fisher Scientific, cat. 00-4506-51), as

previously described (44).
Flow cytometry staining and acquisition

Cells were stained for viability (LIVE/DEAD™ Fixable Violet

Dead Cell Stain, Thermo Fisher Scientific, cat. L34955). Afterward,

cells were incubated with Human Fc Block (BD, cat. 564220)

followed by staining for surface markers using the following

antibodies: CD3 (UCHT1) FITC, 1:200 (Thermo Fisher Scientific,

cat. 11-0038-42), CD4 (RPA-T4) PerCP-eFluor 710, 1:100 (Thermo

Fisher Scientific, cat. 46-0049-42), CCR7 (CD197) APC, 1:100 (BD

Biosciences, cat. 566762), CD8 (SK1) APC-eFluor 780, 1:200

(Thermo Fisher Scientific, cat. 47-0087-42), CD45RA (HI100)

BV605, 1:100 (BioLegend, cat. 304134) in FACS buffer for 20

minutes at 4°C. Afterward, samples were fixed and permeabilized

using Cytofix/Cytoperm (BD Biosciences, cat. 554722) for 20

minutes at 4°C. Intracellular staining was performed in Perm/

Wash buffer (BD Biosciences, cat. 554723) for 30 minutes at 4 °C
Frontiers in Immunology 05
with the following antibodies: IFNg (4S.B3) PE, 1:100 (Thermo

Fisher Scientific, cat. 12-7319-42), TNFa (MAb11) PC7, 1:100

(Thermo Fisher Scientific, cat. 25-7349-82). IFNg and TNFa were

assessed by intracellular cytokine staining (ICS) following

stimulation overnight with the peptide pools, using an in-house

validated flow cytometry antibody panel for Th1 response (45). The

stained samples were acquired through a CytoFLEX flow cytometer

(Beckman Coulter), and the data were analyzed using CytExpert

software (Beckman Coulter). Cytokine expression in the presence of

only water (with no peptides) was considered background and

subtracted from the values measured with stimuli.
Production of SARS-CoV-2 pseudoparticles

A neutralization assay was performed for the Delta and the

Omicron variants, with pseudotyped particles on HEK293T-hACE2

cells transduced with SARS-CoV-2 pseudovirus previously

incubated with a serial 2.5-fold dilution of heat-inactivated serum.

The method is described in the Supplementary Material.
Statistical analysis

Data were summarized through descriptive statistics.

Categorical data were synthetized through frequencies and

percentage values while continuous data were reported through

median values and the relative range (min-max). The correlation

between variables was explored by Spearman’s Rho coefficient. Due

to the nature of the distributions, the Kruskal-Wallis, Mann-

Whitney, and Pearson’s Chi-square non-parametric tests with

Bonferroni’s correction for multiple comparisons, when

appropriate, were applied to assess potential differences among

parameters. A p<0.05 was considered statistically significant. IBM

SPSS v.21 and R v.4.2.0 were used for all statistical analyses.

In the analysis of IgG levels with the LIAISON® SARS-CoV-2

S1/S2 IgG test kit we used as putatively protective, a 15 AU/mL cut-

off as indicated by DiaSorin®. This putatively protective cut-off is

considered valid to discriminate responders from non-responders

to vaccination. It was identified based on a concordance level of
TABLE 1 Time course of assessments.

Assessments

T0 T1 T2 T3 T4 T pre- 3D T post-3D

Day of
vaccine
dose 1

The day of
vaccine
dose 2 21
days after
dose 1

35 days
after dose 1

84 days
after dose 1

168 days
after dose 1

The day of
vaccine dose
3 351 days
after dose 1

381 days
after dose 1

IgG antibodies
against S1/S2
antigens of

SARS-COV-2

x x x x x x x

Omicron
neutralizing
antibodies

x x

Cellular response x
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more than 94.4% among the plaque reduction neutralization test, a

gold standard for assessing the relative concentrations of virus-

specific neutralizing antibodies. Moreover, a concordance of 100%

at 80 AU/mL was demonstrated (42). In the analysis of IgG levels

with the LIAISON® SARS-CoV-2 TrimericS IgG test kit we used, as

putatively protective, a 34 BAU/mL cut-off as indicated by

DiaSorin®. Therefore, according to these cut-offs, we investigated

the % of positive subjects before and after the third vaccine dose in

the three cohorts.
Results

Study population and blood collection

Table 2 reports the number of subjects enrolled in the study

with evaluable data at each study time point. In total, 77 FHM, 77

FNO, and 62 HW had received the first dose of vaccine in our

institution, IFO. At the second dose, we lost 9 FNO subjects. At the

third dose, we enrolled 17 new FHM subjects who received doses 1

and 2 in other vaccine centers and we lost 17 FNO and 12 HW

subjects who withdrew from the study.

Table 3 reports the demographic characteristics of all enrolled

subjects in the three cohorts and the clinical characteristics of FHM

subjects. The mean age was 73 years for FHM, 81 years for FNO,

and 48 years for the healthcare workers. Men were 63% of FHM,

49% of FNO, and 26% of HW. Among hematological malignancies,

31 (33%) were chronic lymphocytic leukemia (CLL)/small

lymphocytic lymphoma, 34 (36%) myeloma, and 29 (31%) other

myeloproliferative diseases. Among FHM, 39 patients were

receiving monoclonal antibody therapies: 24 (25%) were on

rituximab (anti-CD20) and 15 (16%) on daratumumab (anti-

CD38) with an average time to start treatment of 3 and 5

months, respectively.
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Dynamic of anti-SARS-CoV-2 IgG levels
over time

Levels of anti-SARS-CoV-2 IgG in the three cohorts at every

time point are shown in Figure 2A. The data are presented in AU/

ml since they have been collected with the LIAISON® SARS-CoV-2

S1/S2 IgG test kit that does not allow the conversion into BAU/ml.

At every time point, the median levels of IgG were lower in the

cohort of FHM than in the other groups.

At the T2 time point, after 14 days from the second vaccination

dose, the median levels of IgG were above the putatively protective

cut-off of 15 AU/mL in the three cohorts (and progressively

decreased until the third vaccination, the T pre-3D time point. Of

note, the median IgG levels from T2 to T pre-3D remained below 15

AU/mL in FHM at T4 and T pre-3D time points, increasing after

the third dose of vaccine (T post-3D). In the other two groups,

although the IgG levels decreased at T3, T4, and T pre-3D, the

putatively protective cut-off at 15 AU/mL was always reached.

The more stringent putatively protective level of IgG (cut-off at

80 AU/mL) was reached after the second dose of vaccine in FNO

and HW; the median levels progressively decreased in both groups

until the third dose of vaccine (T pre-3D). Both FNO and HW

subjects had antibody levels above this cut-off after the third dose of

vaccine (T post-3D). In FHM, the median levels of IgG reached this

cut-off only after the third dose of vaccine (T post-3D).

The proportions of subjects with IgG levels above the 15 AU/

mL cut-off were between 90% and 100% before and after the third

dose of vaccine in FNO and HW subjects and were 44% before and

70% after the third dose in FHM (Supplementary Figure 1A).

The proportions of subjects with IgG levels above the 80 AU/

mL cut-off were 12% in FHM, 35% in FNO, and 60% in HW

subjects before the third dose of vaccine (Supplementary Figure 1B),

and raised to 65% in FHM and to 98% in the two other groups after

the third dose (Supplementary Figure 1B).

Between administering the second and the third dose of the

vaccine, a second-generation test using the entire spike S1/S2

protein in its trimeric form was adopted for antibody

measurement at our institute. To test whether the results obtained

with the LIAISON® SARS-CoV-2 S1/S2 IgG test kit were

comparable to those obtained with the new test, samples at T2, T

pre-3D, and T post-3D were also analyzed with the latter test.

Figure 2B shows that the results are largely comparable to those in

Figure 2A, obtained with the LIAISON® SARS-CoV-2 S1/S2 IgG

test kit. The results of this test further confirm that the vaccine

response of FHM patients is much lower than that observed in the

other two cohorts. The median levels of IgG anti-trimeric Spike

were above the putatively protective cut-off indicated for this kit (34

BAU/mL) in the three cohorts of subjects at T2 but were

significantly lower in the FHM cohort than in the other two

groups. Both FNO and HW subjects had antibody levels above

this cut-off before and after the third dose of the vaccine. In FHM,

the median levels of IgG reached this cut-off only after the third

dose of vaccine (T post-3D). However, 12 FHM subjects did not

reach this cut-off even after the third dose of the vaccine. Among

these subjects, 10 had lymphoma/CLL and had been on treatment

with rituximab for a median time of 3 months, while one patient
TABLE 2 Number of subjects in the study at any time point with
evaluable data.

Time
points/
days
after

vaccine
dose 1

Fragile
Hematological
Malignancy (n)

Fragile,
older, Not-
Oncological

(n)

Healthcare
Workers (n)

T0/0 77 77 62

T1/21 77 68 62

T2/35 77 56 62

T3/84 77 54 62

T4/168 77 54 61

T pre-
3D/351

94 60 50

T post-
3D/381

93 51 47
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had myeloma and had been on treatment with daratumumab for 5

months (Table 4). Among the FHM subjects that reached the

protective cut-off, only 2 out of 27 myeloma patients were treated

with daratumumab. Conversely, 1 out of 38 patients treated with

drugs not targeting B cells were non-responders. The median

concentrations of IgGs are shown in Table 5.

No significant differences across all time points were observed

according to the gender of the subjects in the three cohorts

(Supplementary Figure 2).
Serum-neutralizing activity against the
Omicron variants after the third
vaccine dose

The neutralizing activity of antibodies against the Omicron

variant of the virus (B.1.1.529) was tested at T2 and T post-3D.

In the three groups, the percentage of subjects with cross-reactive

IgG anti-Spike variant B.1.1.529 was higher after the third vaccine

dose than at T2 (Figure 3A). Nevertheless, only 40% of FHM had

Omicron neutralizing antibodies, while this activity was present in

80% of FNO and 95% of HW subjects at T post-3D. Interestingly,

among FHM subjects, those with neutralizing anti-Omicron

antibodies had significantly higher levels of anti-SARS-CoV-2

spike IgGs. The same was observed, although to a lesser extent, in

FNO subjects. In contrast, no significant correlation between IgG

levels and anti-Omicron neutralizing activity was observed in HW

subjects (Figure 3B). The FHM Omicron (+) subjects were gender

balanced and the median age between the + and - Omicron groups

was virtually the same (76 vs. 77 years).
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It was observed that the percentage of the subjects whose sera

were able to interfere with the binding of the Omicron variant to

ACE2 at the T2 time point was very low (Figure 3A black bars). To

exclude that the sera at the T2 time point were unable to inhibit the

binding of Omicron to ACE2 due to a technical artifact (i.e., old or

degraded sera), we tested their ability to inhibit the binding of the

Alpha and Delta variants to ACE2. As shown in Supplementary

Figure 3, sera from HW and FNO cohorts, could inhibit the binding

of the two variants to ACE2 at the T2 time point. Interestingly, they

were still able to inhibit the binding even at T3 (Supplementary

Figure 3A) and at T4 (Supplementary Figure 3B) time points. These

results not only confirmed the integrity of the serum conservation but

also demonstrated that the antibodies present in the sera after 2

vaccine doses were able to inhibit, not only the Alpha variant against

whom the vaccine was originally designed but also the Delta variant.

At the same time, they were unable to inhibit the Omicron variant.

To assess whether the neutralizing activity of the sera was also

effective with other reported Omicron variants carrying different

mutations, we tested them at T2 and T post-3D in each group

against the following variants: BA.4/BA.5, BF.7, BQ.1, XBB.1.5. At

T2 all subjects had no or very few neutralizing antibodies against all

variants. We observed with interest that the third dose of vaccine

elicits a neutralization activity depending on the cohort and

Omicron variants. In particular, between 20% and 40% FNO

subjects had neutralizing antibodies against BA.4/BA.5, BF.7,

BQ.1, and XBB.1.5 variants. Notably, 100% of HW subjects had

neutralizing antibodies against BF.7 variant, 50% (BA.4/BA.5), 50%

(BQ.1) and 60% (XBB.1.5). Further, we observed that the FHM

cohort had no or very little neutralizing activity against all variants

tested at T post-3D (Figure 3C).
TABLE 3 Demographic characteristics of enrolled subjects and clinical characteristics of FHM, at T pre-3D.

Characteristics
Fragile Hematological

Malignancy
(n=94)

Fragile, older,
Not-Oncological

(n=60)

Healthcare Workers
(n=50)

Age (years), median (IQR*) 73 (65 – 77) 81 (80 - 85) 48 (37 - 55)

Gender, n (%):

• Male 59 (63) 29 (49) 11 (22)

• Female 35 (37) 31 (51) 39 (78)

Malignancy, n (%):

• Lymphoma chronic lymphocytic leukemia 31(33)

• Malignant myeloma 34 (36)

• Other myeloproliferative diseases 29 (31)

Active therapy, n (%):

• Anti-CD20 (rituximab) 24 (25)

• Anti-CD38 (daratumumab) 15 (16)

• No monoclonal anti-B-cell 55 (59)
*IQR, interquartile range.
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B

FIGURE 2

Levels of anti-SARS-CoV-2 IgG determined by (A) the LIAISON® SARS-CoV-2 S1/S2 IgG test kit and (B) the LIAISON® SARS-CoV-2 S1/S2 IgG
TrimericS test kit. Levels of anti-SARS-CoV-2 IgG in fragile subjects with hematological malignancies (FHM), not oncologic (FNO) and healthcare
worker (HW) cohorts over time (A). Levels of anti-spike trimeric IgG in FHM, FNO and HW at specific time-points (B). Statistical significances
calculated by paired Wilcoxon test (comparisons through time-points) and by unpaired Mann-Whitney test (comparisons by groups) are reported in
the graph. Diamonds represent outliers. *p<0.05, ****p<0.00001. ns, not significant.
TABLE 4 Antibody response to the third dose of the anti-SARS-CoV-2 vaccine evaluated on a subgroup of patients with hematological malignancy,
according to the type of malignancy and monoclonal treatment.

Cut-off > 34 BAU/mL T post-3D

Lymphoma/CLL Myeloma Myeloproliferative neoplasms p-value

Not responders 11 1 0 <0.001

Responders 2 27 21

Total 13 28 21

Monoclonal Anti-CD20
(Rituximab)

Monoclonal Anti-CD38
(Daratumumab)

No monoclonal anti-B cells p-value

Not responders 10 1 1 <0.001

Responders 0 12 38

Total 10 13 39
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The neutralizing activity of sera to SARS-CoV-2 was also

determined using a pseudovirus neutralization assay on the sera

of 10 individuals from each cohort. The neutralization assay against

wild type and Omicron pseudoviruses were tested in parallel. Dose–

response curves represent the neutralizing activity of the serum of

vaccinated participants against SARS-CoV-2 pseudoviruses

carrying the wild type (D614G) (Supplementary Figure 3C) or

Omicron spike protein (Supplementary Figure 3D). The results

showed that, after the third dose of vaccine, all FNO and HW in

the study had serum antibodies inhibiting wild type and Omicron

variants. Conversely, antibodies inhibiting wild type virus were only

in 7 FHM sera, and antibodies inhibiting the Omicron variant were

in 6 FHM sera. HW had a trend to lower IC50, mainly against the

Omicron variant (Supplementary Figure 3E). Neutralization is

slightly poorer for FHM (0.2%) and FNO (0.28%) than for

HW (0.5%).

SARS-CoV-2-specific T-cell activation after the third vaccine

doseTo assess the functional T-cell response after vaccination,

secretion of IFN-g cytokine by T cells was measured at T pre-3D

and T post-3D time points (Figures 4A, B). T cells were retrieved

from PBMCs from blood samples collected at T pre-3D and T post-

3D. Retrieved T cells were exposed to an antigen spike peptide pool

or to phytohaemagglutinin and cell culture media alone as a positive

and negative control, respectively (46, 47).

Representative images of the assay results are shown in

Figure 4A (pre-3D) and Figure 4B (post-3D). Dark spots

represent areas of IFN-g secretion from T cells, indicating their

activation (reactive = spot forming units [SFU] of test well – SFU of

negative control ≥6 spots). Tests at post-3D (4B) show a higher

number of spots compared to tests at pre-3D (4A). These latter tests

had similar results to control tests on samples obtained before the

vaccination campaign (Supplementary Figure 6). Activation of

memory T cells was present in all groups, but it was 80% less in

cells from FHM than in cells from FNO and HW subjects

(Figure 4C). We performed the same analysis at T pre-3D and

compared the results with those at T post-3D. As shown in

Figure 4D, there is a trend of significance of the increase in T-cell

activation in each group between the two experimental times,

except in the FHM group, the less responsiveness to vaccination.

We then characterized the antigen-specific T cells through the

definition of their differentiation status using CCR7 and CD45RA

markers to define naïve (N), central memory (CM), effector memory

(EM) and terminally differentiated effector (EMRA) populations

(see Supplementary Figure 4 for gating strategy) (37). Gating

sequentially selects lymphocytes and singlets by scatter analysis

following the gating for live cells, CD3+ cells, CD4+/CD8+ cells
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and T memory. T Central Memory (CM) are CCR7+CD45RA-; T

Naïve (N) are CCR7+CDRA+; T Effector Memory (EM) are

CD45RA-CCR7-; T EM CD45RA+ (EMRA) are CD45RA+CCR7-.

The percentages of antigen-specific T cells are shown as values

obtained by subtracting background values from the peptide-free

control for each sample. Effector memory (EM) T-cells are defined

as CD45RA-CCR7-. Effector memory CD8+ or CD4+ Spike-specific

T cells were demonstrated in the PBMCs of the three cohorts after

the third dose of vaccine by flow cytometry. The proportion of

Spike-reactive IFN-g- or TNF-a- producing effector memory CD4+

T cells was significantly lower in FHM than in FNO and HW

(Figure 4E). Three of the FHM tested for T-cell activation had

myeloma (only one of them had received daratumumab), and one

had myeloproliferative disease.

Representative flow cytometry plots gated on CD4+ EM or CD8+

EM T cells showing production of IFNg and TNFa following peptide

pool stimulation are shown in Supplementary Figure 5.
Breakthrough infections and death events
after the third vaccine dose

Overall, 41 subjects enrolled in the study underwent SARS-

COV-2 infection between November 2021 and February 2022.

Among them, 18 were FHM, 10 were FNO, and 13 were HW.

The time to infection after the third dose of vaccine and the number

of infected subjects were not statistically different in the three

groups, but death and severe symptoms were more frequent in

FHM than in the other groups (p <0.001, Table 6). In the group of

FHM, death occurred for 3/6 infected subjects who were not

responders to the third vaccine dose in terms of anti-spike

antibodies (≤34 BAU/mL at a T post-3D time point, with the

TrimericS IgG assay) (Figure 5). On the contrary, no cases of death

were observed in FHM who had an antibody response to the third

dose of vaccine and were infected with SARS-COV-2. No fatal

events were observed in the FNO and HW cohorts as well.
Discussion

This observational study found that FHM responded to

vaccination against SARS-COV-2 with IgG production above the

protective cut-off after the second and third doses of the vaccine,

although this response was lower than that observed in FNO and

HW. A higher antibody level was reached after the third dose than

after the second dose, both in FHM and the other groups. FHM had
TABLE 5 Median concentrations of IgG in each group of subjects before (T pre-3D) and after (T post-3D) the third dose of vaccine.

T pre-3D T post-3D
p-value

Group IgG (BAU/mL) min - max IgG (BAU/mL) min - max

FHM 29.9 10.4 - 1141.4 735.8 10.4 - 36140.0 <0.001

FNO 161.2 20.8 - 1292.2 4836.0 767.0 - 20254.0 <0.001

HW 246.6 54.9 - 1141.4 4862.0 860.6 - 15834.0 <0.001
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FIGURE 3

Serum neutralizing activity against the Omicron spike variants in fragile hematological malignancies (FHM), fragile not-oncologic subjects (FNO) and
healthcare workers (HW) after the first dose (T2) and after the third dose (381 days from dose 1) of Pfizer BNT162b2 vaccine. (A) Data plotted are
percentage values of positive subjects with cross-reactive IgG anti-spike variant (B.1.1529). The cut-off for serum neutralization is an inhibitory
dilution used as recommended by the manufacturer. Comparisons among groups were conducted by Pearson’s Chi-square test at T2 and at T post-
3D (p=ns and p<0.001, respectively). (B) Association of anti-SARS-CoV-2 IgG levels and neutralizing anti-Omicron variant activity in FHM, FNO and
HW after the third dose of vaccine (T post-3D). Statistical significance is calculated by the Mann-Whitney test (*p<0.05, ****p<0.00001). Diamonds
represent outliers. ns, not significant. (C) Data plotted are percentage values of positive subjects with cross-reactive IgG anti-spike variants (BA.4/
BA.5, BF.7, BQ.1, XBB.1.5). The cut-off for serum neutralization is an inhibitory dilution used as recommended by the manufacturer. Comparisons
among groups were conducted by Pearson’s Chi-square test only for T post-3D (p<0.001).
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FIGURE 4

Anti-SARS-CoV-2 spike protein T-cell responses, assessed by ELISPOT. (A) PBMCs collected at T pre-3D time point. (B) PBMCs collected at T post-
3D time point. Exemplary images on the digital microscope. Each sample is tested on a raw of wells; the negative control is on the left, the positive
control is on the right, and the two central wells contain the sample in the study (Antigen well A and Antigen well B). (C) Data obtained after the
third dose of the SARS-CoV-2 vaccine (381 days after the first dose of Pfizer BNT162b2). Data in the graph are expressed as spot-forming units
(SFUs) per million PBMCs. The significance between pools was determined by the Kruskal-Wallis test. Diamonds represent outliers. The two-tailed
Mann-Whitney test gives significance in two out of three comparisons. Precisely: ***p=0.00018 for FHM, ****p=0.00001 for the FNO and p=0.171
for the HW cohort, respectively. ns= not significant. (D) Comparison between T pre-3D and T post-3D for each cohort and for each time-point.
Statistical significances were calculated by paired Wilcoxon test (comparisons through time-points) and by unpaired Mann-Whitney test
(comparisons by groups). *p<0.05. Diamonds represent outliers. (E) Spike-specific T-cell responses. PBMCs of vaccinated participants (FHM, FNO,
HW) were stimulated overnight with a pool of overlapping peptides covering the whole wild-type SARS-CoV-2 spike protein and analyzed by flow
cytometry. Spike-specific effector memory (EM) CD8+ or CD4+ T cells producing IFN-g or TNF-a are indicated as a fraction of total circulating T
cells of the same subset. Each symbol represents an individual sample. Significance was determined using the Mann-Whitney test (*p<0.05,
**p<0.01). ns, not significant.
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Omicron-neutralizing antibodies less frequently than FNO and

HW. Specific T-cell activation after the third dose of vaccine was

present in all the groups of subjects in the study, but this response,

similarly to the antibody response, was lower in FHM than in FNO

and HW. Remarkably, death due to COVID-19 during the study

was recorded only in hematologic patients with no antibody

response above the protective cut-off after the third dose of

the vaccine.

Several authors have previously reported low response to the

first and the second doses of the anti-SARS-COV-2 vaccine in FHM

compared to HW (48, 49). After the third vaccine dose, we observed

a similarly different response between FHM and HW or FNO.

Indeed, our results showed that the third dose of BNT162b2 elicited

a reduced immunologic response in FHM. The antibody level was

increased about 10-fold 3 weeks after the third vaccine dose in FHM

and 26-fold in FNO. In addition, a high proportion of FHM did not

reach a protective level of IgG production.

The FHM cohort included patients affected by lymphomas,

myelomas, and myeloproliferative diseases. We did not observe a
Frontiers in Immunology 12
different antibody response in the three patient groups. On the

contrary, clustering the groups among patients treated with anti-B-

cell antibodies revealed that patients on active treatments had an

impaired antibody response. These results confirm previous ones

reporting antibody impairment with these therapies (17).

Although we observed that the incidence of SARS-COV-2

infection was not correlated with the level of anti-SARS-CoV-2

IgG reached after the vaccination in all the groups included in the

study, we recorded death only in FHM who did not reach an

antibody level above the protective cut-off. This observation

suggests the importance of repeated vaccine doses in FHM, as it

was observed that higher antibody levels could be obtained in this

population after the third dose than after the second one. No deaths

due to COVID-19 occurred in infected FNO or infected and

otherwise HW, independently of the level of immunologic response.

In a different setting, Aleman et al. reported that a third mRNA

anti-SARS-CoV-2 vaccine dose significantly augmented cellular and

humoral immune responses, including the Omicron variant, in

patients with malignant myeloma (33). A third vaccination was
TABLE 6 SARS-CoV-2 infections during the study, after the third dose of vaccine.

FHM FNO HW p-value

Time to infection T post-3D (days)

Median (min - max) 101 (58 – 195) 169 (26 – 207) 139 (53 – 186) 0.255*

Breakthrough infections T post-3D

N (%) 18 (19) 10 (13) 13 (20) 0.409**

Symptoms

N (%)

3/18 deaths
4/18 severe symptoms
4/18 mild symptoms
7/18 no symptoms

6/10 mild symptoms
4/10 no symptoms

9/13 moderate symptoms
1/13 mild symptoms
3/13 no symptoms

<0.001**
fro
*Kruskall-Wallis test; ** Chi-square test.
FIGURE 5

Incidence of SARS-CoV-2 infection and death in patients with hematological malignancy, according to the antibody response to the third dose of
vaccine. Vaccine response of FHM subjects after the third dose of vaccine. The results are clustered in responders and not responders. The number
of breakthrough infections is shown. The IgG values are calculated using LIAISON® SARS-CoV-2 TrimericS IgG assay (cut-off 34 BAU/mL).
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associated with significantly improved neutralization capacity per

antibody in a cohort of patients with hematologic cancer (20).

Enssle et al. found that the serological response increased after the

third dose in myeloma patients, although the neutralization

capacity against Omicron was poor (32). These findings agree

with our observations and contribute to prompt repeated

vaccination of blood cancer patients.

Recently, the vaccine booster has been shown to impact B-cell

clones somatic hypermutation, leading to increased affinity

antibodies with neutralizing activity against divergent spike

variants (50, 51). We found Omicron-neutralizing antibodies in a

low proportion of FHM after the third dose. Nonetheless, it is

possible that, besides the antibody levels, mutated antibody

repertoires could be obtained by repeated doses.

We found that FHM, FNO, and HW had relevant titres of

neutralizing antibodies to the Omicron variant only after receiving

the third dose of the vaccine, which was originally designed against

a different variant of the virus. It is speculated that the high level of

anti-spike antibodies obtained after the third vaccine dose may

protect against the infection with the Omicron variant of the virus.

Over the past year there have emerged vaccine-resistant SARS-

CoV-2 variants of concern. To get more insight into the breadth of

antibody responses, we also analyzed neutralizing capacity against

BA.4/BA.5, BF.7, BQ.1, XBB.1.5 Omicron variants. Of note, our

results indicate that the sera from the FHM cohort had no or very

little neutralizing activity thus suggesting that these patients have to

be subjected to the new vaccination campaign using the bivalent

mRNA booster vaccine (52). On the contrary, the other two cohorts

had a good neutralizing activities against the BF.7 variant, and

although to a lesser extent, against the other variants too.

We are unaware of previous studies investigating T-cell

response to the third dose of the SARS-CoV-2 vaccine in patients

with leukemia/lymphoma. In a different setting, we confirmed a

previous observation (32) that the SARS-CoV-2-specific memory

T-cell response and the levels of anti-SARS-CoV-2 spike antibodies

are not correlated. Indeed, the T-cell IFN-g production in response

to the third dose of the SARS-CoV-2 vaccine was lower in samples

from FHM than in samples from HW and FNO. Results obtained

by Enssle et al. showed that patients with malignant myeloma

without a response in SARS-CoV-2-specific T-cell counts had a

trend toward decreased IFN-g production, expressed as SFUs, after

variant-specific peptide stimulation; this further illustrates a

reduced functional IFN-g response in T-cell non-responders (32).

We may speculate that the inconsistency of cellular and antibody

response, as well as an overall reduction in both responses, in FHM,

could not only be linked to impaired general conditions; it could be

due to the impact of the neoplasia on the hematopoietic milieu

influencing the possibility to mount cellular immune responses. In

addition, antitumor therapies should play a role, as shown by

Fendler et al., who found that blood cancer patients receiving B

cell-depleting therapies within the 12 months before vaccination

had the greatest risk of having no detectable neutralizing antibody

titres (53). We observed that all patients on rituximab, but only one

out 13 on daratumumab, could not reach a protective threshold of

antibodies. This result suggests that B-cell depleting therapies may

have heterogeneous impact on the antigen response to vaccine.
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The available scientific literature has shown that the trimeric

Spike protein used in the new DiaSorin test can detect the entire

spectrum of the natural immune response to the virus instead of

limiting detection to antibodies against single epitopes (54, 55). The

antibodies produced upon vaccination are against the Wuhan

isoform and we do not know whether this test would be able to

detect IgG against variable of concern spike proteins, too. However,

we have to take in mind that our cohorts are composed of

vaccinated subjects with peptides spanning the Wuhan spike

protein, not infected subjects.

We acknowledge that our results are obtained on limited

cohorts; immunological responses are extremely variable and

dependent on many confounding factors, so this study needs to

be confirmed on a wider population. Our in vitro data show that

antibodies to Wuhan variant present in the sera of vaccinated

subjects are able to inhibit Omicron variants binding to the ACE2

receptor in healthcare and elderly subjects.Therefore, we reasoned

that studying PBMC activation using peptides derived from the

Wuhan strain in Wuhan-vaccinated subjects might give us a more

easily interpretable data. Finally, we want to stress the relevance of

our study results, despite the end of the COVID-19 pandemic. As

the virus is nowadays endemic, the risk of infection is low but is not

ruled out. As patients with hematologic malignancies who were

infected had serious outcomes, and as death followed infection in

some cases, prevention is advisable in the long-term. As repeated

vaccine administration resulted in immunologic response up to a

putatively protective threshold, we suggest that oncologic patients

should receive anti-COVID vaccine, regularly, even when the risk of

infection is low.
Conclusion

Our results suggest that a third dose of the anti-SARS-CoV-2

vaccine may be useful in frailpatients, whether oncologic or not, and

healthy subjects. Repeated vaccinations increased the antibody and

T-cell response in all the cohorts. Although responses were lower in

FHM, repetition of administration provided increased antibody

levels and improved cellular response. These objectives appear

clinically relevant as we observed that only FHM with no

antibody levels above the protective cut-off died from COVID-19

infection. On the contrary, infection in subjects with a satisfactory

immunologic response was associated with mild symptoms.
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SUPPLEMENTARY FIGURE 1

Response rates for anti-SARS-CoV-2 spike IgG in FHM, FNO, and HW

cohorts at T pre-3D and T post-3D. Percentage of responders according
to two different cut-offs: (A) IgG level > 15 AU/mL and (B) IgG level > 80

AU/mL. Pearson ’s Chi-square test was used to compare groups

(p<0.001 respectively).

SUPPLEMENTARY FIGURE 2

Levels of anti-SARS-CoV-2 IgG in each cohort according to gender at

reported time points. No differences between genders were observed
either by groups or over time. The Mann-Whitney non-parametric test was

used. Diamonds represent outliers.

SUPPLEMENTARY FIGURE 3

Neutralizing antibodies. (A) Levels of neutralizing antibodies for the anti-Alpha
spike variant in healthcare workers (HW) and fragile not oncologic patients

(FNO) at T2 and T3. (B) Levels of neutralizing antibodies for the anti-Delta
spike variant in HW and FNO at T2 and T4. Statistical significance was

calculated by the Mann-Whitney test. The neutralizing activity of sera was
determined using a pseudovirus neutralization assay (C, D). Dose–response
curve represents the neutralizing activity of the serum of vaccinated

participants (FHM, FNO, HW) against SARS-CoV-2 pseudovirus carrying the
wild type (D614G) (C) or Omicron spike protein (D). (E) Samples with < 50%

inhibition at 10% serum were excluded from the IC50 calculation (2/10 FHM
against D614G viral pseudoparticles; 4/10 FHM against Omicron viral

pseudoparticles). Outlier detection was performed with the ROUT test
using GraphPad Prism. Significance was determined using the Mann-

Whitney test.

SUPPLEMENTARY FIGURE 4

Gating strategy for the identification of T cell subsets. Gating sequentially
selects for lymphocytes by scatter analysis, for singlets, for live cells, for CD3+

cells, for CD4+/CD8+ cells, and for T memory. T Central Memory (CM) are
CCR7+CD45RA-, T Naïve (N) are CCR7+CDRA+, T Effector Memory (EM) are

CD45RA-CCR7-, T EM CD45RA+ (EMRA) are CD45RA+CCR7-.

SUPPLEMENTARY FIGURE 5

Spike-specific T cell responses characterized by cytokine production.
Representative flow cytometry plots gated on CD4+ EM (top) or CD8+ EM

(bottom) T cells showing the production of IFNg and TNFa following peptide
pool stimulation. Numbers in gates indicate percentages of positive cells.

SUPPLEMENTARY FIGURE 6

PBMCs collected at T0 time point. Exemplary images on the digital

microscope. Each sample is tested on a raw of wells; the negative control
is on the left, the positive control is on the right, and the two central wells

contain the sample in the study (Antigen well A and Antigen well B).
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221587/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221587/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1221587
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Laquintana et al. 10.3389/fimmu.2023.1221587
References
1. Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, et al.
COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses.
Nature (2020) 586:594–9. doi: 10.1038/s41586-020-2814-7

2. Pawlowski C, Lenehan P, Puranik A, Agarwal V, Venkatakrishnan AJ, Niesen
MJM, et al. FDA-authorized mRNA COVID-19 vaccines are effective per real-world
evidence synthesized across a multi-state health system.Med (NY) (2021) 2:979–992.e8.
doi: 10.1016/j.medj.2021.06.007

3. McLean G, Kamil J, Lee B, Moore P, Schulz TF, Muik A, et al. The impact of
evolving SARS-coV-2 mutations and variants on COVID-19 vaccines. mBio. (2022) 13
(2):e0297921. doi: 10.1128/mbio.02979-21

4. Torjesen I. COVID-19: Omicron may be more transmissible than other variants
and partly resistant to existing vaccines, scientists fear. BMJ (2021) 375:n2943.
doi: 10.1136/bmj.n2943

5. Wilhelm A, Widera M, Grikscheit K, Toptan T, Schenk B, Pallas C, et al. Limited
neutralisation of the SARS-CoV-2 omicron subvariants BA.1 and BA.2 by convalescent
and vaccine serum and monoclonal antibodies. EBioMedicine (2022) 82:104158.
doi: 10.1016/j.ebiom.2022.104158

6. Pather S, Madhi SA, Cowling BJ, Moss P, Kamil JP, Ciesek S, et al. SARS-CoV-2
Omicron variants: burden of disease, impact on vaccine effectiveness and need for
variant-adapted vaccines. Front Immunol (2023) 14:1130539. doi: 10.3389/
fimmu.2023.1130539

7. Bar-On YM, Goldberg Y, Mandel M, Bodenheimer O, Freedman L, Alroy-Preis S,
et al. Protection against Covid-19 by BNT162b2 booster across age groups. N Engl J
Med (2021) 385:2421–30. doi: 10.1056/NEJMoa2115926

8. Saciuk Y, Kertes J, Shamir Stein N, Ekka Zohar A. Effectiveness of a third dose of
BNT162b2 mRNA vaccine. J Infect Dis (2022) 225:30–3. doi: 10.1093/infdis/jiab556

9. Herzberg J, Fischer B, Becher H, Becker AK, Honarpisheh H, Guraya SY, et al.
Short-term drop in antibody titer after the third dose of SARS-CoV-2 BNT162b2
vaccine in adults. Vaccines (Basel) (2022) 10:805. doi: 10.3390/vaccines10050805

10. Eliakim-Raz N, Massarweh A, Stemmer A, Stemmer SM. Durability of response
to SARS-coV-2 BNT162b2 vaccination in patients on active anticancer treatment.
JAMA Oncol (2021) 7(11):1716–8. doi: 10.1001/jamaoncol.2021.4390

11. Salerno G, Gentile G, De Luca O, Costanzi G, Cirelli G, Di Simone Di Giuseppe
B, et al. Age-related dynamics of serum anti-spike IgG Ab after the third dose of
BNT162b2 vaccine in a naive health care workers population. Viral Immunol (2022)
35:386–9. doi: 10.1089/vim.2022.0026

12. Debie Y, Vandamme T, Goossens ME, van Dam PA, Peeters M. Antibody titres
before and after a third dose of the SARS-CoV-2 BNT162b2 vaccine in patients with
cancer. Eur J Cancer (2022) 163:177–9. doi: 10.1016/j.ejca.2021.12.025

13. Gressens SB, Fourati S, Le Bouter A, Le Bras F, Dupuis J, Hammoud M, et al.
Anti-SARS-CoV-2 antibody response after 2 and 3 doses of BNT162b2 mRNA vaccine
in patients with lymphoid Malignancies. Clin Microbiol Infect (2022) 28:885.
doi: 10.1016/j.cmi.2022.02.029

14. Herishanu Y, Rahav G, Levi S, Braester A, Itchaki G, Bairey O, et al. Efficacy of a
third BNT162b2 mRNA COVID-19 vaccine dose in patients with CLL who failed
standard 2-dose vaccination. Blood (2022) 139:678–85. doi: 10.1182/blood.2021014085
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