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Background: Pediatric oncology patients represent a cohort of

individuals uniquely at risk of complications from influenza, yet

less likely to respond to the vaccine. It is not yet clear how to best

protect this vulnerable population.

Methods: We performed a prospective analysis of 177 pediatric

oncology patients to define the predictors of influenza vaccine

responses. Each variable was examined over three time points and

a repeated measure analysis was performed.

Results: Patients with ALL vaccinated during induction phase

had superior influenza vaccine responses than those subjects

vaccinated during post-induction or maintenance phases

(P = 0Æ0237). Higher aggregate HAI titer responses were

associated with a higher baseline B-cell count (P = 0Æ0240), and

higher CD4 and CD8 influenza-specific T-cell responses,

suggesting prior antigen exposure is a significant contributor. The

solid tumor cohort had equivalent responses during all time

frames of chemotherapy.

Discussion: The optimal protection from influenza of pediatric

patients on chemotherapy should include vaccination, but it is

clear that not all patients produce high titers of antibodies

after vaccination. This study identified biomarkers that could be

used to individualize vaccine approaches. Immunologic

predictors might have a role in targeting resources, as B-cell

counts predicted of vaccine responses among the patients with

ALL.
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Introduction

Influenza continues to represent an important pathogen in

the United States. Significant immune compromise repre-

sents one of the more common high-risk conditions and

pediatric cancer patients have demonstrated a high rate of

complications from influenza.1–5 A significant concern

regarding pediatric patients with malignancy is that con-

comitant infection with the influenza virus can prolong

hospitalization and delay chemotherapy.5 From a public

health perspective, immune compromised patients can shed

the influenza virus for a prolonged period and develop

resistance to antiviral agents, thus representing a high-risk

reservoir for other children in the hospital.6,7 For all these

reasons, understanding the variables that govern vaccine

responses is of critical importance in this vulnerable

population.

The current guidelines for the administration of the

influenza vaccine in pediatric oncology patients have rec-

ommended waiting until patients are on maintenance or

intermittent chemotherapy to initiate vaccination.8,9 Given

these data, it is surprising that vaccination rates of children

on chemotherapy as well as other high-risk children are

quite low.10,11 During the 2009 H1N1 pandemic, there was

pressure to identify populations who would most benefit

from vaccination due to the limited availability of vaccine

initially. This reignited the interest in stratifying high-risk

patients. A recent Cochrane report noted the challenges in
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comparing studies or performing a meta-analysis.12 While

a titer of 1:40 is considered protective in healthy popula-

tions, it is not necessarily protective for immune compro-

mised patients. Nevertheless, titers of >1:40 are considered

seroprotective. A more specific measure of vaccine

responses is to report a fourfold increase in titer as sero-

conversion. It is not possible to directly compare studies

that report seroconversion with those that report sero-

protection. Nevertheless, recent studies have improved our

understanding of the effects of chemotherapy on vaccine

responses. A cohort of predominantly pediatric ALL

patients was studied to define the impact of influenza vac-

cination. Children off therapy for at least 6 months had

serologic and clinical responses comparable with controls.13

In a recent study of breakthrough influenza after vaccina-

tion, 10% of patients required an ICU admission after vac-

cination and 5% of patients died.4 We had previously

estimated a breakthrough rate of 15% using an indirect

analysis.14 In all the studies of influenza vaccine responses

in children on chemotherapy, the seroconversion rates have

varied from 21 to 60%.15–26

One factor that drives vaccination efforts is the seasonal

availability of the vaccine. We previously performed a study

that examined vaccination of patients with ALL during

induction, post-induction or maintenance chemotherapy.14

In that study, we demonstrated that the influenza vaccine

response was significantly better when patients with ALL

were vaccinated during induction phase. We found early

vaccination elicited the same response as late vaccination in

patients with solid tumors. This study was performed to

examine laboratory predictors of the influenza vaccine

response.

Methods

Study design
Patients with acute lymphoblastic leukemia (ALL)

(n = 110) and solid tumors receiving cyclical chemotherapy

(n = 67) seen at The Children’s Hospital of Philadelphia

were approached regarding participation beginning with

the 2006–2007 season and ending with the 2009–2010 sea-

son. Inactivated influenza vaccine was given to all patients,

with naı̈ve, young vaccine recipients receiving two doses

and repeat vaccinees receiving one dose, according to the

Advisory Committee on Immunization Practices.27 Eighty-

nine patients had HAI titers previously reported.14 The

demographic information for each group is given in

Table 1. Laboratory studies were collected on the day of

vaccination and at 2 months, 4 months, and 1-year post-

vaccination. Clinical data were also recorded at each time

point. This study was designed as a prospective study with

predefined analyses and was approved by the IRB.

Immunologic assays
Hemagglutination inhibition assays were carried out using

the season-specific HA antigen.28 Flow cytometry and

functional analyses were performed as previously

described.29–31

Table 1. Demographic information

Number of

Patients

Age mean

(std)

Age median

(IQR) Male n (%) White n (%)

ALL 125 7Æ81 (5Æ15) 6Æ08 (7Æ25) 64 (51Æ2) 97 (83Æ7)

ALL SR* 65 5Æ70 (2Æ83) 5Æ17 (3Æ00) 33 (50Æ8) 52 (83Æ9)

ALL HR** 52 10Æ48 (5Æ75) 10Æ99 (11Æ20) 26 (50Æ0) 40 (87Æ0)

ALL relapse� 8 7Æ68 (7Æ78) 5Æ63 (13Æ30) 5 (62Æ5) 5 (62Æ5)

Sarcoma + Brain tumor 72 10Æ32 (5Æ70) 10Æ67 (8Æ92) 43 (59Æ7) 52 (78Æ8)

Sarcoma 54 11Æ15 (5Æ30) 12Æ33 (6Æ59) 33 (61Æ1) 38 (76Æ0)

Sarcoma chemotherapy�� 52 10Æ91 (5Æ20) 12Æ00 (6Æ84) 31 (59Æ6) 38 (79Æ2)

Sarcoma biologics� 2 17Æ38 (0Æ77) 17Æ38 (1Æ08) 2 (100) 0 (0Æ0)

Brain tumor 18 7Æ81 (6Æ56) 6Æ42 (11Æ25) 10 (55Æ6) 14 (87Æ5)

Standard chemotherapy�� 10 5Æ85 (6Æ45) 2Æ75 (6Æ54) 7 (70Æ0) 9 (100)

Alternative management§ 8 10Æ26 (6Æ21) 9Æ11 (7Æ54) 3 (37Æ5) 5 (71Æ4)

*Cooperative Group Trials for Standard Risk ALL.
**Cooperative Group Trials for High-Risk ALL.
�Cooperative Group or local institutional protocols for relapsed ALL.
��Cooperative Group Trials for Ewing’s Sarcoma, Rhabdomyosarcoma and Osteosarcoma.
�Cooperative Group Developmental Therapeutic Studies.
��Cooperative Group or local institutional protocols for CNS tumors.
§Irinotecan, cis-retinoic acid, bevacizumab, vinblastine.
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Statistical methods
Statistical analyses were performed using SAS software ver-

sion 9.2 for windows (SAS Institute Inc., Cary, NC, USA).

We defined HAI titers at baseline and defined patients

who had at least a fourfold increase at any subsequent

time point as Responders. The ALL group was divided

into three cohorts depending on the stage of their chemo-

therapy at the time of vaccination; induction, post-induc-

tion, and maintenance. The solid tumor group was

divided into three cohorts depending on the length of

time they had been on chemotherapy on the day they

were vaccinated; <1 month, 1–3 month, and >3 month.

We defined the geometric mean titer at each time point.

The geometric mean titers were calculated using the stan-

dard formula: n-th root of (X1)(X2)...(Xn). The 95% confi-

dence intervals of the geometric mean titers were

calculated by taking the antilog of the 95% confidence

intervals of the arithmetic means of the log-transformed

values. The comparison of the study’s endpoints measured

repeatedly over time was carried out using the mixed

effects models and ⁄ or the generalized estimating equations

(GEE) method. The longitudinal assessments of the out-

comes were statistically tested using a repeated measures

model with the following three main effects: The overall

group differences, the overall changes over time, and the

interaction effect. Baseline measurements for both groups

were used as covariates to adjust for potential group dif-

ferences at baseline. The independent t-test or the Mann–

Whitney test was used for the comparisons between the

ALL and the Solid Tumor groups, and the Kruskal–Wallis

test was used for comparing data between the three stages

of chemotherapy and the three solid tumor cohorts. Data

are also presented descriptively using mean and standard

deviation (SD) for continuous variables and frequencies

(%) for categorical variables. Statistical significance was

defined at a P value <0Æ05.

Results

Vaccine responses
To compare the effect of different chemotherapy regimens

on the response to the inactivated influenza vaccine, we

divided our cohort into patients with ALL and those

patients with sarcomas or brain tumors receiving cyclical

chemotherapy (Figure 1). The patients with sarcomas and

brain tumors were combined because of the similar nature

of their chemotherapy and are referred to as the ‘‘solid

tumor’’ group. Patients were enrolled and vaccinated

according to the availability of the vaccine and not the

stage of chemotherapy, thus providing a real-life diversity

in the timing of vaccine administration. Patients were strat-

ified at the time of analysis according the phase of chemo-

therapy to compare responses. We calculated the responder

(seroconversion) frequency for patients with ALL and solid

tumors. A Responder was defined as a fourfold increase in

titer to at least one serotype in the vaccine compared with

baseline. Approximately, half of all patients responded to at

least one serotype (Figure 1A). There were no statistically

significant differences in responder status comparing the

ALL and solid tumor groups. We further examined sero-

conversion in a serotype-specific manner (Figure S1) and

found no significant differences between the serotypes. In
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Figure 1. A comparison of influenza vaccine antibody responses in

patients with ALL and solid tumors. (A) The responder frequency was

defined by identifying individuals with a fourfold increase from baseline

in any of the three serotypes. The differences between the two groups

(ALL and Solid Tumor) are not significant. The Geometric Mean Titer

was calculated at each time point for each group and displayed for the

H1N1 (B), H3N2 (C) and influenza B (D) serotypes. The GEE method

found that for all three serotypes there was a time effect (P < 0Æ0001

for all), reflecting differences across the time points. Significant group

effects were found for H1N1 and H3N2 with P values of 0Æ0060 and

0Æ0135, respectively). Only H1N1 demonstrated a significant group*time

effect with P = 0Æ0017.
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addition, we calculated the geometric mean titer at each

time point (Figure 1B, C, D). No statistically significant

difference was seen comparing individual time points in

the ALL and solid tumor groups. The GEE was used to

identify differences between the two cohorts, evaluating

both the changes over time and the group variable. In this
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Figure 2. ALL chemotherapy has a cumulative effect on B-cell function. The ALL group was divided into three cohorts depending on the stage of

chemotherapy at the time of vaccination. We identified differences between the three cohorts using the Kruskal–Wallis test. The cohort vaccinated

during induction had more robust responses to each serotype (A). We examined total IgG production after stimulation (B) in an ELISPOT analysis and

found that the three cohorts differed at baseline (P = 0Æ0001). We examined influenza antibody production in an ELISPOT analysis (C) and found that

there were significant differences at baseline and the 2-month time point (P < 0Æ0001 and P = 0Æ0111, respectively). Asterisks indicate significance.
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Figure 3. B-cell subsets differ between the three ALL cohorts. The ALL group was divided into three cohorts depending on the stage of chemotherapy on the

day of vaccination. We assessed B-cell subset counts using flow cytometry and compared the subset counts using the Kruskal–Wallis test. The asterisks indicate

statistical significance. Total B-cell counts (CD19+) differed between cohorts on the day of vaccination and the 1-year time point (P = 0Æ0002, P = 0Æ0035).

Similarly, naı̈ve B cells differed at those two points (P = 0Æ0002 and P = 0Æ0038) and non-switched memory B cells differed at the same two time points

(P < 0Æ0001 and P = 0Æ0065). Switched memory B cells differed at baseline, the 2-month and 1-year time points (P = 0Æ0002, P = 0Æ0250, and P = 0Æ0150).

The children on maintenance chemotherapy on the day of vaccination demonstrate some recovery in their B-cell counts at the 1-year time point.
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analysis, vaccine responses were significantly better in the

solid tumor group for responses to H1N1 compared with

the ALL cohort (P = 0Æ0017). These data also demonstrate

the limited durability of the humoral response to the vac-

cine. The variability of the responses I more easily appreci-

ated in the dot plots shown in Figure S1.

ALL B cells
To examine the cumulative effect of chemotherapy on vac-

cine responses, we stratified our ALL cohort according to

whether they received the vaccine during induction, dur-

ing post-induction, or while on maintenance chemother-

apy. In our previous study of a subset of 89 of these

patients with ALL, we found that the most robust

responses to vaccination occurred when subjects were vac-

cinated during induction chemotherapy.14 We reanalyzed

the data using the entire cohort and found once again

that vaccination during induction was still strongly associ-

ated with the best vaccine responses (Figure 2A). At the

time of the peak humoral response (2 months), there was

a significant difference between the three ALL cohorts with

P = 0Æ0237.

To better understand the basis of this association, we

examined B-cell function by measuring total IgG-produc-

ing cells (Figure 2B) and influenza-specific antibody pro-

duction (Figure 2C) using a B-cell ELISPOT. In patients

with ALL, the baseline number of total IgG and influenza-

specific IgG antibody secreting cells differed between the

three cohorts, reflecting the different amounts of time on

chemotherapy (Figure 2). Both total IgG and influenza-

specific antibody secreting cells were diminished at the

2-month time point for those enrolled during induction

and post-induction. Those enrolled during maintenance

exhibited some recovery of B-cell function at the 1-year

time point, although this was not statistically significantly

different. To better characterize the effects of chemother-

apy on B cells, we examined the distribution of B-cell

subsets at each time point. Total B cells, naı̈ve B cells,

non-switched memory (marginal zone-like) B cells, and

switched memory B cells were defined using flow cytome-

try (Figure 3). All B-cell subsets significantly differed at

baseline between the induction, post-induction, and main-

tenance cohorts. Similar to the B-cell ELISPOT functional

results, the B cells declined at the 2-month time point for

both the induction cohort and post-induction cohort. The

maintenance cohort exhibited improvement at the 1-year

time point, although there appear to be differences in

kinetics of repletion between the different subsets with the

switched memory B cells exhibiting a slower recovery than

the naı̈ve B cells.
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memory B cells with P values of 0Æ0009, 0Æ0011, 0Æ0011, and 0Æ0026, respectively.
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Solid tumor B cells
The phased chemotherapy used for patients with ALL

might impact the immune system differently than the cycli-

cal chemotherapy used for solid tumors. We therefore per-

formed comparable analyses in patients with solid tumors.

We divided the patients into those who had less than

1 month of chemotherapy, 1–3 months of chemotherapy,

and >3 months of chemotherapy at the time of vaccina-

tion. There were no statistically significant differences in

HAI titers between those vaccinated at <1 m, 1–3 m, or

>3 m of chemotherapy (Figure S4). Similarly, there were

no differences in B cell total IgG or influenza-specific IgG

responses across the three cohorts (Figure S5). We then

examined the B-cell subsets and found that there were

inconsistent differences at baseline. The solid tumor che-

motherapy had a rapid effect on the B-cell compartment

(Figure 4).

ALL T cells
To examine other immunologic variables that could impact

on vaccine responses, we characterized the effect of chemo-

therapy on T-cell function and T-cell counts in ALL. We

utilized the same three cohorts as the previous analyses:

induction, post-induction, and maintenance chemotherapy

at the time of enrollment and vaccination. The most signif-

icant finding is that unlike the B-cell compartment which

appeared to exhibit signs of quantitative recovery at the

1-year time point for those vaccinated in maintenance (i.e.,

those who had been off chemotherapy the longest), no

clear sign of quantitative recovery was seen in the T-cell
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compartment (Figure 5). Only CD4 reverted memory and

CD8 reverted memory T cells were different at baseline

between the three ALL cohorts, suggesting these popula-

tions were most impacted by the length of time on chemo-

therapy. For the CD4 reverted memory T cells, the

maintenance cohort had the highest numbers, while in the

CD8 reverted memory T-cell population, the induction

cohort had the highest numbers.

To assess T-cell function, we analyzed the proliferation

of T cell after stimulation with viral antigen or in response

to phytohemagglutinin. There were no differences in prolif-

eration in response to PHA or influenza across the three

ALL cohorts (Figure S2). A T-cell ELISPOT was used to

define cytokine responses to either a global stimulus (PMA

and ionomycin) or HA antigen. The CD4 influenza-specific

response after vaccination can be clearly seen in the induc-

tion cohort, while the effect is much less robust in the

other two cohorts. There were no statistically significant

differences in the response to PMA and ionomycin (Figure

S3). Similarly, CD8 influenza-specific responses did not

significantly differ between the three cohorts.

Solid tumor T cells
The solid tumor population exhibited very different B-cell

effects from chemotherapy compared with the ALL popula-

tion. We therefore analyzed T cells in the solid tumor pop-

ulation. The solid tumor population was again stratified

according to time on chemotherapy at the time of enroll-

ment and vaccination. There were no statistically significant

differences in T-cell responses between the three cohorts

(Figures S7, S8).

Associations with HAI vaccine responses
With these data suggesting that there were substantial dif-

ferences in antibody production in patients with ALL

depending on the time on chemotherapy, we wished to

define the laboratory associations with antibody responses

after vaccination. We analyzed a differential HAI aggregate

titer by taking the sum of the 2-month post-vaccine HAI

titers (H1N1, H3N2, B) and subtracting the sum of the

baseline HAI titers for each subject. This measure of anti-

body response to the vaccine was used in a Spearman’s

correlation analysis with baseline CD19 lymphocyte count,

switched memory B-cell count, CD3 count, CD4 count,

total IgG production, influenza-specific IgG production,

CD4 influenza-specific responses (Table 2). The total B-cell

count on the day of vaccination was associated with the

antibody responses to the vaccine. When individual sero-

types were examined, only influenza B titers were signifi-

cantly associated with the baseline B-cell count

(P = 0Æ0031). In addition, evidence of prior antigen experi-

ence (CD4 and CD8 influenza-specific responses) was also

associated with the antibody response. We applied the same

analysis to the solid tumor cohort (Table S1). None of the

baseline variables demonstrated any association with the

antibody responses to the vaccine.

Protection from Infection
This study was not designed to determine the incidence of

infection in vaccinated patients, and therefore, we did not

perform systematic surveillance for influenza among the

study subjects; however, we found that there were 15 cases

of influenza with a positive PCR test subsequent to vaccine

administration in the same season. This gives an estimated

breakthrough infection rate of 8Æ5%. This case rate includes

the time frame of the pandemic H1N1, for which the stan-

dard vaccine had limited efficacy. We therefore defined the

case rate among 123 patients vaccinated in 2006–2007 and

found 5 cases of infection detected by PCR for a case rate

of 4Æ1%. These must be considered minimal estimates

because not all children with fever or respiratory symptoms

were tested for influenza.

Conclusion

The purpose of this study was to identify correlates of

influenza vaccine antibody responses. These data could be

Table 2. HAI Titer Association with Baseline Variables*

Spearman q P Value

ALL D HAI titer

CD19 count 0Æ23027 0Æ0240

Switched memory B-cell count 0Æ19076 0Æ0626

CD3 count 0Æ08690 0Æ5166

CD4 count .04425 0Æ7415

Total IgG (ELISPOT) 0Æ10381 0Æ3302

Influenza IgG (ELISPOT) 0Æ13297 0Æ2115

PMA ionomycin (ELISPOT) 0Æ12260 0Æ2818

CD4 influenza responses (ELISPOT) 0Æ29377 0Æ0086

CD8 influenza responses (ELISPOT) 0Æ40607 0Æ0002

ALL absolute HAI titer

CD19 Count 0Æ07770 0Æ4220

Switched memory B-cell count 0Æ04885 0Æ6140

CD3 count 0Æ09821 0Æ4327

CD4 count 0Æ06765 0Æ5894

Total IgG (ELISPOT) 0Æ04322 0Æ6616

Influenza IgG (ELISPOT) 0Æ19735 0Æ0436

PMA ionomycin (ELISPOT) 0Æ21774 0Æ0371

CD4 influenza responses (ELISPOT) 0Æ40737 <0Æ0001

CD8 influenza responses (ELISPOT) 0Æ35082 0Æ0006

*The Spearman’s correlation analysis was performed using the base-

line variables defined in the left column and the outputs of either

the aggregate delta HAI (the sum of all three serotypes at the

2-month time point minus the sum of the three serotypes at

baseline) or the total aggregate HAI at the 2-month time point.

Significant associations are bolded.
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used to identify patients unlikely to respond to the vaccine

who could be provided alternative types of protection such

as oseltamivir.32,33 Current guidelines recommend influenza

vaccination during maintenance chemotherapy; however,

this is not always possible due to the timing of the vaccine

production and delivery.8 Identification of a biomarker

could be useful in stratifying patients for vaccination or

alternative approaches.

This study also represents a careful delineation of the

immunologic consequences of chemotherapy. In analyzing

the state of the immune system during induction, post-

induction or maintenance chemotherapy for ALL, the largest

difference observed was the effect on the B-cell compart-

ment. This is consistent with a study that evaluated T- and

B-cell counts in children with ALL undergoing chemother-

apy.34 As the patients experienced more cycles of chemother-

apy, all B-cell subsets quantitatively declined. Paralleling the

decline in B-cell counts was a decline in B cells capable of

secreting antibody as measured by total IgG production and

influenza-specific IgG production. In contrast to the ALL

cohort, the effect of solid tumor chemotherapy appeared to

be very rapid, with no evidence of a cumulative effect. Addi-

tionally, B-cell function did not parallel B-cell counts in the

solid tumor cohort. These data collectively suggest that the

immune compromise in pediatric oncology patients is dis-

tinct depending on the chemotherapeutic agents. However,

in both ALL and solid tumor groups, evidence of immuno-

logic recovery was observed at the 1-year time point,

although it was not clear that recovery was complete.

This study did not formally define clinical vaccine effi-

cacy with active surveillance. A Cochrane analysis identified

nine studies of pediatric chemotherapy patients vaccinated

with the standard inactivated influenza vaccine and none

of the nine studies evaluated clinical efficacy.35 Even among

healthy children, efficacy data are limited.36 Additional

caveats of this study include the heterogeneity of the types

of malignancy and the chemotherapy protocols. Larger

studies may be able to stratify patients for these potential

confounders. Nevertheless, this study represents the best

data to date on the efficacy of the influenza vaccine in this

vulnerable population.

The importance of this study was to identify practical

correlates of antibody responses to the influenza vaccine.

The baseline (day of vaccination) B-cell count was associ-

ated with subsequent antibody production in patients with

ALL. Previous antigenic experience, long known to enhance

vaccine responses, was also strongly associated with subse-

quent antibody production in response to the influenza

vaccine.37 The CD8-specific influenza responses suggest

that this was wild type infection not previous vaccination.

Overall, this study identified substantial effects of

chemotherapy on the adaptive immune system. These

laboratory-identified effects would be predicted to have

medically significant consequences to the patients. Impaired

vaccine responses are only one measurable consequence,

but the identified deficits might also contribute to the

pattern of infection. A direct product of this study is the

identification of a potential biomarker in the ALL group

and additional data supporting a strategy of early vaccina-

tion. Optimizing vaccination protocols to improve protec-

tion from this common yet preventable infection could

lead to fewer ⁄ shorter hospital admissions and a lower in

hospital transmission rates.
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Supporting information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Serotype-specific responses are demonstrated

in the bar graphs below.

Figure S2. CFSE was used to measure proliferation in

response to PHA or to influenza proteins.

Figure S3. A T cell ELISPOT was used to examine global

responses (PMA and ionomycin) or to a cocktail of influ-

enza peptides or whole protein.
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Figure S4. The solid tumor group was divided into three

cohorts depending on the number of months of cumulative

chemotherapy they had received on the day of vaccination.

Figure S5. A B cell ELISPOT was used to define differ-

ences between the three solid tumor cohorts.

Figure S6. T cell subsets were analyzed in the solid

tumor group after stratification for the length of time on

chemotherapy.

Figure S7. T cell ELISPOT responses were compared

between the three solid tumor cohorts.

Figure S8. T cell proliferation was analyzed using CFSE

in the three solid tumor cohorts, stratified according to the

time on chemotherapy.

Table S1. Spearman Correlation Analysis of baseline

variables and HAI titers.
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