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Influenza vaccination is generally recommended for non-Hodgkin’s lymphoma (NHL) patients,
but no data are available about the activity of this vaccine after treatment with rituximab-
containing regimens. We evaluated the humoral response to the trivalent seasonal influenza
vaccine in a group of NHL patients in complete remission for 26 mo (median, 29 mo) after
treatment with rituximab-containing regimens (n7 = 31) compared with age-matched healthy
subjects (7= 34). B cell populations and incidence of influenza-like illness were also evaluated.
For each viral strain, the response was significantly lower in patients compared with controls and
was particularly poor in patients treated with fludarabine-based regimens. In the patient group, the
response to vaccination did not fulfill the immunogenic criteria based on the European Committee
for Medicinal Products for Human Use requirements. Among the patients, CD27* memory B cells
were significantly reduced, and their reduction correlated with serum IgM levels and vaccine
response. Episodes of influenza-like illness were recorded only in patients. These results showed
that NHL patients treated with rituximab-containing regimens have persisting perturbations of B
cell compartments and Ig synthesis and may be at particular risk for infection, even in long-
standing complete remission.

Influenza is an important cause of morbidity and mortality worldwide; in onco-
hematological patients, case fatalities are reported to vary from 11-33% (1). Vaccination is
recommended for individuals belonging to high-risk categories who may develop serious
complications and death, including the elderly, those with chronic diseases or malignancies,
and those who receive immunosuppressive medications (2, 3). Importantly, the same
immune dysfunction that increases the risk for, and consequences of, influenza infection
might also compromise vaccine responses and effectiveness (1, 4).

Few data are available about the efficacy/effectiveness of influenza vaccination in
lymphoma patients, in whom this vaccine seems to elicit weaker humoral responses
compared with healthy controls (5, 6), but it seems to confer sufficient immunoprotection in
chemotherapy-naive or recently treated non-Hodgkin’s lymphoma (NHL) patients (6, 7).
However, even in the more recent studies, the patients enrolled had been treated prior to the
extensive use of mAbs in clinical practice (6, 7).

Rituximab is a mAb with specificity for CD20, a surface-membrane Ag expressed on B cells
from early maturation up to their final differentiation steps into plasma cells. CD20 is found
on the surface of malignant cells from most lymphoproliferative disorders (8, 9). Sustained
B cell depletion occurs after rituximab administration, lasting up to 6 mo after treatment
with subsequently increasing B cell numbers, leading to complete recovery in the majority
of patients after ~1 y (8). Nonetheless, long-term persisting depletion of circulating B cells
may be observed (10, 11). Late immunologic-related adverse events have been described,
including hepatitis B virus reactivation (12, 13), persistent hypogammaglobulinemia, and/or
recurrent infections (10, 14, 15). These sporadic events (10, 14, 15) are being reported with
increasing frequency, especially when rituximab treatment is associated with autologous
stem cell transplantation procedures or with fludarabine administration. In addition,
decreased humoral responses against tetanus- and poliovirus-recall Ags were described in
NHL patients treated with this mAb (4).

The above considerations led us to investigate whether NHL patients in complete remission
(CR) after treatment with rituximab-based chemotherapy regain an immune competence,
allowing humoral responses upon influenza vaccination comparable to healthy subjects.

J Immunol. Author manuscript; available in PMC 2012 December 26.
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Materials and Methods

Patients and controls

Vaccination

Evaluations

We studied subjects recommended to receive influenza vaccination according to the Italian
health care program (16). Sequential patients and healthy persons presenting for routine
seasonal influenza vaccination were screened and recruited, after providing full informed
written consent, if they met the inclusion criteria. The study was approved by the Ethics
Committee of the National Cancer Research Institute of Genoa (no. M108.001). Patient
inclusion criteria were age =18 y, a biopsy-proven diagnosis of NHL treated with
chemotherapy and rituximab (with or without radiation therapy) completed =6 mo before the
vaccination date, achievement of CR, and no evidence of disease at the time of vaccination
(17, 18). Patient exclusion criteria included autologous or allotransplantation, other severe
comorbidity, and Ig infusion <30 d following influenza vaccination. Age-matched healthy
volunteers aged =18 vy, recruited from health care workers, and healthy subjects aged =65 y
served as controls. Additional exclusion criteria for all subjects/patients were immune-
mediated disease, active or recent treatment with immunosuppressive drugs, severe chronic
infections, or other scheduled vaccination <30 d following influenza vaccination.

Influenza vaccination consisted of one dose of a commercially available trivalent virosomal
subunit vaccine administered i.m. (Inflexal V, Crucell, The Netherlands), containing 15 j.g
each of the influenza strains recommended for the northern hemisphere 2008-2009
influenza season: A/Brisbane/10/2007 (H3N2), A/Brisbane/59/2007 (H1N1), and B/Florida/
4/2006 (3).

Disease status—Only patients whose clinical conditions fulfilled CR criteria were
considered for eligibility (17, 18). Patients suspected of progressive disease or without clear
evidence of CR were evaluated, as appropriate (18). Time after treatment was considered the
time elapsed between the last day of chemotherapy and/or rituximab administration
(whichever came later) and the assessment visit.

Sample collection and flow cytometry—Fifteen milliliters of peripheral blood were
collected just before vaccination (Tg) and 28 + 2 d later (T4). Sera were collected and stored
at —20°C until assayed. Complete blood count was performed at Tg. Fifteen milliliters of
peripheral blood were also collected in heparinized tubes at Tg and at T4 and immediately
processed for flow cytometry analysis. PBMCs were obtained by density-gradient separation
(Biochrom, Berlin, Germany). Three-color flow cytometric immunophenotyping of
circulating B cell subpopulations (CD45*CD19* CD27* B memory cells and
CD45*CD19*CD27~ naive B cells) (19) was performed using the following fluorochrome-
conjugated mAbs: FITC-CD19, allophycocyanin-CD45, and PE-CD27 (Becton Dickinson &
Co., Milan, Italy). A total of 30,000 events was acquired on a FACSCalibur flow cytometer
and analyzed using CellQuest software (both from Becton Dickinson & Co.). CD27*
memory B cells were identified by forward versus side scatter gating in combination with
CD19* B cell gating (20).

D.B., G.Z., and A.D.M. had full access to all of the data in the study and take responsibility
for the integrity of the data and the accuracy of the data analyses.
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Influenza serology and clinical monitoring

The hemagglutinin inhibition (HI) assay was used to study the Ab response. The HI assay
was performed following the World Health Organization criteria, as previously described
(21, 22). The obtained Ab titer was expressed as the reciprocal of the highest dilution of
serum inhibiting hemagglutination. Any HI result <10 (undetectable) was expressed as 5.
Tests were performed in duplicate. Immunogenicity for each strain was determined by the
following parameters: geometric mean titer evaluated with HI assay (GMT) prevaccination:
geometric mean HI titers at To; GMT postvaccination: geometric mean HlI titers at T; mean
fold increase (MFI) (T1/Tg vaccination titer ratio); seroprotection rate: the percentage of
subjects achieving an HI titer >40; and seroconversion rate: the percentage of subjects with
>4-fold increase in HI titer from a nonnegative pre-vaccination titer (i.e., =40) or increase
from <10 to =40 in previously seronegative subjects. These parameters were compared
between patients and controls. Results were matched to the European Committee for
Medicinal Products for Human Use (CHMP) requirements for annual evaluation of the
influenza vaccine in the elderly (age >60 y) (i.e., serocon-version rate >30%, seroprotection
rate >60%, MFI >2.0) (23). Evaluation of CHMP criteria after age stratification was not
carried out because the small number of enrolled subjects aged <60 y would have caused
excessive fragmentation, preventing appropriate analysis.

HI titers were transformed into binary logarithms, and postvaccination data were corrected
for prevaccination status [corrected Ty titer, as described by Beyer et al. (24) and Ansaldi et
al. (25)]. They were confirmed to be normally distributed by the D’ Agostino—Pearson
normality test and are expressed as mean titers + SD.

After vaccination, seasonal clinical monitoring of patients and controls was performed
(November 2008 to April 2009) to record the occurrence of any episode of influenza-like
illness (ILI), as defined by the Centers for Disease Control and Prevention: temperature
>37.8°C with cough or sore throat, in the absence of a known cause other than influenza
(26). Patients were contacted monthly and were instructed to promptly report by phone any
episode of fever.

Statistical analysis

Seroprotection and seroconversion rates of patients and controls were compared using the
Xz test or the Fisher exact test, as appropriate. The GMTs between patients and controls
were compared with the Mann-Whitney U'test, whereas the Wilcoxon test was used to
compare T4 versus To GMTs within each group. Corrected T titers were analyzed using
Student ¢tests. Circulating B cells populations and Ig serum levels were analyzed using
nonparametric tests because the data were not distributed normally (Mann-Whitney U'test,
Wilcoxon test). The Spearman rank correlation coefficient (p) test was used to correlate B
cell populations, Ig serum level, and corrected T4 titer. To identify risk-defining clinical
parameters, seroconversion/seroprotection rate and corrected T titers were correlated with
age (<60 versus >60 y); previous influenza vaccination (yes versus no); lymphoma histotype
(aggressive versus indolent); type of administered chemotherapy (fludarabine-based
regimens versus other regimens); number of treatment lines (one versus more than one);
time elapsed from administration of last treatment (<12 versus >12 mo); number of
rituximab administrations (up to six versus more than six doses); IgG, IgA, and IgM serum
levels (low versus normal); and previous radiation therapy (yes versus no). Age and
previous vaccination were also evaluated among healthy controls. The variables were first
assessed in univariate analysis. The multivariate model (one for each evaluated parameter)
was obtained by a step-down forward procedure, starting from the initial model that
contained only the constant (bg) and adding significant univariate factors. A significance
level of p=0.05 was used to retain variables in the multivariate model, and a p value = 0.10
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was chosen as a threshold for the removal test of the least useful predictor. Binary logistic
regression was used for the categorical outcome variable (i.e., serocon-version and
seroprotection), whereas multiple linear-regression analysis was performed when the
outcome was a continuous variable (i.e., corrected T titer). The B-coefficients of the
significant results were reported. A p-coefficient <0 (i.e., odds ratio <1) is associated with a
lower response.

Because responses to three Ags were available for each subject, the mean of the three
corrected T4 titers was considered a robust quantitative indicator of the global humoral
response. This parameter (i.e., mean corrected T titers), in addition to the specific corrected
T4 titer, was used for subgroup analysis and for correlation analysis with B cells and serum
Igs. Correlations among the aforementioned clinical parameters (XZ/Fisher exact test) and
with flow cytometry data (Mann-Whitney Utest) were also assessed.

The pvalues < 0.05 (two sided) were considered statistically significant. Analyses were
performed with SPSS version 17.0 (SPSS, Chicago, IL).

Subject characteristics

During October—November 2008, of 62 patients and 102 healthy subjects sequentially
screened at our Institutions (University and National Cancer Institute of Genoa), 37 patients
and 34 healthy controls qualified for eligibility and provided informed consent. Six of the
patients did not meet the criteria for CR after restaging and were excluded. Thus, 65
vaccinated subjects were analyzed (patient group: n= 31; control group: 7= 34). The study
demographics are shown in Table I. The groups matched with regard to median age (66 and
62 y in patient and control group, respectively). More than one third of the subjects in each
group had never received influenza vaccine, whereas the others had been vaccinated during
the preceding epidemic season, as well as during several previous seasons.

Most patients (58%) had been diagnosed with aggressive lymphoma (mostly diffuse large B
cell lymphoma). Median time from last treatment was 29 mo (range, 7-65 mo), and
rituximab had been administered >1 y before in ~80% of patients. In all but one patient, the
last administration of rituximab and chemotherapy coincided. One patient received
rituximab without concomitant chemotherapy during his last cycle. The majority of patients
(84%) had received one line of treatment. Cyclophosphamide, doxorubicin, vincristine, and
prednisone (CHOP) or CHOP-like regimens predominated (20 patients [65%]); a minority
(8 patients [26%]) received fludarabine-based regimens. Low levels of serum IgM, often
combined with low levels of IgG and/or IgA, were observed in 52% of patients. The low
serum levels of each Ig class correlated with each other (p < 0.05). The administration of
fludarabine was associated with low serum levels of IgG (p=0.001), IgA (p=0.001), and
IgM (p = 0.037). Four of five patients who had been treated with multiple lines of
chemotherapy had received fludarabine (o = 0.010); the administration of multiple
chemotherapy lines was associated with low serum levels of 1gG (o= 0.042) and IgA (p=
0.010), as well as with the administration of more than six cycles of rituximab (p= 0.038).
In the control group, age < 60 y was associated with previous administration of influenza
vaccine (o= 0.005).

Reduced response to influenza vaccine by rituximab-treated NHL patients in CR

Prior to vaccination, influenza A/H3N2 GMTs in healthy controls were almost 2-fold greater
than in patients (o= 0.001). Accordingly, the A/H3N2 prevaccination-seroprotection rate
(Ab titers = 40) was greater in controls (o= 0.005). No differences in pre-vaccination Ab
titers against A/HIN1 and B strains were detected (Table I1).

J Immunol. Author manuscript; available in PMC 2012 December 26.
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Following vaccination, GMTs increased for all three influenza strains in patients and in
healthy controls (p < 0.01). However, this increase was blunted among patients and was
approximately half that in controls (p < 0.05; Table Il). Furthermore, even after correction
for prevaccination status, according to Beyer et al. (24), the postvaccination Ab titer of each
strain was much greater in controls. As shown in Fig. 1, the corrected T titer for each strain
was more than three times lower in patients compared with healthy controls (p < 0.00001 for
all comparisons). This poor increase in Ab titers among patients resulted in poor
seroconversion rates. Only one patient (3%) achieved seroconversion against B strain
compared with 10 controls (29%) (p = 0.005). Similarly, <25% of patients and >50% of
controls seroconverted against A/H3N2 (p = 0.012). This trend was also observed for A/
H1N1, without reaching significance (seroconversion rate: 29% versus 41% for patients and
controls, respectively; p=0.31). Finally, only two healthy controls (6%) were not
seroprotected (i.e., lacked an Ab titer >40) against A/H3N2 and/or A/H1N1 viruses
compared with 11 patients (35%) for A/H3N2 and 8 patients (26%) for A/HIN1 (p = 0.004
and p=0.039, respectively). A considerable proportion of patients (77%) and controls
(56%) was not sero-protected against B virus, without a significant difference between the
groups (p=0.07).

Postvaccination parameters were analyzed according to the European CHMP criteria for the
annual approval of influenza vaccine immunogenicity for the elderly (Fig. 2). At least one of
the three reported requirements has to be met for all three viral strains to fulfill these criteria.
Overall, an adequate vaccine immunogenicity was observed in controls but not in patients.
All requirements for A/H3N2 and A/H1N1 and two of three requirements for influenza B
were satisfied in healthy controls. In the patient group, MFI and seroconversion data did not
reach the required thresholds for A/H3N2 and A/H1N1, whereas the response to influenza B
was disappointing for all analyzed parameters.

Thus, overall, only two of nine values fulfilled the CHMP immunogenicity requirements in
the patient group compared with eight of nine values in the control group (p= 0.015, Fisher
exact test).

During the epidemic season, IL1 was reported by four patients and none of the controls (p =
0.047, Fisher exact test). Lower than normal serum IgM levels were detected in all four of
those patients and were associated with low serum IgA levels in one case and with low
serum IgA and 1gG levels in another. Laboratory confirmation of influenza infection (e.g.,
nasopharyngeal swab and PCR) was not possible because of patient unavailability (holiday/
travel, n= 3; notification 2 wk after resolution of symptoms, 7= 1). Indeed, we do not have
confirmed influenza strains in these patients, and we do not know whether potential
influenza strains were those covered by vaccination.

Analysis of possible risk factors associated with poor response to influenza vaccination

We next evaluated postvaccination seroconversion rates, seroprotection rates, and corrected
T4 titers with regard to factors that could contribute to an increased risk for nonresponse.
Variables that significantly correlated with clinical response, according to univariate and
multivariate analyses, are shown in Table I11.

According to the univariate analysis, younger patients (<60 y) showed a better corrected T,
titer against A/H1N1 strain (p = 0.020). Indolent histology and low 1gG serum levels were
associated with a lower corrected T titer against B strain. The afore-mentioned results did
not qualify for inclusion in the final model after multivariate analysis.

In the multivariate model, the administration of previous influenza vaccination and
fludarabine-based chemotherapy and the presence of low IgA or IgM serum levels were

J Immunol. Author manuscript; available in PMC 2012 December 26.
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associated with lower seroconversion rates and/or postvaccination-corrected titers against A/
H1N1 (as for fludarabine and IgM) or B (as for IgA) strains. Treatment with fludarabine or
more than one line of chemotherapy were the only factors associated with lack of sero-
protection (for A/HLN1 and A/H3N2, respectively) included in the final model (Table I11).
Administration of fludarabine was the single variable that negatively correlated with the
largest number of postvaccination parameters. At the univariate level, “fludarabine
administration” was associated with a lack of response to A/H1N1 (seroconversion rate,
seroprotection rate, and corrected T4 titer: p=0.036, p=0.006, and p = 0.010, respectively)
and B Ags (corrected T titer: p=0.025). When the humoral response was evaluated
globally, the variables “fludarabine administration,” “previous vaccination,” “i

”

indolent
histology,” and “low IgM serum level” were associated with a lower mean corrected T titer
in the univariate analysis. “Fludarabine administration” was the only variable retained in the
final multivariate model.

In the control group, subjects aged <60 y or receiving previous influenza vaccination had a
lower probability of seroconverting against A/HIN1 (p = 0.016). However, according to the
multivariate analysis, only the variable “previous vaccination” was included in the final
model (p = 0.002) because of the strong correlation between such two variables (i.e.,
previous vaccination and age; p = 0.005). This reflects the characteristics of young controls,
most of whom were health care professionals and, therefore, were routinely vaccinated for
seasonal influenza. Even when the response was evaluated globally (mean of T, corrected
titers), “previous vaccination” still correlated negatively with the response (multivariate p =
0.008). This paradoxical association between “previous vaccination” and the worse vaccine
response that we detected in controls and patients is known as “negative booster effect of
previous vaccination” (27). Importantly, “previous vaccination” had no negative effect in
terms of seroprotection (Table I11) (27).

CD27* memory B cells are decreased in patients and correlate with vaccine response

To identify possible mechanism(s) responsible for the observed defective immune responses
to influenza vaccination, even long after rituximab dosing, we studied the possibility of
rituximab-induced/associated persistent protracted perturbations of peripheral B cell subsets.
To this end, flow cytometric analysis of B cell subsets was performed at baseline and after
vaccination. Samples from 24 patients and 21 healthy controls were available for analysis.
The median age of PBMC donors was 68 y (range, 36-84 y) for patients and 62 y (range,
51-71y) for controls. At the time of analysis, patients were in CR and had been off
treatment for a median of 31 mo (range, 7-65 mo). Absolute peripheral B cell counts
(measured at Tg) did not differ between patients and controls (163 cells/jl, interquartile
range [IQR]: 40-255 cells/pl and 210 cells/pl, IQR: 150-300 cells/l, respectively; p=
0.11). In patients, the proportion of peripheral B cells was 10.5% (IQR: 2.8-15.8%) at T
and 7.5% (IQR: 3.2-16.5%) at T4. Similar data were observed in healthy controls at T
(7.0%, IQR: 6.0-10.5%; p=0.28) and at T4 (7.0%, IQR: 4.0-13.0% p = 0.93). Peripheral
CD27~ B cells were present in all subjects, whereas CD27* memory B cells were
substantially reduced in patient samples (Fig. 3). As shown in Fig. 3A and 35, much lower
proportions of CD27* B cells were observed in patients (6.0%, IQR: 5.0-10.0%) compared
with healthy controls (39.0%, IQR: 30.0-50.5%; o < 0.00001). This dramatic difference in
the CD27* B cell/total B cell (CD19™) ratio detected at baseline (o < 0.00001) was
confirmed 4 wk later (8.0%, 1QR: 5.3-13.0% versus 42.0%, IQR: 32.0-45.0% for patients
and controls, respectively; p < 0.00001). CD27* memory B cell depletion was also present
when considering the proportion of CD27* B cells among total PBMCs at T (0.6%, IQR:
0.1-1.0% versus 2.9%, IQR: 2.1-4.0% for patients versus controls; p < 0.00001) and at T,
(0.6%, 1QR: 0.3-1.4% versus 2.9%, IQR: 1.9-4.8% for patients versus controls,
respectively; p< 0.00001) (Fig. 3C) and was still evident, even in terms of absolute number,
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at Tg (8 cells/pl, IQR: 2-16 cells/ul versus 91 cells/pl, IQR: 45-113 cells/w.l for patients
versus controls, respectively; o< 0.0001). The numbers of circulating B cells or CD27*
memory B cells did not show any significant change after vaccine challenge compared with
basal data in patient and control groups.

Given the possibility of an effect of the time interval since the last rituximab dosing, we
controlled for memory B cell numbers and proportions as a function of time since the last
rituximab administration. As shown in Fig. 4, failure to recover peripheral CD27* memory
B cell numbers over time was unrelated to time after treatment.

Peripheral total and CD27* memory B cells, influenza vaccine response, and IgM serum
level are correlated with each other in patient group

To further explore the association between peripheral B cells and the intensity of humoral
response against the vaccine, we evaluated the correlation between the prevaccination data
of B cell populations and the postvaccination Ab titers (Spearman’s p; Fig. 5). A direct
correlation was observed in a first model including all patients and healthy controls.
Increasing B cells (number), CD27* memory B cells (number and percentage), or proportion
of CD27* memory cells among B cells were significantly associated with a more effective
response to influenza vaccination. When the model was applied to patients or controls alone,
this correlation remained significant for patients but not for healthy controls. This indicated
that the distribution observed in the overall study population was the result of skewing by
the patient group, as well as by the difference between the two groups. Thus, physiologic
fluctuations of B cells in healthy subjects do not affect the activity of vaccination, whereas
pathologic perturbations in B cell populations after rituximab-based treatment are linked to
the intensity of humoral response to influenza vaccine.

We next analyzed the possible relationship among the response to influenza vaccination, the
baseline (Tg) serum Igs, and peripheral B cells in NHL survivors treated with rituximab-
based chemotherapy (Spearman’s p; Fig. 6). Flow cytometric data were also compared with
other clinical parameters. Serum IgG and IgM levels significantly correlated with circulating
B cells and CD27* memory B cell data (Fig. 6A4), with the stronger correlation being with
IgM levels. Moreover, only IgM serum levels correlated with the response to influenza
vaccination (corrected Ty titers). Therefore, IgM serum levels, CD27* memory B cells
(number and percentage), and mean corrected T4 titer seemed to be strictly correlated with
each other (Fig. 65).

Total B cells and CD27* memory B cells were lower in those patients that had received
more than one line of chemotherapy or fludarabine (Supplemental Table I). No correlation
was detected between age, previous vaccination, number of rituximab doses, administration
of radiation therapy and total or CD27* memory B cell data.

Discussion

This study showed that disease-free NHL patients, treated with rituximab-containing
immunochemotherapy, have a significant lack of humoral response to influenza vaccine.
This was consistently detected for each of the three vaccine Ags and persisted long after
treatment (50% of patients evaluated received the last chemotherapy >29 mo before the
vaccination). To our knowledge, this is the first study assessing the humoral response to
influenza vaccination in lymphoma patients in long-standing remission, outside the
perichemotherapy period, thereby avoiding the confounding exerted by the
immunosuppressive activity of the disease and/or the antiblastic-induced cytopenia.

J Immunol. Author manuscript; available in PMC 2012 December 26.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Bedognetti et al.

Page 9

There are few data on the activity of influenza vaccine in NHL patients treated with
rituximab. Although it is generally accepted that patients with cancer undergoing treatment
have a lower humoral response to influenza vaccination than do healthy controls (1), a
recent large trial showed that all parameters investigated in NHL patients following
vaccination fulfilled CHMP requirements (6). However, the cohort studied was more
heterogeneous than ours, because some of their patients had not been treated, and only five
patients had received rituximab (6). More recently, Ljungman et al. (28) described a very
weak response to one or two doses of influenza vaccination in patients with various
hematological malignancies who had recently discontinued treatment. These results were
ascribed, in part, to the inclusion of patients treated with mAbs, because extremely
insufficient responses were detected in the six patients who received rituximab. In another
study, Takata et al. (29) evaluated seven NHL patients who were recently treated or were
being treated with rituximab and CHOP chemotherapy; they reported virtually no Ab
response against one of the three virus strains (i.e., A/H3N2). Although the small number of
patients in the aforementioned studies prevents more general conclusions, additional
evidence on the immunosuppressive effect of rituximab on influenza response is provided
by the observation that, in patients affected by rheumatoid arthritis, it reduced the response
to influenza vaccination in the peritreatment period (30—-33). This is not surprising, because
in the peritreatment period (e.g., first 6 mo) B cell depletion is massive, and CD19" B cells
are virtually absent in peripheral blood. The present results, obtained prospectively in a
relevant and relatively homogeneous cohort of lymphoma patients, confirmed and extended
previous preliminary observations from a limited number of patients and raise the concern
that this immune impairment is not limited to the peritreatment period but, rather, persists
long-term.

In the current study, seven of nine CHMP requirements for influenza vaccine evaluation
were not fulfilled, and the European immunogenicity criteria were not met in the
investigated patients (23). This was true even when adopting the CHMP criteria for the
elderly, which are obviously less stringent than those for young people. Although most
patients showed a postvaccination titer > 40 for A strains, it is difficult to consider our
cohort of patients sufficiently protected against influenza infection. Indeed, this protective
threshold value has only been validated in young healthy adults (34); it may not represent a
valid surrogate of clinical protection in frail patients (e.g., the elderly) (35) or in lymphoma
survivors in whom the health status is often compromised by several other causes (36, 37).
In this regard, the increased number of ILI cases observed during the epidemic season could
be used as a clinical argument to support these considerations, although the unavailability of
specimens for virological analysis prevented an etiological assessment. Notably, all four
patients who developed ILI had a low serum level of IgM (+/- low serum level of IgG and/
or low serum level of IgA).

A poor response to vaccination was observed against B strains in patients, as well as among
the healthy controls. This finding is not surprising, because a lower response against type B
influenza viruses compared with type A strains was reported in immuno-competent or
immunocompromised individuals of different ages (38, 39).

After multivariate analyses, low serum IgM or IgA level, fludarabine administration, and
multiple lines of treatment were associated with low serological response to influenza
vaccination for at least one of the output variables considered (e.g., seroconversion rate,
seroprotection rate, and corrected Ty titers). A history of fludarabine administration was the
single factor with the greatest impact on the response to vaccination (in terms of number of
significant correlations), and it was the sole factor confirmed by the multivariate modeling
when the humoral response was evaluated globally (i.e., through the evaluation of the mean
corrected T4 titer). The association among fludarabine, low serum Ig levels, and low B cell/
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CD27* memory B cell values strongly suggested a possible detrimental effect of this drug
on the reconstitution of the immune system. However, it is well known that fludarabine
suppresses the T and B cell arm of the immune response (40, 41). The correlation between
IgM (but not IgG or IgA serum levels) and the postvaccination titer (i.e., mean corrected T,
titer) and the association between low IgM serum levels and fludarabine administration are
in agreement with the reported high incidence of infections associated with
hypogammaglobulinemia (particularly of the IgM class) in NHL patients treated with
rituximab-fludarabine regimens (14). Additionally, because cellular immune response is also
correlated with vaccine protection (35), the evaluation of Ag-specific T cell responses
represent another interesting subject that could be addressed in future investigations.

The coadministration of rituximab and high-dose chemotherapy associated with autologous
stem cell transplantation results in a high incidence of 1gG hypogammaglobulinemia with
CD27* B cell depletion (10). On the contrary, IgM hypogammaglobulinemia has not been
reported frequently as one of the side effects of rituximab. However, it is noteworthy to
highlight that IgM serum determinations were rarely (8, 42) included in large international
rituximab trials (8, 14, 42-45).

Although the number of circulating B cells was similar in patients and healthy controls, a
decrease in absolute numbers and relative percentages of CD27* memory B cells was
consistently observed in the patient group. CD27*" memory B cells (classical memory cells)
represent the large majority of memory B cells (46, 47) and are considered responsible for
the generation of the bulk of anti-influenza Abs (47). Although delayed recovery of CD27*
memory B cells was reported in patients followed for shorter periods (10, 11), the striking
finding of the current study is that in NHL patients in CR treated with conventional
rituximab-containing chemotherapy, the generalized depletion of CD27* B cells was still
detectable and profound >5 y after the last rituximab dose, and it correlated directly with
low serum IgM levels and response to influenza vaccine.

The profound depletion in CD27* B cells (<10% of CD19* B cells in patients versus ~40%
in healthy subjects) likely includes the reduction of circulating IgM*1gD*CD27* B cells,
which originate in the splenic marginal zone and in other marginal zone-equivalent areas of
lymphoid tissues (48-50). IgM*1gD*CD27* B cells, which represent ~20% of circulating B
cells in healthy subjects, have been considered responsible for the secretion of low-affinity
natural Abs (49, 50). Therefore, this provides a plausible explanation for the low serum IgM
levels seen in our patients.

The impairment in CD27* memory B cells may also be contributed to the low Ab HI titers
observed. Because of the design of the present work, the issue cannot be addressed in further
detail. Although the 1gG fraction of anti-hemagglutinin Abs is the largest Ig component 1
mo after influenza vaccination, the intrinsic inability of the HI assays to differentiate the
contribution of the different isotypes to Ab titers represents a limitation of the present
observation.

In conclusion, disease-free NHL patients treated with rituximab-based chemotherapies,
especially fludarabine, have defective responses to influenza vaccination years after
treatment. Persistent perturbation of B cell compartments and Ig synthesis due to rituximab-
containing regimens was identified as a mechanism contributing to this low humoral
response. Although influenza vaccination remains the most relevant preventive measure in
this population, it does not seem to elicit sufficient immune responses in many patients. Our
results lay the foundation for larger studies to confirm whether these patients are at
particular risk for infections. NHL survivors require careful postvaccination surveillance,
and alternative prophylactic/therapeutic approaches represent an urgent subject.
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Corrected postvaccination Ab titers are lower in patients compared with controls. Bar graphs

of postvaccination Ab titer data transformed into binary logarithms and corrected for

prevaccination status according to Beyer’s method. Error bars represent SD. Corrected T,
titer was significantly lower in patients compared with controls for A/H3N2 (0.60 £+ 0.90
versus 1.90 + 1.25), A/HIN1 (1.29 £+ 1.15 versus 4.69 + 1.54), and B (0.58 £ 0.70 versus
1.84 £+ 0.92) strains. p< 0.00001 for all comparisons, Student #test.
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CHMP VIRUS
REQUIREMENTS STRAIN
A/H3N2 A/H1N1 B
PATIENTS

Seroconversion > 30%

Seroprotection > 60%

MFI > 2

CONTROLS
Seroconversion > 30% YES YES
Seroprotection > 60% YES YES YES
MFI > 2 YES YES YES

FIGURE 2.

CHMP requirements against vaccine strains met after immunization in patients and controls.
In the patient group, only two of nine values fulfilled CHMP requirements for subjects >60
y old, in contrast with eight of nine values in the control group. p= 0.015, Fisher exact test,

two-tailed.
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FIGURE 3.

There are fewer circulating CD27* memory B cells in patients compared with healthy
controls. A, FACS (flow cytometry)-analysis scatter plots from three representative patients
and three controls showing the percentage of CD27* B cells in the B cell population
obtained from PBMCs. B cell subsets from the same subject were measured before (Tg) and
4 wk after (T1) vaccination. Percentage of CD27* memory B cells in B cells (B) and in total
PBMCs (C) assessed in peripheral blood from patients and controls and obtained at the time
points described in A. Longer horizontal lines represent the medians for each data group,
whereas the shorter ones show the IQR. Statistical analyses were performed with the two-
tailed Mann-Whitney U'test.
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CD27* memory B cells remain depleted long after treatment. Scatter plot of FACS analysis

of PBMCs from patients and controls obtained before (Tg; A) and 4 wk after (Tq; B)

influenza vaccination. Time after treatment = months since last rituximab administration,
calculated at To, CD27* memory B cells were still depleted long after treatment, without any
significant linear correlation between time after treatment and CD27* memory B cell levels,
as shown by the continuous lines. Spearman’s rank correlation coefficient test (p) was used
to correlate CD27* memory B cell data and time after treatment.
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FIGURE 5.

Total B cells and CD27* memory B cells correlate with corrected Ty titers for influenza
vaccination in patients but not in healthy controls. A, Scatter plots representing the
correlations of number and percentage of total and CD27* memory B cells with mean
corrected Ty titers in all subjects (/eft panels), controls (center panels), and patients (right
panels). Box-and-whisker plots on each axis show median, IQR, and 95% confidence
interval for the represented variable. Lines in the plots represent the linear regression for any
given pair of variables. Thick continuous lines represent significant correlations. *Number
of B cells/pl; Tpercentage of B cells in PBMCs; *number of CD27*+ memory B cells/

wl; Spercentage of CD27* memory B cells in PBMCs; llpercentage of CD27* memory B
cells in B cells. B, Scatter plots representing the correlations between the number and
percentage of total and CD27* B cells with corrected T titers for each influenza strain in
patients. Correlations with the H3N2 strain are in the /eft panels, correlations with HIN1 are
in the center panels, and correlations with B are in the right panels. Graph characteristics are
the same as in A.
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FIGURE 6.

Serum IgM level and number of peripheral CD27* memory B cells are highly correlated
with mean corrected T titer in NHL patients treated with rituximab-based chemotherapy. A,
Table showing Spearman’s coefficients (p) and relative p values (A) for correlations among
FACS parameters, serum Ig levels, and mean corrected Ty titers for influenza vaccine in all
subjects (ALL), control group (CTR), and patients (PAT) groups. The corrected T titers for
each strain are also shown for the patient group. *Number of B cells/ul; Tpercentage of B
cells in PBMCs; ¥number of CD27* memory B cells/ul; Spercentage of CD27+ memory B
cells in PBMCs; llpercentage of CD27+ memory B cells in B cells; Tmean corrected T; titers
for H3N2, HIN1, and B strains. B, Three-dimensional scatter plot of IgM serum level, mean
corrected Ty titer, and number of peripheral CD27* memory B cells. Intersections of the
three vectors are represented in space as yellow spheres, connected to the three-dimensional
regression plane (light purple surface) by lines representing least squares fitting.
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Demographic data for patients and controls

Table |

Page 21

Characteristic

Patients (n = 31)

Controls (n = 34)

Age (y; median [range])
<60
>60
Men/women
Previous unvaccinated patients
NHL histotype at diagnosis
Aggressive
Diffuse large B cell
Others
Indolent
Follicular
Others

Applied chemotherapy regimens (in addition to rituximab)

CHOP or CHOP like?
CvpP

Fludarabine-containing regimensb

Others®

Lines of chemotherapy administered (/)
1
2d

36
Time after treatment administration (mo; median [range])
<12
>12
Rituximab doses (77, median [range])
<6
>6
Radiotherapy
Abs serum level
19G serum level (mg/dl; median, IQR [normal range])
Low serum IgG
1gA serum level (mg/dl; median; IQR [normal range])
Low serum IgA
1gM serum level (mg/dl; median; IQR [normal range])
Low serum IgM
Low IgG or IgA or IgM serum level

Low IgG, IgA, and IgM serum levels

66 (36-84)
36% (11/31)
64% (20/31)

12/19
32% (10/31)

58% (18/31)
42% (13/31)
16% (5/31)
42% (13/31)
26% (8/31)
16% (5/31)

65% (20/31)

13% (4/31)
26% (8/31)

23% (7/31)

84% (26/31)
6% (2/31)
10% (3/31)
29 (7-65)
19% (6/31)

81% (25/31)

6 (3-11)

81% (25/31)
19% (6/31)

32% (10/31)

842, 525-1043 (700-1600)
36% (11/31)
148, 60-239 (70-400)
26% (8/31)
39, 18-78 (40-230)
529% (16/31)
55% (17/31)
19% (6/31)

62 (49-81)
38% (13/34)
62% (21/34)

22/12
29% (10/34)

aEtoposide, doxorubicin, cyclophosphamide, vincristine, prednisone, and bleomycin (7= 3).
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bFIudarabine, cyclophosphamide, vincristine, and prednisone (77 = 1); fludarabine, mitoxantrone, and cyclophosphamide (/7= 4); fludarabine and
mitoxantrone (7= 2); and fludarabine and cyclophosphamide (7= 1).

cCycIophosphamide, mesna, methotrexate, doxorubicin, vincristine, cytarabine, and leucovorin (n= 2); cisplatin, etoposide, and mitoxantrone (7=
1); cyclophosphamide (/7= 1); cyclophosphamide and dexamethasone (7= 1); gemcitabine and oxaliplatin (77 = 1); and cyclophosphamide,
vincristine, methotrexate, and prednisone (/7= 1).

First line, etoposide, doxorubicin, cyclophosphamide, vincristine, prednisone, and bleomycin; second line, rituximab-cyclophosphamide,
doxorubicin, vincristine and prednisone (/7= 1). First line, fludarabine, mitoxantrone, and cyclophosphamide; second line: rituximab-
cyclophosphamide, vincristine, and prednisone (7= 1).

eFirst line, fludarabine, cyclophosphamide, vincristine and prednisone; second line, cisplatin, VP16, and mitoxantrone; third line, rituximab-
cyclophosphamide (7= 1). First line, etoposide, doxorubicin, cyclophosphamide, vincristine, prednisone, and bleomycin; second line, rituximab-
fludarabine, mitoxantrone, and cyclophosphamide; third line, rituximab-cyclophosphamide, doxorubicin, vincristine, and prednisone (/7= 1). First
line, etoposide, doxorubicin, cyclophosphamide, vincristine, prednisone, and bleomycin; second line, rituximab-gemcitabine and oxaliplatin; third
line, fludarabine, mitoxantrone, and cyclophosphamide (7= 1).

CVP, cyclophosphamide, vincristine, and prednisone.
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Table Il

Pre- and postvaccination parameters in patients and controls

Prevaccination Parameters  Patients (n =31) Controls (n=34) p Value (Patients versus Controls)b

Strain: A/H3N2

GMT 22.4 425 0.001

Seroprotection rate 39% (12/31) 74% (25/34) 0.005
Strain: A/HIN1

GMT 21.9 23.1 0.72

Seroprotection rate 39% (12/31) 47% (16/34) 0.50
Strain: B

GMT 11.6 115 0.93

Seroprotection rate 10% (3/31) 12% (4/34) 1.00

Postvaccination Parameters

Strain: A/H3N2

GMT 36.69 135.92 <0.00001
Seroconversion rate 23% (7/31) 53% (18/34) 0.012
Seroprotection rate 65% (20/31) 94% (32/34) 0.004
MFI 1.6 3.2

Strain: A/HIN1

GMT 41.84 104.34 0.004
Seroconversion rate 29% (9/31) 41% (14/34) 0.31
Seroprotection rate 74% (23/31) 94% (32/34) 0.039
MFI 1.9 4.5
Strain: B
GMT 15,62 2774 0.004
Seroconversion rate 3% (1/31) 29% (10/34) 0.005
Seroprotection rate 23% (7/31) 44% (15/34) 0.07
MFI 13 2.4

ap < 0.01 compared with prevaccination GMT.

bThe pvalues < 0.05 (significant difference) are bold.
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