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Abstract
Objective—Humoral and cell-mediated immune responses to monovalent H1N1/2009 and
seasonal trivalent influenza (TIV) vaccines were evaluated in healthy children and those with
asthma, sickle cell disease (SCD), systemic lupus erythematosus (SLE), and solid organ
transplantation (SOT).

Study design—Blood was collected from 112 subjects at the time of H1N1/2009 vaccination
and 46±15 days later for hemagglutination inhibition (HI) titers and IFNγ ELISPOT responses to
H1N1/2009 vaccine and TIV; unvaccinated children also received TIV at enrollment.

Results—A significant increase in the percentage of subjects with seroprotective HI titers to both
vaccines was observed in all high risk groups. Children with asthma and SCD were most likely to
achieve seroprotective titers to H1N1/2009, whereas fewer than 50% of subjects with SOT and
SLE mounted a seroprotective response. The latter also had lower rates of seroprotection
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following TIV, and subjects with SLE had the lowest ELISPOT responses to both vaccines.
Overall, 73% of healthy children exhibited protective responses to TIV; only 35% achieved
seroprotection for H1N1/2009.

Conclusions—This evaluation of immune responses to H1N1/2009 in high risk children
suggests suboptimal responses for SOT and SLE, but not subjects with SCD or asthma. Higher
antigen dose and/or additional dose regimens for immunocompromised children warrant further
investigation.

The emergence of 2009 pandemic influenza A (H1N1/09) prompted the rapid development
of vaccines to protect against this new strain. H1N1/09 disproportionately impacted children
and was associated with higher rates of hospitalization and nearly four times the number of
influenza-associated pediatric deaths [1, 2]. These alarming characteristics, coupled with the
emergence of oseltamivir resistance [3], underscored the urgency to optimize prevention
strategies.

Four monovalent H1N1/2009 vaccines were expeditiously approved by the U.S. Food and
Drug Administration (FDA). Early clinical studies conducted among healthy pediatric
populations indicated response rates following one dose of vaccine ranging from 19%–93%,
with children 6–35 months of age having the weakest response [4–7]. The biology behind
the inconsistent responses observed in different studies is unclear, and none of these early
trials focused on the highest risk pediatric poulations.

Immune responses to seasonal trivalent influenza vaccine (TIV) in immunocompromised
patients have been evaluated in a small number of studies, and results have indicated
attenuated responses. Specifically, poor vaccine immunogenicity in patients with SCD and
SLE has been reported, and impaired CMI responses were observed in a recent study of
pediatric liver transplantation recipients [8–11]. In contrast, prior studies suggest that
children with asthma have antibody responses similar to those of healthy children, even in
the setting of steroid therapy [12–14].

Influenza vaccine studies typically define a serum hemagglutination inhibition (HI) antibody
titer ≥ 1:40 (seroprotection) or a four-fold increase in antibody titers from baseline
(seroconversion) as correlates of vaccine efficacy. However, post-vaccine protection against
influenza virus may occur in the absence of a detectable antibody response [15] and,
conversely, disease has been observed in those with protective titers [16]. Other potential
immunologic correlates of protection include assessment of cell-mediated immune (CMI)
responses with ELISPOT or flow cytometry-based assays that measure γ-interferon
production by peripheral blood mononuclear cells (PBMCs) or specific T cell populations
[17, 18]. However few studies have evaluated CMI responses, and threshold responses
predictive of protection have not been established.

Given the paucity of data among high risk pediatric populations, the primary objective of
this study was to evaluate the humoral and CMI responses to H1N1/2009 in children with
moderate/severe persistent asthma, SCD, SLE, and SOT. We also included a cohort of
young pediatric patients. For patients who received both H1N1/2009 and TIV, a secondary
objective was to study immune responses to TIV. Determining responses in these cohorts
will inform vaccination recommendations for future influenza seasons and will provide
insight into how best to protect the most vulnerable children.

METHODS
High risk or healthy pediatric subjects between the ages of six months and 22 years who
were scheduled to receive H1N1/2009 vaccine as part of their routine medical care at the
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Children’s Hospital at Montefiore were recruited from their respective clinics between
November 2009 and March 2010, prior to administration of the first dose of vaccine. The
high risk cohorts included subjects with moderate/severe persistent asthma, SCD, SLE and
SOT. Recipients of SOT were recruited primarily from the pediatric renal transplantation
clinic. Exclusion criteria included medical conditions contraindicating receipt of inactivated
influenza vaccine or anemia that precluded study blood sample collection. The protocol was
approved by the Albert Einstein College of Medicine Committee for Clinical Investigation
(Institutional Review Board), and written informed consent was obtained from parents and/
or subjects. Subjects < 18 years of age provided assent, when appropriate. Blood samples for
serum and PBMC isolation were obtained at enrollment and at 4–16 weeks following
vaccination. Subjects’ medical insurance determined whether they received vaccine
produced by Sanofi Pasteur or Novartis. Vaccination doses were chosen in accordance with
recommendations of the Advisory Committee on Immunization Practices (7.5 ug of
hemagglutinin antigen for < 36 months and 15 μg of hemagglutinin antigen for ≥ 36
months). Date(s) of prior TIV vaccination were recorded, and children who had not yet
received TIV for the 2009/2010 season received both H1N1/2009 and TIV at the enrollment
visit.

PBMCs were isolated from whole blood by Ficoll gradient centrifugation according to
standard procedures, resuspended in RPMI containing 10% fetal bovine serum, divided into
aliquots of 5×106 cells, and stored in liquid nitrogen until the time of analysis.

Hemagglutination inhibition (HI) and ELISPOT assays
Humoral immune responses to H1N1/2009 and TIV were evaluated by performing HI
assays for A/California/04/2009-H1N1 (H1N1/2009) and A/Brisbane/59/2007-H1N1
(2009/2010 TIV) strain components of the vaccines by microtiter technique [19].
Recombinant viruses bearing the six internal genes from A/Puerto Rico/8/1934 (PB2, PB1,
PA, NP, M, NS) and the HA and NA genes from A/California/04/2009 (PR8:Cal/09) or
from A/Brisbane/59/2007 (PR8:BB/07) were used for these experiments. Serum samples
were incubated overnight with receptor-destroying enzyme (RDE) from Vibrio cholerae
(Sigma-Aldrich, St. Louis, MO) at 37° C and then diluted 1:10 with phosphate-buffered
saline (PBS). HI assays for both H1N1/2009 and TIV were performed for all subjects using
a standard protocol with washed turkey red blood cells [20]. Seroprotective antibody
response was defined as an HI titer ≥ 1:40, and seroconversion was defined as a 4-fold rise
in antibody titers from baseline to follow-up.

Cell mediated immune response was measured by IFNγ ELISPOT assay, according to the
manufacturer’s protocol (ELISPOTPRO for Human Interferon-γ, Mabtech AB, Sweden).
Briefly, 1×105 PBMCs were stimulated with with PR8:Cal/09 or PR8:BB/07 at a
multiplicity of infection (MOI) of 3, CD3 monoclonal antibody (positive control reflective
of generalized T lymphocyte response), or media (negative control). ELISPOT results were
expressed as the number of spot forming units (SFU) per 105 PBMC.

Study outcomes and statistical analysis
Fisher exact test was used for categorical data. Continuous variables within groups were
compared from baseline to follow up by paired t test or the nonparametric equivalent, where
appropriate. One-way ANOVA or the nonparametric equivalent was used to compare
continuous variables between groups. Spearman’s correlation coefficients were calculated to
address possible associations between continuous variables. All tests for statistical
significance were two-sided, and p < 0.05 was considered statistically significant. Data
analyses were performed with GraphPad Prism Software version 5.0.
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Results
112 subjects were enrolled, and 106 subjects completed the study. Subject characteristics,
including maintenance immunosuppressive medications (Table). Although time to follow up
after administration of H1N1 vaccine ranged from 30 to 112 days, mean days to follow up ±
standard deviation (SD) was 46 ± 15, and there was no significant difference in time to
follow up between groups (p=0.06). Overall mean age ± standard deviation (SD) was 11.9
years ± 6.3. Healthy subjects were significantly younger than subjects with SCD, SLE, and
SOT (p=0.04, < 0.0001, and 0.0037, respectively) but not subjects with asthma (Table). All
SOT subjects were renal transplant recipients, with the exception of a single liver transplant
recipient. SOT recipients were a median of 36 months from transplant (range 1–136). All
SOT subjects who were fewer than 12 months post transplantation had received induction
therapy with antithymocyte globulin. All subjects with asthma received inhaled steroids, and
10 received short course oral prednisone (1–2 mg/kg/day for a maximum of 5 days) during
the study. Three subjects with SLE received methotrexate, two received solumedrol for 2–3
days during the course of the study, and one received cyclophosphamide. Two SOT
recipients (renal) were treated for rejection in the six months prior to enrollment; one
received solumedrol for two days with IVIG and plasmaphersis, and one received
plasmapheresis and IVIG. Fourteen of the 20 subjects with SCD received hydroxyurea.

Antibody responses to monovalent H1N1/2009 and TIV vaccines by HI titer
At enrollment, 5–14% of subjects in each group had seroprotective antibody titers to
H1N1/2009, with no significant difference between groups (p=0.16) (Figure 1, A). Children
with asthma and those with SCD exhibited the most vigorous responses to H1N1/2009
vaccination, with 73% and 70% achieving seroprotective titers, respectively. However only
39% and 45% of subjects with SOT and SLE, respectively, achieved HI titers ≥ 1:40.
Healthy children had the least robust response; only 35% mounted seroprotective antibody
responses, and only 30% seroconverted following a single dose of H1N1/2009 (Fig 1B).

In contrast, for the 25 participants who received TIV at the time of enrollment, antibody
responses following a single dose of TIV were more consistent among healthy and
immunocompromised subjects. 73%, 63%, 67% and 60% of healthy children and subjects
with asthma, SCD, and SLE, respectively, had seroprotective HI titers to the H1N1
component of TIV (A/Brisbane/59/2007) following a single dose of vaccine (4–6 weeks
post-immunization) (Figure 1, C). The remaining 67 subjects had received one dose of TIV
within three months prior to enrollment, including all 24 SOT recipients. Within this subset,
approximately 70% of healthy or subjects with asthma who received TIV prior to enrollment
had seroprotective HI titers at study conclusion (after one dose of vaccine) (mean ± SD 109
± 59 days post vaccination) (Figure 1, D), whereas subjects with SCD, SLE, and SOT had
less sustained rates of seroprotection, with only 50%, 39%, and 20%, respectively, having
seroprotective HI titers at the end of the study. This may reflect both a diminished response
to vaccine and a more rapid decline in antibody titers. Overall SOT recipients were the least
likely to achieve and maintain seroprotective titers for TIV relative to healthy subjects
(p=0.003).

The observation that healthy participants had the least robust response to H1N1/2009
suggested the possibility that young age and prior influenza vaccination may impact the
ability to respond to this vaccine. To assess this hypothesis, humoral immune responses for
all subjects were stratified by the following age cohorts: < 36 months, 37–72 months, and >
72 months (Figure 2). The proportion of subjects that responded to H1N1/2009 and TIV
increased significantly with rising age (Chi square test for trend; p=0.04 H1N1/2009,
p=0.005 TIV). However, only five of the ten healthy subjects > 72 months achieved
seroprotective titers to H1N1/2009 compared with 12 of 15 subjects with asthma > 72
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months of age, suggesting that age does not fully account for the lower response rate to
H1N1/2009 in the healthy cohort.

The potential for prior seasonal influenza vaccine exposure to boost the response to
H1N1/2009 or TIV was examined by comparing seroprotection among subjects with
documented receipt of the seasonal influenza vaccination during the 2007–2008 and/or
2008–2009 seasons (n=57) to response rates among the remainder without prior seasonal
influenza immunization. The proportions of subjects with seroprotective titers for
H1N1/2009 were similar between those with or without documented prior influenza
vaccination (p=0.6, 0.6, 1.0, 0.15, 1.0 for healthy children and those with asthma, SCD,
SLE, and SOT, respectively). However, there was a nonsignificant trend towards higher
rates of seroprotection to TIV in healthy subjects who had received at least one prior
seasonal influenza vaccination compared with healthy subjects who were influenza vaccine
naïve (p=0.07). No such trend was seen in the other cohorts (p=0.6, 1, 1, 0.3 for children
with asthma, SCD, SLE, and SOT, respectively).

Cell-mediated immune responses as measured by IFNγ ELISPOT assay
Vaccine-induced CMI responses may also play a direct role in protection and promote B cell
antibody production. Therefore, we evaluated the IFNγ ELISPOT response to H1N1/2009
and TIV at enrollment and at 4–6 weeks post-H1N1/2009 vaccination. Baseline H1N1/2009
ELISPOT responses (SFU/105 PBMC) were highest in subjects with SCD and lowest in
healthy and subjects with SLE (p<0.05 for SCD vs. healthy and SCD vs. SLE) (Figure 3, A).
Following vaccination, subjects with SCD continued to have the highest ELISPOT
responses, and subjects with SLE had the least robust responses (78.8 SFU/105 PBMC vs.
9.6, p<0.05). In contrast, responses to CD3 monoclonal antibody were vigorous and similar
among all groups (Figure 3, A).

ELISPOT responses to TIV were similar to those observed for H1N1/2009. For the 25
subjects who received TIV at enrollment (10 healthy, 7 asthma, 3 SCD, 5 SLE), there was
no significant difference in ELISPOT responses between groups at enrollment or follow up.
(Figure 3, B). The remaining majority of subjects (8 healthy, 14 asthma, 13 SCD, 13 SLE,
19 SOT) had received TIV prior to enrollment (Figure 3, C). No significant change in
ELISPOT responses was observed for any group from enrollment to follow up, and subjects
with SLE had the lowest responses at both time points.

Correlation of immune responses with clinical parameters
For the entire study cohort, H1N1/2009 antibody titers correlated modestly and inversely
with time from vaccination (r=−0.22, p=0.02) and positively with baseline titers (r=0.25,
p=0.01). Following vaccination, ELISPOT responses for H1N1/2009 strongly correlated
positively and significantly with TIV ELISPOT responses (r=0.88, p< 0.001). However,
baseline ELISPOT responses for H1N1/2009 were not predictive of responses following
vaccination (r=0.15, p=0.13), and post vaccination HI titers for H1N1 did not correlate with
ELISPOT results (r=0.17, p=0.08).

For subjects with SCD receiving hydroxyurea therapy, a direct correlation was observed
between hydroxyurea dose (mg/kg/day) and HI antibody response (r=0.7, p=0.006) but not
between hydroxyurea dose and ELISPOT response. Otherwise type and dose of
immunosuppressive drug, time from transplantation, and need for red blood cell or exchange
transfusion did not significantly impact immune responses. Subjects with asthma ability to
achieve seroprotection or seroconversion was not impacted by use of oral steroids compared
with inhaled steroids alone, nor by use of short-course (10 subjects) versus continuous (3
subjects) oral steroid therapy.
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Prior to study enrollment, eight subjects (1 healthy, 2 subjects with asthma, 1 with SCD, and
4 recipients of SOT) had a history of documented influenza A infection within the past nine
months (mean ± SD 5.3 ± 2.2 months). Only two of these eight (1 healthy, 1 SOT) had
baseline seroprotective titers for H1N/2009 despite a history of natural disease, and only five
achieved seroprotective titers following vaccination.

DISCUSSION
Our study evaluated humoral and CMI response to the H1N1/2009 monovalent vaccine in
high risk pediatric patients and indicates that patients with SLE or SOT mount suboptimal
responses, whereas children with moderate to severe asthma or SCD have a vigorous
response to immunization. We also found, perhaps unexpectedly, that only 35% of healthy
subjects achieved a seroprotective response following a single dose of vaccine. This is a
significantly lower response rate than that reported in an early pediatric study of H1N1
vaccine immunogenicity, in which 74.5% and 97.1% of 3–11 and 12–17 year old healthy
children, respectively, had seroprotective titers 21 days after a single dose of vaccine [21].
However, earlier experiences are consistent with the results of our study; only 34% of
healthy children ages 3–5 years had seroprotective antibody responses following a single
dose of the killed swine influenza vaccine developed following the 1976 outbreak [22]. Our
cohort’s ELISPOT responses to TIV were low compared with those observed in healthy
children in our previous study [10] (approximately 30 SFU/105 PBMC after a single dose of
TIV), although the mean age for healthy children in this prior study was 9.2 years. A
combination of young age and limited prior exposure to influenza A/H1N1 may contribute
to the reduced vaccine immunogenicity we observed in our healthy subjects.

This study only assessed vaccine responses after a single dose of vaccine. Prior studies of
TIV immunogenicity suggest that a second dose may result in significantly higher HI titers,
especially when children have limited prior exposure to the vaccine strains [23]. We found
that receipt of TIV within the past two influenza seasons led to higher rates of seroprotection
in healthy children and those with asthma, but not in subjects with SCD, SLE, or SOT.
These findings suggest that the boosting effect of prior seasonal vaccines may be attenuated
in immuncompromised hosts. In our prior study of humoral and CMI response to TIV in 30
pediatric liver transplantation recipients who were at least one year post transplantation, we
also failed to identify an increase in HI titer or ELISPOT response following a second dose
of vaccine [10]. Moreover in the current study, even documented prior infection with
influenza A/H1N1 did not guarantee a vigorous immune response in the small subset of
participants who had symptomatic H1N1 infection in spring 2009; only four of the high-risk
subjects with a history of H1N1 infection (57%) achieved seroprotective titers following
vaccination.

If larger studies confirm that two doses yield inadequate protection in high risk children,
alternative vaccination strategies, including adjuvants or the recently FDA-approved
Fluzone® High-Dose TIV, should be evaluated. The Fluzone® High-Dose TIV formulation
contains 60 mcg of HA antigen for each of the three viral strains included in the vaccine, is
more immunogenic compared with standard formulation in individuals > 65 years, and could
prove more immunogenic in high risk pediatric populations [24–26]. Studies are needed to
evaluate the safety and immunogenicity of this vaccine formulation in children.

Children with SCD are at high risk for influenza-related complications, but there is little
published literature investigating the immunogenicity of influenza vaccine in this
population. We found that children with SCD mounted vigorous immune responses. Our
results were comparable with those described in the single small prior study, which found
that 54–84% of children with SCD mounted a seroprotective response following two doses
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of TIV vaccine [8]. Importantly, although prior work suggests that hydroxyurea may inhibit
T cell proliferation, SCD subjects had the highest ELISPOT responses [27]. Interestingly,
we identified a positive and significant correlation between hydroxyurea dose and HI titers,
although the mechanisms that might contribute to this correlation are unclear.

Our results also suggest no impairment of humoral or CMI responses in children with
asthma who received oral and inhaled steroids compared with those maintained on inhaled
steroids alone, which is consistent with prior studies evaluating vaccine immunogenicity in
patients with asthma receiving oral prednisone as short term (at the time of or shortly before
vaccination) or chronic therapy [12, 28]. The vigorous immune responses observed in
children with asthma could also reflect more frequent exposure to wild type influenza in this
cohort. Collectively these data indicate that patients with asthma respond robustly to the
influenza vaccine, regardless of oral steroid use, and that vaccination does not need to be
delayed in the context of steroid therapy.

We observed the most diminished humoral and CMI responses in subjects with SLE, even
relative to recipients of SOT. Poor CMI responses to influenza specific antigens were
independent of responses to CD3 monoclonal antibody, which were vigorous in all groups.
Diminished humoral and cell mediated responses to TIV have been documented in adult
patients with SLE [11], although a recent study investigating immunogenicity of inactivated
2009/H1N1 vaccine in adult patients with SLE suggested similar seroprotection rates to
those observed in healthy control subjects [29]. The poor vaccine immunogenicity observed
in our subjects with SLE suggests that these patients may experience a higher “net state” of
immunosuppression and a greater inability to respond to vaccine-specific antigens relative to
subjects with SOT who are years past transplantation. Thus, patients with SLE, who often
receive years of intensive immunosuppression, may be a population at greatest need for
novel vaccine strategies.

In contrast, we observed relatively preserved vaccine immunogenicity in subjects with SOT,
compared with healthy children and those with asthma. Our prior study of pediatric liver
transplantation recipients found markedly decreased ELISPOT responses to TIV relative to
healthy siblings [10], The SOT cohort described in the current study, however, was
primarily limited to pediatric renal transplant recipients who were relatively older (13.5 ±
5.9 years) and were, on average, 36 months post transplantation, whereas in our prior study
among liver transplant patients the mean age was 8.5 years. Thus our results for this
subgroup may not extrapolate to other types of SOT or to the most vulnerable transplant
populations that are younger and closer to the time of transplantation.

We noted a strong correlation between ELISPOT responses for H1N1/2009 and the H1N1
component of the seasonal TIV, both at baseline and follow-up. Our use of whole vaccine
virus for PBMC stimulation, as opposed to a single antigen, may have reduced our ability to
identify strain-specific T cell responses, as six of the eight proteins that comprise the
H1N1/2009 and H1N1/TIV vaccine viruses are identical. However use of whole virus may
more accurately replicate the cell-mediated response to in vivo infection than would single
antigen stimulation. Consistent with our prior study of TIV immunogenicity in recipients of
SOT and their healthy siblings [10], we found no significant correlation between HI and
CMI responses. Boosting of HI titers without a concomitant increase in CMI responses may
reflect a plateau-effect for CD4+ T-cell responses following repeated influenza infection and
vaccination [30].

Our results may be limited by the small number of subjects in each subgroup and the lack of
age-matched healthy control subjects. Enrollment of older healthy children was limited by
preferential use of live attenuated influenza vaccine in this population within the
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community. In addition, we focused only on the response to a single dose of vaccine, which
may reflect vaccine coverage achieved in many communities. However, the consistently low
humoral and CMI responses in the highest risk groups highlight the need for novel
vaccination strategies for the most vulnerable pediatric patients. We speculate that a higher
dose inactivated vaccine, live attenuated influenza vaccines, or the addition of
immunostimulatory adjuvants may prove more effective, although the safety of these
alternative strategies requires extensive study. Larger and more detailed studies are also
needed to define a truly protective CMI response to influenza vaccine in healthy and
immunocompromised populations. Determining the parameters that predict an effective and
safe response to influenza vaccine could lead to more effective strategies for protecting
immunocompromised hosts against new influenza pandemic strains and could provide
insights into optimal approaches to develop vaccines for emerging pathogens.
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Figure 1.
A) Percentage of subjects with seroprotective titers (≥1:40) to H1N1/2009 at enrollment and
follow-up; asterisk indicates a significant increase from enrollment to follow up in the
percentage of subjects with seroprotective titers. B) Percentage of subjects in each cohort
who seroconverted, as evidenced by a 4-fold rise in HI antibody titers to H1N1/2009 at
follow-up. C) Percentage of subjects (n=25) who received TIV at enrollment and had
seroprotective titers to TIV at enrollment and follow-up. D) Percentage of subjects (n=67)
who had received TIV within 3 months prior to enrollment and had seroprotective titers to
TIV at enrollment and follow-up. Asterisk indicates significantly lower responses for
recipients of SOT relative to healthy subjects.
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Figure 2.
A) The percentage of healthy subjects, those with asthma, subjects with SCD, those with
SLE, and recipients of SOT in each age cohort. B) The percentage with seroprotective HI
titers stratified by age. Asterisk denotes significant decrease in seroprotection for
H1N1/2009 (*) and TIV (**) as age decreases (Chi square test for trend).
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Figure 3. ELISPOT responses To H1N1/2009, TIV and CD3 expressed as SFU/105 PBMC
A) ELISPOT responses to H1N1/2009 and CD3 monoclonal antibody. CD3 responses were
similar from enrollment to follow up, thus only responses at enrollment are indicated.
Asterisk indicates significantly lower baseline responses for SLE and healthy relative to
SCD (*) and significantly lower follow up responses for SLE relative to SCD (**). B)
ELISPOT responses to TIV at enrollment and follow up for the 25 subjects who received
TIV at enrollment. C) ELISPOT responses to TIV at enrollment and follow up for the 67
subjects who received TIV before study enrollment. Asterisk denotes significantly lower
responses at enrollment for SLE subjects relative to all groups except healthy children (*)
and at follow up relative to SCD subjects (**).
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