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Abstract

Objectives—To examine the effect of chemotherapy for ovarian cancer on immunologic
function and to define the effect on the serologic response to the influenza vaccine.

Methods—Under IRB approved protocols, patients with ovarian cancer were administered
seasonal trivalent killed influenza vaccines. Peripheral blood was collected for immunologic
assessments. Serum was analyzed for hemagglutination inhibition (HAI) antibody titers.
Peripheral blood mononuclear cells were isolated to characterize T and B cell populations and
function.

Results—Thirty-one patients were recruited: 13 in remission receiving a dendritic cell vaccine
with or without a single dose of low-dose cyclophosphamide, 3 in remission not receiving
treatment, and 15 undergoing standard therapy. Significant effects on T cell and B cell subset
distributions were seen. Functional effects were also seen. Few patients were able to mount a 4-
fold HAI antibody response. A 4-fold response was observed for HIN1 in 20%, for H3N2 in 26%,
and for influenza B in 6%. Pre-existing exposure to influenza was predictive of responders.

Conclusions—Despite CDC recommendations that patients undergoing chemotherapy receive
influenza vaccine, there is little evidence to support its serologic effectiveness in this population.
Patients with ovarian cancer are almost uniformly unable to mount a meaningful antibody
response. These findings have serious implications for future resource allocation for both seasonal
and novel pandemic influenza outbreak and understanding the immunologic deficits as a result of
chemotherapy may improve patient care.
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Introduction

Methods

An average of 36,000 people die in the United States each year from seasonal influenza [1].
In the general population, attack rates are as high as 10-20% though surveillance data
suggests that 10-40% of oncology patients may be infected [2]. The Centers for Disease
Control recommend that all immunocompromised patients receive the seasonal influenza
vaccine, given the increased risk for flu-related complications. However, there are scant data
regarding the efficacy of the vaccine in patients with generalized malignancies, and in
particular, in those undergoing chemotherapy. Cancer patients represent an ever-increasing
proportion of the population with over 1.5 million new cases per year [3]. These patients are
not only at increased risk of influenza related morbidity, but serve as a potential reservoir of
virus that may lead to spread in the non-immunocompromised population.

Patients with ovarian cancer present a unique challenge. It has been estimated that 21,880
new cases of ovarian cancer will be diagnosed each year in the United States, accounting for
13,850 deaths, making ovarian cancer the most common cause of death from a gynecologic
malignancy [4]. With a 5-year survival rate of 45%, there are increasing efforts directed at
better therapies. The majority of patients are treated by surgical excision of tumor, followed
by adjuvant chemotherapy. Despite initial response rates of 70-80%, nearly all patients with
advanced disease pursue a course of relapsing disease, treated with multiple sequential
regimens of chemotherapy during their lifetime, used for both maintenance, as well as
salvage.

There is no quantitative information available on the immunogenicity of the influenza
vaccine in patients with ovarian cancer and limited data on overall immunologic function.
Ovarian cancer itself is in part, an immune-mediated disease [5]. Excess numbers and
function of regulatory T cells (Treg) as well as dendritic cell (DC) dysfunction contribute to
tumor-related immune suppression [6-10]. These same factors are predicted to affect
influenza vaccine efficacy. This study was designed to characterize the immunologic status
of women with ovarian cancer and to define the immunogenicity of the killed seasonal
trivalent influenza vaccine.

Study Design and Patients

From 2005-2009, subjects were recruited under 2 protocols approved by the University of
Pennsylvania Institutional Review Board. Signed written informed consent was obtained
from each subject and the study was carried out in accordance with the Declaration of
Helsinki. The first protocol enrolled patients with advanced epithelial ovarian or primary
peritoneal cancer in first or second remission after primary surgery and chemotherapy,
within 6 months of completion of chemotherapy, to receive an autologous dendritic cell
vaccine loaded with Her2/neu, hTERT, and PADRE peptides. These patients were
randomized to receive a single low dose of 300 mg/m? of cyclophosphamide 2 days prior to
vaccination with both DC and influenza vaccine to assess the affect upon regulatory T cells
(Treg). To be eligible, patients had to be = 18 years of age with a baseline Eastern
Cooperative Oncology Group Clinical performance status of 0-2. Patients demonstrated
adequate hematologic function, renal function, hepatic function, and cardiac function.
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Patients were required to demonstrate no radiologic evidence of disease by contrast
computed tomography (CT) or magnetic resonance imaging (MRI) scans, as well as a
normal serum CA125 level of < 35 IU/ml. The second protocol enrolled a much broader
spectrum of patients with ovarian or primary peritoneal cancer at any point in their treatment
course. Patients were required to be > 18 years of age, with life expectancy of > 6 months.

Patients on both protocols were excluded for history of prior invasive malignancy (except
basal cell or squamous cell skin cancer) within the past 5 years; evidence of active central
nervous system disease; serious systemic disease; active viral, fungal, or bacterial infection;
or active autoimmunity or immunosuppression. Pregnant or breastfeeding subjects were
excluded. Controls were recruited from the local community (n=21). The controls were age-
matched to the patients and received the same year-specific vaccines as the patients. VVaccine
dose and time of administration were parallel to those of the patients. Post-vaccine
laboratory studies were performed at one month.

All patients received the World Health Organization designated trivalent killed influenza
vaccine for the appropriate season in a single intramuscular injection of 0.5 ml. Patients on
the DC vaccine protocol received influenza vaccine on the same day as dose 1 of the DC
vaccine, and patients on the general protocol received influenza vaccine on the day of their
presentation to the clinic—generally on day 1 of their current cycle of chemotherapy, or if
not undergoing active chemotherapy, on the day of their routine surveillance visit.

Immune monitoring

Peripheral blood was collected at day 0, 3 months, 4 months, 9 months, and 12 months. The
hemagglutinin inhibition assays (HAI) were performed as previously described using the
season-specific HA antigen [10]. For B cell analyses, fresh venous whole blood anti-
coagulated with EDTA was prepared and stained with antibodies (all from BD Pharmingen,
San Diego, CA), as described previously [11]. Analyses were performed on a FACSCalibur
with CellQuest software (Version 5.2.1, Becton Dickenson, San Jose, CA). B cells were
identified on the basis of CD19 expression and physical characteristics. CD19+ lymphocytes
were analyzed for CD27, CD38, CD5, lambda, CD20, IgD and IgM expression. The cells
were separated into the following subsets in rough order of maturity, starting with the least
mature: TR (transitional, CD27-, CD38++), MN (mature naive, CD27-, CD38+), MA
(mature activated, CD27+, CD38+), PB (plasmablast, CD27++, CD38++), RM (resting
memory, CD27+, CD38-). Differential staining with CD27 and IgM was used to identify
Naive, IgM memory, and isotype switched memory B cells. Whenever possible, 5,000 -
10,000 CD19+ events were analyzed per tube. Counts were determined from a simultaneous
CBC and electronic differential.

For proliferation analyses, peripheral blood mononuclear cells (PBMC) were loaded with
CFSE dye (Invitrogen, Carlsbad, CA) and washed extensively. The cells were incubated
with PHA (Sigma-Aldrich, St Louis, MO) or influenza virions specific for the year of the
vaccine (FluMist, MedImmune, Gaithersburg, MD). Five days after stimulation, the cells
were washed again and stained with CD3. Flow cytometry (FacsCalibur) was performed to
quantitate the responding cells. The gating included CD3+ blasts. FloJo (TreeStar Ashland,
OR) was used to define the Proliferation Index, Division Index, and the Percent Divided
cells.

T cell ELISPOTSs and B cell ELISPOTs were performed as a measure of cell function. A
cocktail of influenza proteins (Protein Sciences, Meriden, CT) based on the year-specific
vaccine was used as specific antigen (at 5 ug/mL) in a standard y-interferon T cell ELISpot
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assay [12]. CD8 depletion was used to define CD4-specific responses. PMA and ionomycin
(combined at 5 pg/mL each) were used as non-specific stimuli. The B cell ELISpot defined
the frequency of memory B cells activated by influenza to produce antibody and total 1gG-
producing B cells [13]. Pokeweed mitogen, Staphylococcus aureus (SAC) and CpG-2006
were used as priming stimuli as previously described [11].

Cytometric Fingerprinting

Cytometric fingerprinting [14, 15] was used as an unbiased method to discover phenotypic
B-cell subsets that were significantly differentially regulated among subjects with ovarian
cancer compared to healthy controls. List mode data for two tubes (non-B cell dump FITC/
IgM PE/CD20 PerCP/CD19 APC and IgD FITC/lambda PE/CD19 PerCP-Cy5.5/CD5 APC)
were subjected to automated gating, which selected the CD19+ lymphocytes. The gated data
were then normalized based upon warping functions computed on high-density region
landmarks for individual parameters. The Bioconductor package flowFP version 1.12.1 was
used to compute the cytometric fingerprints [15]. Probability binning models were computed
for each tube by aggregating the data of all of the healthy control subjects [16]. Fingerprints
were then computed based upon these models for each individual sample from both the
healthy controls and the ovarian cancer patients.

Statistical methods

Results

Data were examined using descriptive statistics and are presented by mean, median,
standard deviation, frequency distributions and range. The independent two sample #test or
the non-parametric Wilcoxon rank test were used for the comparison between two groups
and Analysis of Variance (ANOVA) or the non-parametric Kruskal-Wallis test were used.
The Spearman Correlation method was used for defining the associations of baseline values
and outcome. The Chi-Square test was used to examine the association between grouping
variable and categorical variables. Statistical analyses were performed using SAS 9.2. For
cytometric fingerprinting analysis individual bins were compared between control and
ovarian cancer patient groups using the two-sided Wilcoxon rank sum test and P-values
were corrected for multiple comparisons using the Benjamini-Hochberg correction.
Statistical significance was define by p-values < 0.05.

Patient population

A total of 31 subjects were enrolled on the combined protocols: 6 receiving DC vaccine
without cyclophosphamide (DC-NC), 7 receiving DC vaccine with cyclophosphamide (DC-
C), and 18 undergoing general off-protocol therapy (OVCA) (Supplemental Table 1). Of
these 18, 3 were in remission receiving no therapy, 7 were undergoing primary adjuvant
chemotherapy with paclitaxel/platinum, 2 were in remission after completion of primary
therapy receiving bevacizumab for consolidation, and 6 were receiving salvage therapy for
recurrent disease. The patients with recurrent disease had received 2-5 prior regimens
(median 4), and each was being treated with different therapy: weekly paclitaxel,
bevacizumab + sorafenib, liposomal doxorubicin + IL-18, paclitaxel + bevacizumab,
paclitaxel + carboplatin + bevacizumab, and bevacizumab + cyclophosphamide. The median
stage at diagnosis and the prior number of prior chemotherapy regimens were similar across
all groups. However, the mean age was different: the OVCA group (61.2 years) was
significantly older than those in the DC-NC arm (49.3 years) (p = 0.042). The controls were
age-matched to the overall study population (n=21).
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To characterize the function of the immune system, we examined antibody responses to the
influenza vaccine. HAI titers were determined for each serotype at defined time points
through 1-year post vaccination. Patients were examined for a four-fold rise in baseline titers
against any of the 3 strains included in the vaccine (Figure 1A). In general, fewer than half
of the patients could mount a four-fold rise in titer after vaccination, and the difference
between the groups was not significant. There was remarkably little change in titers over
time (Figure 1B). We stratified patients according to the number of prior chemotherapy
cycles (1 Prior cycle or >1 prior cycles) and by age (<50y and >50y) and saw no differences
in the responder frequency.

Though the response to vaccination was minimal, approximately half of the patients were
noted to have antibody titers of >1:40 at baseline against the three strains (Figure 1C). For
unclear reasons, patients on the DC-C arm appeared to have the highest rate of baseline
immunity, and OVCA patients displayed the lowest levels. Because the three cohorts were
not equivalent at baseline, all subsequent analyses compare the entire ovarian cancer cohort
with healthy controls.

T cell subsets

We measured the distribution of various T cell subsets in patients to assess the impact of
chemotherapy (Figure 2). CD4 naive cells were significantly diminished in patients
compared to controls. Similarly, Regulatory T cells and Effector Memory CD4 cells were
diminished in patients compared to controls. In contrast, the CD4 Central Memory T cells
were increased in patients compared to controls. Over the one year time frame of the study,
we saw little change overall in the distribution of T cell subsets.

T cell function

The subjects who received the combination of cyclophosphamide and the DC vaccine (DC-
C) had a clear boost in their T cell proliferation (Figure 3). This was statistically significant
with p<0.05. The Proliferation Index measures the number of cycles of cell division
experienced by the cells that committed to cell division. The number of cells that could be
recruited to divide (percent divided) was also increased after cyclophosphamide. Previous
studies have demonstrated that low dose cyclophosphamide can augment immunity,
however, this study demonstrates that T cell proliferation can be improved [7]. Across all
three subsets, however, the groups were not statistically significantly different than controls
(not shown). We also analyzed the function of the T cells using an ELISPOT assay. There
was little rise in influenza responses after vaccination and no significant difference from
controls in either global responses or influenza-specific responses (data not shown).

B Cell Subsets

The average B cell count of all of the ovarian cancer subjects was approximately 150/
microliter, slightly lower than historical reference ranges for healthy adults and lower than
our controls [17] (Figure 4). The absolute numbers of memory B cells were significantly
lower than for our age-matched controls. Both IgM memory and switched memory B cells
were lower in patients than controls.

Of interest, at least five of the patients studied had evidence of atypical B cell populations at
one or more time points. Two patients showed evidence of monoclonal B cell lymphocytosis
(MBL), characterized by CD5+, light chain-restricted cells. In one patient, the light chain
restricted MBL population comprised approximately 45% of her circulating cells with a
phenotype of: CD19+, CD209M |gM-, CD27+, CD38+, lambdadi™. Cytometric
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fingerprinting analysis revealed that this expanded clone was significantly different from the
B cell subsets found in control subjects and was present at all of the time points (Figure 5).

B Cell Immunoglobulin Production

We used a B cell ELISpot to identify deficits in antibody secretion (Figure 6). We measured
total 19gG production and influenza-specific 1gG. Patients had significantly lower total 1gG
responses to /n vitro stimulation than controls. This is commensurate with the decrement in
memory B cells seen on flow cytometry. IgG responses to influenza antigens were highly
variable across the population but did not differ significantly from controls.

Laboratory Associations With Influenza Vaccine Responses

The data demonstrated that the patients exhibited far ranging immunologic deficits. The
most substantial functional deficits appeared confined to the B cell compartment. To
determine whether a laboratory variable might be predictive of antibody responses to the
influenza vaccine, we performed a Spearman Correlation analysis. For this analysis, we used
the delta HAI (the sum of the change in HLIN1, H3N2 and B HAI titers from baseline to Day
72). The variables tested were lymphocyte counts and ELISpot results at baseline. From this
analysis, previous T cell exposure to influenza as detected by the ELISpot at baseline was
the only variable that was significantly associated with subsequent antibody response
(Supplemental Table 2).

Discussion

Our bulwark against influenza is our ability to rapidly develop a vaccine appropriate to the
infecting strain [18, 19]. Immunocompromised people have not traditionally represented a
significant population in the United States. However, over 1 million patients receive
chemotherapy each year, and humerous patients with autoimmune or inflammatory disorders
are treated with immunosuppressive medications. This represents a significant population of
people with unique vulnerabilities to influenza and unclear responsiveness to the vaccine.

Our study prospectively characterized the immunogenicity of the seasonal influenza vaccine
in an immunosuppressed population of women with ovarian cancer. We have predominantly
focused on HAI titers, given that those values have correlated most closely to protection
from infection [20-23]. Patients were infrequently able to mount an adequate humoral
immune response. This was true for both lightly and heavily pretreated patients, suggesting
that either the malignant state itself mayimpair responses, or that the effect of chemotherapy
is extremely durable. The patients undergoing DC vaccination did appear to have the best
immunity to influenza at baseline. These patients would also be predicted to have more
intact immune systems than their more heavily treated counterparts—the DC vaccinated
patients had only received one prior regimen of cytotoxic therapy and were in clinical
remission.

We must note that while a titer of 1:40 is deemed protective in young healthy adults, it is
unclear if this level truly represents a protective threshold in this population. In other
immunosuppressed populations (elderly, infants) higher titers may be necessary [24-26]. On
the other hand, the protection conferred by cross-reactive antibodies that appear to arise due
to successive rounds of vaccination, could mean that lower titers of the right kinds of
antibodies might still be protective, [27]. Indeed, pre-existing immunity may contribute to
the lack of increase in total HAI titers after vaccination [28]. Yet, pre-existing immunity
may not be protective, as domination of the antibody repertoire by high-affinity clones could
result in susceptibility to viral escape mutants [29]. Notably, none of the patients on the
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study developed a documented influenza infection despite low level immune responses,
though certainly it is well known that influenza is under-diagnosed [30].

Protection of immunologically vulnerable patients has received increasing attention. Various
strategies have been studied in an effort to augment vaccine responses since many of the
same characteristics that render patients vulnerable to infection, also compromise vaccine
responses. More powerful adjuvants, the use of multiple doses or higher antigen doses, and
identification of universal epitopes show promise for populations such as this [31-33].
Additionally, personalizing protection by targeting vaccines to specific time points during
therapy may also maximize benefit [34-37]. In cases where vaccination is unlikely to benefit
the patient, hygiene strategies, antiviral medications and other approaches can be
considered.

This study was small, covering a very diverse population of patients both with disease and in
remission, ranging from stages 1-4, receiving 1-5 prior regimens of chemotherapy. They
also had diverse ages. It is well known that the immune system undergoes age-related
declines [26, 38, 39]. Reduced frequency of mature lymphocytes could be a consequence of
failure of reconstitution after myelosuppressive therapy in some of the patients studied.
Given the decrement in primary bone marrow output associated with age and the prospect
for continued regimens of chemotherapy, patients may never achieve pretreatment subset
homeostasis.

Of note, our study also found the presence of atypical B cell populations, including
monoclonal B cell lymphocytosis (MBL). The frequency of MBL increases with age [40].
The persistence of MBL clones (as was documented here for one of the patients by
cytometric fingerprinting) has been associated with the subsequent development of chronic
lymphocytic leukemia (which is often also CD5+) or lymphomas in a small fraction of
patients [41]. It is intriguing to speculate if the MBL itself might reflect an underlying
immune defect that predisposes to cancer development in these patients, or whether it is
merely a consequence of therapy or disease.

Despite its shortcomings, this is the only study to date to examine vaccine responsiveness in
this population. The killed vaccine is safe, but may do little to provide protective immunity
in patients with ovarian cancer, particularly in those undergoing chemotherapy. Larger
studies are needed to better identify individuals who may be the best candidates to allow
focused efforts to encourage vaccination, as well as to define optimal schedules of
administration in these patients who are undergoing cyclic immunodepletion and repletion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Four-fold Response Frequency
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Figure 1.

HA titer responses of subjects. (A) The percent of patients able to demonstrate at least a
four-fold rise in titer to any one of the three influenza strains after vaccination. (B) HIN1
titers across all time points do not vary dramatically. (C) The percentage of the entire cohort
with baseline titers >1:40. OVCA=ovarian cancer patients off protocol, DC-C=dendritic cell
vaccine recipients with Cytoxan, DC-NC-dendritic cell vaccine recipients without Cytoxan.
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Figure 2.

T cell subsets. Flow cytometry was used to define T cell subsets in patients and controls.
Mean and standard deviation are shown. Asterisks indicate p<0.05 comparing baseline and
controls.
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Figures3.

DC-C patients have improved T cell proliferation after cyclophosphamide. Proliferative
responses were measured by CFSE. The mean for each population is shown.
OVCA=ovarian cancer patients off protocol, DC-C=dendritic cell vaccine recipients with
Cytoxan, DC-NC-dendritic cell vaccine recipients without Cytoxan.
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Figure4.

B cell subsets. Flow cytometry was used to define B cell subsets in patients and controls.
Mean and standard deviation are shown. Asterisks indicate p<0.05 comparing baseline and
controls.
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Mapping the expanded
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Figureb.

Monoclconal B cell expansions. Top panel: CD20+ lymphocytes (B cells) from whole blood
are stained with CD27 and CD38 and separated into the following subsets in rough order of
maturity, starting with the least mature: Tr (transitional, CD27-, CD38++), MN (mature
naive, CD27-, CD38+), MA (mature activated, CD27+, CD38+), PB (plasmablast, CD27+
+, CD38++), RM (resting memory, CD27+, CD38-), LL (left lower quadrant, CD27-,
CD38-). Lower panel: Persistent monoclonal B cell lymphocytosis in a patient with ovarian
cancer. Cytometric fingerprinting of B cell subsets was performed as described in the
methods section. The y-axis indicates the fold change in the frequency of events vs. the
binning model (produced from the aggregated data of the normal subjects) and the x-axis
indicates the bins. Black lines = healthy subjects. Red lines = ovarian cancer patients. Data
from ovarian cancer patient #1, analyzed at four separate time points (c1-1, c1-2, c1-3 and
cl1-4) over a 1-year period, reveal the persistence of an expanded population. The cells in the
corresponding bins were mapped onto conventional flow cytometry plots and reveal a light
chain restricted, class-switched B cell population.
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Figure6.

B cell function. Total immunoglobulin producing B cells were enumerated in an ELISPOT
as well as influenza-specific 1gG producing B cells. Means are shown as a horizontal line.
The controls are significantly different than the patient populations for total 1gG at all time
points but the difference between patients and controls for influenza-specific 1gG is not
significant.
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