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Background. Influenza A(H5N1) virus and other avian influenza virus strains represent major pandemic threats. Like all influ-
enza A virus strains, A(H5N1) viruses evolve rapidly. Innovative immunization strategies are needed to induce cross-protective im-
munity.

Methods. Subjects primed with clade 1 H5 antigen, with or without adjuvant, and H5-naive individuals were boosted with clade
2 H5 antigen. The impact of priming on T cells capable of both proliferation and cytokine production after antigen restimulation was
assessed.

Results. Subjects previously vaccinated with clade 1 H5 antigen developed significantly enhanced clade 2 H5 cross-reactive T cell
responses detectable 6 months after vaccination with clade 2 H5 antigen. Priming dose (15 µg vs 45 or 90 µg) had no effect on mag-
nitude of heterotypic H5 T cell responses. In contrast, age at priming negatively modulated both the magnitude and duration of
heterotypic H5 T cell responses. Elderly subjects developed significantly less heterotypic H5 T cell boosting, predominantly for T
cells capable of cytokine production. Adjuvant had a positive albeit weaker effect than age. The magnitude of CD4+ interferon–γ
producing T cells correlated with H5 antibody responses.

Conclusions. H5 heterotypic priming prior to onset of an A(H5N1) pandemic may increase magnitude and duration of immu-
nity against a newly drifted pandemic H5 virus.
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Influenza remains a major world public health problem [1].
Vaccines are the most effective preventive strategies, but new
vaccines are required each year because of antigenic drift. Anti-
genic shifts due to reassortment of viral genomes between
human and animal influenza viruses pose major pandemic
threats to global health. Therefore, there is interest in develop-
ing vaccines that induce broadly cross-reactive immunity.

Rarely, some individuals develop broadly cross-neutralizing
antibodies after natural influenza virus infection [2–5]. Howev-
er, many broadly cross-protective antibodies detected to date
show evidence of extensive somatic hypermutation, predict-
ing the need for 50–100 repeated antigenic stimulations for

generation. It is unclear whether such antibodies could be in-
duced by conventional vaccination strategies.

T cells can recognize epitopes widely expressed among influ-
enza A viruses. In murine models, T cells provide at least partial
protection against widely diverse influenza A virus strains [6–
11]. Epidemiological data implicate T cells in protection against
pandemic influenza [12–16]. CD4+ T cells release interferon γ

(IFN-γ) involved in protective immunity against intracellular
pathogens, enhance production of neutralizing antibodies by
B cells, and facilitate development of protective CD8+ T cells.
CD8+ T cells can directly recognize and destroy virus-infected
cells, limiting infection. Therefore, optimal influenza vaccines
should target induction of broadly cross-reactive T cells.

The focus of this study was to determine whether priming
with an avian hemagglutinin (HA) vaccine derived from an ear-
lier avian influenza H5 strain could enhance T cell responses re-
active with heterologous avian influenza H5 strains encountered
>1 year later. To explore this possibility, healthy subjects were
primed with a clade 1 H5 vaccine and boosted with a clade 2
H5 vaccine. In a separate article, we demonstrated that
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heterotypic priming enhanced hemagglutination inhibition
(HAI) antibody responses after boosting with a newly drifted,
potentially pandemic strain [17]. In this report, we demonstrate
that (1) both heterotypic cross-reactive CD4+ and CD8+ T cell
responses were stimulated, (2) the prime-boost regimen led to
increased duration of H5-specific T cell responses, (3) the
dose of clade 1 H5 priming was not important for heterotypic
T cell boosting, (4) age of ≥65 years was associated with a re-
duced magnitude and duration of heterotypic T cell boosting,
(5) inclusion of alum adjuvant during clade 1 H5 priming en-
hanced heterotypic IFN-γ–producing CD8+ T cell boosting, and
(6) T cell boosting correlated with heterotypic cross-
reactive antibody responses.

MATERIALS AND METHODS

Vaccinations and Human Samples
Figure 1 presents a Consolidated Standards of Reporting Trials
diagram illustrating the Division of Microbiology and Infectious
Diseases (DMID) 07/0022/08-0030 trial design (previously de-
scribed by Winokur et al [17]). Subjects included healthy adults
who had participated in 1 of 9 studies of clade 1 H5 priming
(DMID-04-063, DMID-05-0090, DMID-04-076, DMID- 05-
0015, DMID-05-0127, DMID-05-0141, DMID-06-0089,
DMID-04-062 and DMID-06-0052) [18–25]. Subjects in prim-
ing studies received 2–3 intramuscular injections 1–6 months
apart, containing purified H5 in doses from 3.75 to 90 µg pre-
pared by either Sanofi (subvirion) or Novartis (purified surface
antigen) from a clade 1 A(H5N1) virus (A/H5N1/Vietnam/
1203/2004), with or without Alhydrogel adjuvant. A subset of
volunteers was given placebo in a double-blinded randomized
fashion. Subjects who completed the clade 1 trials were recruit-
ed, and 517 subjects who had given informed consent were en-
rolled into the DMID-07-0022 heterotypic H5 booster trial.
(364 received Sanofi clade 1 H5 priming, 120 received Novartis
clade 1 H5 priming, and 33 received placebo). Subjects in vac-
cine arms of the priming studies were randomized to receive a
single vaccination with 15 or 90 µg of H5 derived from the clade
2 A/H5N1/Indonesia/05/05 virus. Placebo recipients from the
clade 1 H5 trials received 2 doses of 15 or 90 µg of clade 2
H5, 1 month apart.

Peripheral blood mononuclear cells (PBMCs) from volun-
teers enrolled in the clade 2 study were harvested for a cell-
mediated immunity substudy (DMID 08-0030), on days 0
(immediately before the first clade 2 vaccination), 28 (1
month after the first clade 2 vaccination, immediately before
the second clade 2 vaccination, if given), and 180 (6 months
after the last clade 2 vaccination). For the studies reported
here, we used a convenience sample of 176 of the 517 subjects,
for whom we had matched sets of frozen PBMCs collected on
days 0, 28, and 180 to represent different groups based on age,
dose of clade 1 priming, inclusion or not of alum adjuvant with
the clade 1 priming, and dose of clade 2 boosting. The median

time since the last dose of vaccine in the initial clade 1 H5 prim-
ing study was 2.72 years (range, 2.25–3.37 years). Supplementary
Table 1 presents details of sample sizes for all groups.

T cell Assays of Proliferation and IFN-γ Production
Antigen-specific proliferation and production of IFN-γ by
T cells were measured using a CFSE dilution, intracellular
cytokine staining (ICS) assay as previously described [26].
CFSE-stained PBMCs were stimulated with purified full-length
glycosylated recombinant H5 HA proteins from influenza virus
A/Indonesia/05/05 (clade 2 H5) and A/Vietnam/1203/04 (clade
1 H5) that were produced in Sf9 insect cells, using a baculovirus
expression vector system (2 µg/mL), FluMist (2010-2011 for-
mulation; 20 µL/mL), a pool containing a combination of 35
class I peptides and 16 class II peptides (peptide pools I and
II, respectively) details previously described [26] shown to be
highly conserved among influenza A strains (5 µg/mL/each
peptide), or rested in medium only for 1 week at 37°C with
5% CO2. Interleukin 2 (20 U/mL) was added on the fourth
day of incubation. After 1 week of in vitro expansion, T cell sub-
sets that had undergone antigen-specific proliferation and pro-
duced IFN-γ were assessed by flow cytometry.

After exclusion of dead cells, absolute numbers of CD4+ and
CD8+ T cells that were CFSE-low and IFN-γ positive were
determined by multiplying viable cell counts after expansion
by T cell subset percentages. Figure 2 shows representative
dot plot data for CD4+ and CD8+ T cells stimulated with
clade 2 H5.

Statistical Analyses
Antigen-specific normalized expansion indices (EIs) were
determined by dividing the absolute number of stimulated
T cells by the absolute number of rested (unstimulated) T
cells. Before normalization, cell counts of 0 were imputed
with a value of 0.5. A 2-sided t test was used to compare geo-
metric mean log-normally distributed EIs (GMEIs) between
naive and primed subjects at baseline. Analysis of covariance
(ANCOVA) type III fixed-effects models were used to compare
log-transformed EIs (log EIs) between naive and primed sub-
jects on days 28 and 180, with adjustment for baseline log EI.
To evaluate effects within the primed group, ANCOVA models
with fixed effects for age (19–64 years vs ≥65 years), clade 1
priming dose (15 µg vs 45 or 90 µg), clade 1 priming adjuvant
(with alum vs without alum), and interaction terms between all
3 main effects were separately fitted for days 28 and 180, with
adjustment for baseline log EI and time in years since the last
clade 1 priming vaccination. Models were re-run without the
significant interaction terms. Adjusted GMEIs and correspond-
ing 95% confidence intervals (CIs) were used for visualizing ef-
fects. The Somers Dxy nonparametric rank correlation measure
(mRMRe R package) was used to evaluate associations between
T cell expansion index and left-censored antibody response
(limit of detection, a titer of 10). For all tests, an individual α
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level of 5% was used. ANCOVAs adjusting for baseline levels
showed that the clade 2 vaccination dose (15 µg vs 90 µg) had
no significant effect on T cell responses (Supplementary
Figure 1). Thus, low and high clade 2 dose groups were com-
bined for all presented analyses. (Supplementary Data).

RESULTS

Effects of Clade 1 H5 Priming on Clade 2 H5 Boosting of H5-Specific
T Cell Responses
We first evaluated cross-reactive heterotypic clade 2 H5-specific
T cell responses induced by clade 1 H5 priming by comparing
all adult volunteers (aged 19–64 years) given any dose of clade 1
H5 priming to those given placebo prior to clade 2 H5 vaccina-
tion. We focused on this age group because of the small number

of older subjects (n = 3) who were not primed, coupled with the
fact that we found age differences in the primed group. Descrip-
tive statistics of absolute numbers of clade 2–stimulated and
rested (unstimulated) T cells by cell type, priming group, and
time point are summarized in Supplementary Table 2. GMEIs
are provided in Supplementary Table 3. Prior to clade 2 vacci-
nation (day 0), clade 1 H5–primed individuals had 1.7–1.8-fold
higher CD4+ and 1.3–1.5 fold higher CD8+ GMEI T cell re-
sponses as compared to unprimed individuals, although these
differences did not achieve statistical significance. These results
indicate that heterotypic H5-specific T cell responses remained
increased for 2–3 years after clade 1 H5 priming. To control for
T cell responses detectable prior to vaccination with clade 2 H5,
we compared day 28 and 180 responses following clade 2

Figure 1. Consolidated Standards of Reporting Trials diagram of study design and experimental tests performed. Subjects who previously participated in one of the 9 listed
Division of Microbiology and Infectious Diseases–sponsored clade 1 H5 priming studies were recruited to participate in a clade 2 H5 booster study. Peripheral blood mono-
nuclear cells (PBMCs) were obtained on days 0 (immediately before the first clade 2 vaccination), 28 (1 month after the first clade 2 vaccination), and 180 (6 months after the last
clade 2 vaccination). Interferon γ (IFN-γ)–secreting CD4+ and CD8+ T cell responses were evaluated after in vitro stimulation with purified clade 1 H5, clade 2 H5, FluMist (the
2010-2011 seasonal live intranasal influenza vaccine), or a pool of 51 highly conserved influenza virus peptides predicted to be CD4+ and CD8+ T cell epitopes. aSubjects in the
MF59 clade 1 groups were not included in the CMI subset studied. bOne clade 2 vaccination (day 0). cTwo clade 2 vaccinations (day 0 and day 28). Abbreviations: Ag, antigen;
CMI, cell-mediated immunity; ICS, intracellular cytokine staining.
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boosting, after adjustment for baseline values, using ANCOVA
models. Adjusted GMEIs and 95% CIs for both CD4+ and
CD8+ T cells are shown in Figure 3. For CD4+ T cells, at day
28 after clade 2 H5 vaccination, clade 1–unprimed GMEI re-
sponses were higher than in the primed group, but the differ-
ence was not statistically significant. Most impressively, at day
180 after clade 2 H5 vaccination, the GMEI for both CD4+

(the IFN-γ–producing subset) and CD8+ (the total proliferating
and IFN-γ–producing subsets) T cell responses were signifi-
cantly higher (by 2.5-, 2.3-, and 3.5-fold, respectively; P < .05,
by ANCOVA) in volunteers who had received clade 1 H5 prim-
ing 2–3 years earlier (Table 1).

Factors That Modulate the Effect of Clade 1 H5 Priming on Clade 2
H5 Boosting
Next, we assessed the impact of age at baseline (19–64 years vs
≥65 years), adjuvant given with clade 1 priming vaccine (alum
vs none), and clade 1 priming vaccine dose level (15 µg vs
45 or 90 µg) on modulating heterotypic T cell priming effects.
ANCOVA results for the primed group, adjusted for baseline
T cell responses and time since last clade 1 priming vaccination,
showed no statistically significant interactions between age, ad-
juvant, and clade 1 priming dose effects for day 28 or day 180
following clade 2 vaccination. After refitting the models without
interaction terms, age had a significant effect on heterotypic
T cell responses 180 days after clade 2 boosting, with signifi-
cantly lower CD4+ and CD8+ T cell responses (P < .05, by
ANCOVA) in the older age group (Figure 4 and Supplementary

Table 4). The effect was more pronounced for CD4+ and CD8+

T cells that proliferated and produced IFN-γ (P < .01, by AN-
COVA), with 2.7- and 2.9-fold lower adjusted GMEIs, respec-
tively, for the older age group.

In contrast to age, the use of alum adjuvant had a positive im-
pact on T cell responses. In all cases, adjusted GMEIs of T cell
responses were higher in subjects primed with alum adjuvant
than in those who did not receive an adjuvant (Supplementary
Figure 2). On day 180 after heterotypic clade 2 H5 boosting,
the inclusion of alum adjuvant during clade 1 H5 priming
had a statistically significant enhancing effect (P = .033, by
ANCOVA) on CD8+ T cells that proliferated and produced
IFN-γ with a 2-fold higher GMEI (Supplementary Table 4).
The difference in adjusted GMEIs for IFN-γ–producing CD4+

T cells also was marginally statistically significant (P = .0503, by
ANCOVA), with 1.9-fold higher levels in the adjuvanted group.

We next explored whether the priming dose of clade 1 H5 was
important for maximal heterotypic T cells against clade 2 H5. Ad-
justed GMEIs of T cell responses were similar for the clade 1 low
and high dose priming for both CD4+ and CD8+ T cell responses
(Supplementary Figure 3). This finding was consistent with the
corresponding ANCOVA results showing no significant effects
of clade 1 dose on heterotypic boosting (Supplementary Table 4).

Effects of Clade 1/Clade 2 H5 Prime/Boosting on Universally Relevant
Influenza Virus–Specific T Cells
We next investigated CD4+ and CD8+ T cell responses in the
clade 1 H5–primed and naive groups (aged 19–64 years)

Figure 2. Representative fluorescence-activated cell-sorting dot-plot data from CFSE-dilution, intracellular cytokine staining, cell-mediated immunity assay. CD4+ and CD8+ T
cells are shown following 7 day in vitro incubation in medium alone (left column) or stimulation with purified clade 2 H5 (right column). Prevaccination results are shown in the
top row, and postvaccination results are shown in the bottom row. The dots and percentages shown in the upper left quadrant of each image (outlined in red) represent CD4+ or
CD8+ T cells that have proliferated (as indicated by CFSE dilution) and have produced interferon γ (IFN-γ).
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directed against highly conserved epitopes present in almost all
influenza A virus strains. Before clade 2 boosting, peptide pool I
and II responses in IFN-γ–producing CD4+ T cells were signifi-
cantly higher (P = .034, by the t test) for the clade 1 primed
group as compared to the naive group, with a 2.6-fold higher
GMEI for the primed group. The increase in baseline levels
for the other primed T cells ranged from 1.08-fold to 1.6-fold
as compared to the naive group, but these differences were
not statistically significant. ANCOVA results accounting for

baseline T cell responses did not show any significant differenc-
es between primed and naive groups on days 28 or 180 after
clade 2 boosting (Supplementary Figure 4).

Correlations Between Heterotypic Antibody and T cell Responses
Antibody responses induced by this clade 1/clade 2 H5 prime/
boost trial are reported separately [17]. Overall, clade 1 priming
was shown to enhance both HAI and microneutralization (MN)
responses specific for the clade 2 H5–expressing viruses. We

Figure 3. Clade 1 H5 priming resulted in significantly increased cross-reactive heterotypic CD4+ and CD8+ T cell responses to in vitro clade 2 H5 stimulation 6 months after
clade 2 H5 boosting. Comparisons of CD4+ and CD8+ T cell analysis of covariance (ANCOVA)–adjusted geometric mean expansion indices (GMEI) between subjects 19–64 years
of age who were or were not primed with clade 1 H5 to in vitro stimulation with purified clade 2 H5 are shown. GMEIs for all T cells that proliferated in response to in vitro clade
2 H5 stimulation are shown at the top and those that proliferated and produced interferon γ (IFN-γ) at the bottom for days 28 and 180 after clade 2 H5 vaccination. GMEIs for
each postvaccination day and group were adjusted for baseline T cell responses, using ANCOVA. *P < .05 and **P < .01, by ANCOVA, for differences between groups that did and
those that did not receive clade 1 H5 priming. Abbreviation: CI, confidence interval.
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investigated whether T cell responses reported for primed sub-
jects (aged 19–64 years) were correlated with the magnitude of
the antibody responses. Statistically significant correlations be-
tween T cell and antibody responses were observed on day 180
(Figure 5). IFN-γ–secreting CD4+ T cell responses were weakly
(dxy, 0.34–0.38) but significantly (P < .05) positively correlated
with findings of MN assays done using clade 1 H5–expressing
viruses. Antibodies against clade 2 H5–expressing viruses also
showed a trend for positive correlation with CD4+ IFN-γ re-
sponses (dxy, 0.4–0.42) but did not reach statistical significance
(P = .055–.108; Figure 5). Interestingly, only the CD4+ IFN-γ
T cells induced by in vitro stimulation with seasonal live atten-
uated influenza vaccine (FluMist) and the CD4+ IFN-γ T cells
induced by the highly conserved, universally relevant T cell epi-
tope pool (peptide pools I and II) were significantly correlated
with H5-specific MN responses. There were no significant cor-
relations detected between the T cell responses induced in vitro
by purified H5 antigens and either HAI or MN responses at day
28 or 180.

DISCUSSION

Earlier reports demonstrated that priming with clade 1 H5 en-
hanced the HAI andMN antibody responses against both virus-
es [17]. We found that heterotypic H5 prime/boosting also
enhanced cross-reactive CD4+ and CD8+ T cells. Responses in
the primed group were most reproducibly enhanced 6 months
after boosting. The fact that the primed group received a single
dose of clade 2 vaccine, while unprimed subjects received 2
doses, could potentially confound interpretations of the effects
of priming on T cell responses. However, this difference would
result in a bias against seeing effects due to priming and there-
fore strengthens our conclusions that clade 1 priming enhances
T cell responses to clade 2 vaccine.

The priming dose of the clade 1 H5 vaccine was not impor-
tant for clade 2 H5–specific boosting effects on either T cell or
antibody responses. This lack of dose dependency on priming
would allow for potential antigen-sparing effects should this
strategy be used for influenza pandemic preparedness. The en-
hanced cross-reactive CD4+ T cells may have contributed helper

effects for both protective antibody and CD8+ cytotoxic T-lym-
phocyte (CTL) responses, allowing them to develop more rap-
idly after the H5 clade 2 boost, both of which could be key for
more-rapid protection against a newly drifted pandemic strain.
Influenza virus strain–specific antibody responses are well
known to protect against initial viral infection, as well as sec-
ondary viral spread. CD8+ CTL responses could identify infect-
ed cells and prevent further amplification of viral infection,
limiting morbidity and mortality associated with infection.

Immunosenescence has been shown to occur after the age of
65 years [24–27] and has been reported to affect both T and B
cells. Therefore, it is not surprising that ANCOVA analyses
identified significant age effects on boosted H5-specific T cell
responses, particularly for IFN-γ–producing subsets. These re-
sults suggest that H5 prime/boost regimens are likely to be less
effective in elderly populations. We were unable to directly ad-
dress this conclusion because only 3 subjects ≥65 years of age
received placebo instead of clade 1 priming. Even if immunose-
nescence impairs heterotypic T cell prime/boosting, multiple
vaccine priming doses and/or adjuvants may compensate.

The mechanisms of adjuvant function include prolonging
antigen presentation by more-sustained release and activation
of inflammatory pathways sensed as danger by the immune sys-
tem, resulting in increased antigen processing and presentation,
as well as immune-enhancing cytokine production [27, 28].
However, the aluminum hydroxide adjuvant used with clade
1 H5 priming in this trial has been shown to primarily induce
CD4+ T-helper type 2 (Th2) cells producing IL-4, rather than
CD4+ Th1 cells producing IFN-γ [29–31]. Th2 cells help anti-
body responses develop but are usually not associated with direct
protective effects against intracellular pathogens, and therefore it
is somewhat surprising that the alum adjuvant was associated
with significant enhancement of IFN-γ–producing CD8+ T
cells known to protect against intracellular pathogens. It is possi-
ble that this prime/boost strategy focuses on the enhancement of
cross-reactive memory T cells that have already developed an im-
printed Th1/Tc1 differentiation program. At least in murine
models, the induction of CD4+ Th1 cells has been associated
with a stable Th1 memory profile capable of responding years

Table 1. Significant Analysis of Covariance Results to Evaluate Effects of Clade 1 Priming on Clade 2 H5 Boosting of H5-Specific T cell Responses

Cell Type

Time After
Clade 2

H5 Boost, d T P

Clade 1 H5, Any Dose,a

Age 19–64 y Clade 1, Placebo, Age 19–64 y

No. Adjusted GMEIb (95% CI) No. Adjusted GMEIb (95% CI)

IFN-γ producing CD4+ T cells, CFSE low 180 2.18 .0320 75 67.7 (46.1–99.6) 17 26.8 (12.7–56.6)

CD8+ T cells, CFSE low 180 2.60 .0110 75 4.9 (3.6–6.6) 17 2.1 (1.2–3.7)

IFN-γ producing CD8+ T cells, CFSE low 180 3.10 .0027 75 10.4 (7.2–15.1) 17 3 (1.5–6.1)

Abbreviation: IFN-γ, interferon γ.
a Clade 1 H5 priming doses; 15 µg vs 45 µg or 90 µg.
b Data denote geometric mean expansion indices (GMEIs) of H5-specific T cells elicited after stimulation with clade 2 H5 in peripheral blood mononuclear cells collected 180 days after clade 2
H5 vaccination.
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after the initial T cell induction [32]. It is highly likely that other,
more-classical Th1 and CD8+ T cell–inducing adjuvants (eg,
MF59 or ASO3) would be even more effective in future hetero-
typic influenza prime/boosting strategies.

The major antigenic target for prime/boosting of immune re-
sponses in this trial focused on inducing antibody and T cell re-
sponses shared between heterotypic H5 antigens derived from
clade 1 and clade 2 A(H5N1) viruses. However, we thought it
was of interest to also determine whether this strategy could

induce T cells directed against highly conserved influenza
virus epitopes present in internal antigens from virtually all in-
fluenza A viruses. Indeed, 2–3 years after priming with clade 1
H5, IFN-γ–producing CD4+ T cells reactive with a pool of high-
ly conserved T cell epitopes encoded by the influenza virus nu-
cleoprotein and matrix peptides were significantly increased (by
2.6-fold) prior to clade 2 vaccination. After clade 2 vaccination,
no further clade 1 priming effects for CD4+ or CD8+ T cell re-
sponses were observed. Bioinformatic analyses predicted that

Figure 4. Effect of age on CD4+ and CD8+ T cell responses to in vitro clade 2 H5 stimulation following clade 1/clade 2 H5 prime/boosting. Comparisons of analysis of
covariance (ANCOVA)–adjusted CD4+ and CD8+ T cell geometric mean expansion indices (GMEIs) elicited by purified clade 2 H5 in subjects ≥65 years of age versus subjects
19–64 years of age who were primed with clade 1 H5 are shown. GMEIs for T cells that proliferated in response to in vitro clade 2 H5 stimulation are shown at the top and
values for those that proliferated and produced IFN-γ at the bottom for days 28 and 180 after clade 2 H5 vaccination. GMEIs for each postvaccination day and group were
adjusted for baseline T cell responses, time since last clade 1 priming dose, clade 1 adjuvant, and clade 1 dose, using ANCOVA. *P < .05 and **P < .01, by ANCOVA, for
differences between age groups. Abbreviation: CI, confidence interval.
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these peptides could be the targets of T cell immunity in virtu-
ally all human populations, regardless of major histocompatibil-
ity complex allele expression [26]. These results support our
current efforts to develop T cell–based vaccines using these
highly conserved T cell epitopes which have the potential to in-
duce at least partial protection against future influenza pandem-
ics. However, the mechanism responsible for enhancing T cells
against these epitopes is unknown. The H5 vaccines were

prepared with whole inactivated virus and are enriched for
HA antigen. Variable levels of contamination with internal
viral proteins occur. Therefore, either or both of the clade 1
and clade 2 H5 vaccines may have contained the nucleoprotein
and matrix antigens capable of inducing recall responses in
broadly reactive memory T cells. Perhaps the H5 immunologi-
cal naiveté biased for induction of memory T cells reactive with
these minor internal contaminants because they were the major

Figure 5. Correlation between interferon γ (IFN-γ)–producing CD4+ T cell responses and neutralization titers to clade 1 and clade 2 antigens 6 months after clade 2 boost.
Figure 5 shows correlations between IFN-γ–producing CD4+ T cell responses and microneutralization (MN) assay responses for specimens collected 180 days after clade 2 H5
vaccination. The left panels show proliferating CD4+ and IFN-γ–producing T cell responses induced by highly conserved epitopes (peptide pools I and II) in vitro versus MN
responses reactive with H5N1 (clade 1 and 2 in top and bottom panels, respectively). The panels on the right show CD4+ T cell responses (both proliferating and IFN-γ producing)
induced by FluMist in vitro versus MN responses reactive with H5N1 (clade 1 and 2 in top and bottom panels, respectively). Results of Somers Dxy nonparametric rank cor-
relation analysis between T cell responses and left-censored MN responses are shown at the top left of each panel. The dashed lines indicate the limits of detection (LODs) for
the microneutralization assays (ie, a titer of 10). Antibody titers represent geometric means of technical replicates after imputing half the LOD for replicate values below the
LOD. The dashed lines indicate the cutoff for left-censored observations (those for which the geometric mean of technical replicates is less than the LOD). The green lines
represent locally weighted regression fits.
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targets of previously induced influenza virus–specific memory
T cells. Another potential mechanism is bystander enhance-
ment of memory T cells due to T cell activating cytokines pro-
duced by H5-specific T cells. A similar phenomenon, termed
“epitope spreading,” has been reported during autoimmune dis-
ease progression [33–35]. These possible mechanisms are not
mutually exclusive but remain speculative at this point, requir-
ing future investigation.

As shown in Figure 5, we identified significant correlations
between the T cell and antibody responses against clade 1
H5–expressing viruses induced in these trials. Surprisingly,
H5-specific antibody responses were found to correlate with T
cells reactive with conserved epitopes present within internal in-
fluenza virus proteins, as well as whole live attenuated viruses,
but not purified H5. These results may be at least partially due
to mechanisms similar to those proposed above to explain the
enhanced universally relevant T cell responses. These correla-
tions could represent a parallel development of broadly reactive
antibody and T cells, directed against highly conserved HA stem
epitopes (antibody responses) and contaminating internal pro-
teins (T cell responses), respectively. Antibody responses in-
duced by H5 clade 1 and 2 heterotypic prime/boost regimens
should be studied for HA head-specific versus stem-specific re-
activity to address this possibility.

Investigators at Baylor also studied T cell responses in sub-
jects from the same study [36]. Instead of using a CSFE dilu-
tion/ICS, they used ELISPOT and cytokine secretion assays.
Overall, results of the 2 studies are similar in demonstrating
that the H5 heterotypic prime/boosting strategy enhanced
cross-reactive T cell responses. However, their analyses did
not find enhancing effects of alum adjuvant or negative effects
of advanced age [36]. The 7-day restimulation period used in
our study is optimized to detect memory T cells with the capac-
ity for both proliferation and IFN-γ production. The direct ex
vivo cytokine secretion assays identify actual resting frequencies
of antigen-specific memory T cells but do not address pro-
liferative capacity, which is critically important for long-term
immunity induced by prophylactic vaccines. Relevant popula-
tions of protective T cells ideally must expand in response to
pathogenic challenge to provide optimal immunity. Therefore,
the CSFE dilution/ICS assay may provide a more sensitive as-
sessment of the overall protective capacity of memory T cells,
and it is possible that the expansion capacity of T cells was
more affected by age and adjuvant.

Our results provide additional support for the rationale for
heterotypic HA prime/boosting designed to more rapidly in-
duce protection against novel pandemic influenza virus strains.
However, the true importance of the cross-reactive T cell re-
sponses induced can only be determined in phase 3 efficacy
studies, where it will be possible to look for correlations between
T cell responses and protection against influenza virus infection
and disease.

Supplementary Data
Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.

Notes
Acknowledgments. We thank all volunteers and the many additional

clinical investigators, nurses, and staff involved with the VTEU protocol
teams.
Financial support. This work was supported by the National Institutes

of Health Vaccine and Treatment Evaluation Unit Program (grants
HHSN272200800003C [Saint Louis University], HHSN272200800008C
[University of Iowa], HHSN272200800002 [Baylor College of Medicine],
HHSN272200800006C [Cincinnati Children′s Hospital], HHSN2722
00800001C [University of Maryland], and HHSN272200800007C [Vander-
bilt University]).
Potential conflicts of interest. R. B. B. has served as a consultant to

MedImmune and speaker for MedImmune, Sanofi and Merck. All other au-
thors report no potential conflicts. All authors have submitted the ICMJE
Form for Disclosure of Potential Conflicts of Interest. Conflicts that the ed-
itors consider relevant to the content of the manuscript have been disclosed.

References
1. World Health Organization. Influenza. http://www.who.int/influenza. Accessed

2016.
2. Medina RA, Manicassamy B, Stertz S, et al. Pandemic 2009 H1N1 vaccine protects

against 1918 Spanish influenza virus. Nat Commun 2010; 1:28.
3. Pica N, Hai R, Krammer F, et al. Hemagglutinin stalk antibodies elicited by the

2009 pandemic influenza virus as a mechanism for the extinction of seasonal
H1N1 viruses. Proc Natl Acad Sci USA 2012; 109:2573–8.

4. Krammer F, Pica N, Hai R, Margine I, Palese P. Chimeric hemagglutinin influenza
virus vaccine constructs elicit broadly protective stalk-specific antibodies. J Virol
2013; 87:6542–50.

5. Laursen NS, Wilson IA. Broadly neutralizing antibodies against influenza viruses.
Antiviral Res 2013; 98:476–83.

6. Liang SH, Mozdzanowska K, Palladino G, Gerhard W. Heterosubtypic Immunity
to Influenza Type-a Virus in Mice - Effector Mechanisms and Their Longevity.
J Immunol 1994; 152:1653–61.

7. Mbawuike IN, Dillion SB, Demuth SG, Jones CS, Cate TR, Couch RB. Influenza A
subtype cross-protection after immunization of outbred mice with a purified chi-
meric NS1/HA2 influenza virus protein. Vaccine 1994; 12:1340–8.

8. Ulmer JB, Fu TM, Deck RR, et al. Protective CD4+ and CD8+ T cells against in-
fluenza virus induced by vaccination with nucleoprotein DNA. J Virol 1998;
72:5648–53.

9. Benton KA, Misplon JA, Lo CY, Brutkiewicz RR, Prasad SA, Epstein SL. Hetero-
subtypic immunity to influenza A virus in mice lacking IgA, all Ig, NKT cells, or
gamma delta T cells. J Immunol 2001; 166:7437–45.

10. Epstein SL, Tumpey TM, Misplon JA, et al. DNA vaccine expressing conserved
influenza virus proteins protective against H5N1 challenge infection in mice.
Emerg Infect Dis 2002; 8:796–801.

11. Plotnicky H, Cyblat-Chanal D, Aubry JP, et al. The immunodominant influenza
matrix T cell epitope recognized in humans induces influenza protection in HLA-
A2/K(b) transgenic mice. Virology 2003; 309:320–9.

12. Sonoguchi T, Naito H, Hara M, Takeuchi Y, Fukumi H. Cross-subtype protection
in humans during sequential, overlapping, and/or concurrent epidemics caused by
H3N2 and H1N1 influenza viruses. J Infect Dis 1985; 151:81–8.

13. Epstein SL. Prior H1N1 influenza infection and susceptibility of Cleveland Family
Study participants during the H2N2 pandemic of 1957: an experiment of nature.
J Infect Dis 2006; 193:49–53.

14. Hayward AC, Wang L, Goonetilleke N, et al. Natural T Cell-mediated Protection
against Seasonal and Pandemic Influenza. Results of the Flu Watch Cohort Study.
Am J Respir Crit Care Med 2015; 191:1422–31.

15. Wilkinson TM, Li CK, Chui CS, et al. Preexisting influenza-specific CD4+ T cells
correlate with disease protection against influenza challenge in humans. Nat Med
2012; 18:274–80.

16. Sridhar S, Begom S, Bermingham A, et al. Cellular immune correlates of protec-
tion against symptomatic pandemic influenza. Nat Med 2013; 19:1305–12.

17. Winokur PL, Patel SM, Brady R, et al. Safety and immunogenicity of a single low
dose or high dose of clade 2 influenza A(H5N1) inactivated vaccine in adults pre-
viously primed with clade 1 influenza A(H5N1) vaccine. J Infect Dis 2015;
212:525–30.

1028 • JID 2016:214 (1 October) • Hoft et al

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/214/7/1020/2388090 by guest on 24 April 2024

http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiw310/-/DC1
http://jid.oxfordjournals.org
http://jid.oxfordjournals.org
http://www.who.int/influenza
http://www.who.int/influenza


18. Treanor JJ, Campbell JD, Zangwill KM, Rowe T, Wolff M. Safety and immunoge-
nicity of an inactivated subvirion influenza A (H5N1) vaccine. N Engl J Med 2006;
354:1343–51.

19. Zangwill KM, Treanor JJ, Campbell JD, Noah DL, Ryea J. Evaluation of the safety
and immunogenicity of a booster (third) dose of inactivated subvirion H5N1 in-
fluenza vaccine in humans. J Infect Dis 2008; 197:580–3.

20. Patel SM, Atmar RL, El Sahly HM, Cate TR, Keitel WA. A phase I evaluation of
inactivated influenza A/H5N1 vaccine administered by the intradermal or the in-
tramuscular route. Vaccine 2010; 28:3025–9.

21. Keitel WA, Campbell JD, Treanor JJ, et al. Safety and immunogenicity of an inac-
tivated influenza A/H5N1 vaccine given with or without aluminum hydroxide to
healthy adults: results of a phase I-II randomized clinical trial. J Infect Dis 2008;
198:1309–16.

22. Brady RC, Treanor JJ, Atmar RL, et al. Safety and immunogenicity of a subvirion
inactivated influenza A/H5N1 vaccine with or without aluminum hydroxide
among healthy elderly adults. Vaccine 2009; 27:5091–5.

23. Patel SM, Atmar RL, El Sahly HM, Guo K, Hill H, Keitel WA. Direct comparison
of an inactivated subvirion influenza A virus subtype H5N1 vaccine admi-
nistered by the intradermal and intramuscular routes. J Infect Dis 2012;
206:1069–77.

24. Bernstein DI, Edwards KM, Dekker CL, et al. Effects of adjuvants on the safety and
immunogenicity of an avian influenza H5N1 vaccine in adults. J Infect Dis 2008;
197:667–75.

25. Keitel WA, Dekker CL, Mink C, et al. Safety and immunogenicity of inactivated,
Vero cell culture-derived whole virus influenza A/H5N1 vaccine given alone or
with aluminum hydroxide adjuvant in healthy adults. Vaccine 2009; 27:6642–8.

26. Hoft DF, Babusis E, Worku S, et al. Live and inactivated influenza vaccines induce
similar humoral responses, but only live vaccines induce diverse T-cell responses
in young children. J Infect Dis 2011; 204:845–53.

27. Delany I, Rappuoli R, De Gregorio E. Vaccines for the 21st century. EMBO Mol
Med 2014; 6:708–20.

28. Dey AK, Malyala P, Singh M. Physicochemical and functional characterization of
vaccine antigens and adjuvants. Expert Rev Vaccines 2014; 13:671–85.

29. Hem SL, Hogenesch H. Relationship between physical and chemical properties of
aluminum-containing adjuvants and immunopotentiation. Expert Rev Vaccines
2007; 6:685–98.

30. Schijns VE, Lavelle EC. Trends in vaccine adjuvants. Expert Rev Vaccines 2011;
10:539–50.

31. Oleszycka E, Lavelle EC. Immunomodulatory properties of the vaccine adjuvant
alum. Curr Opin Immunol 2014; 28:1–5.

32. Swain S. Generation and in vivo persistence of polarized Th1 and Th2 memory
cells. Immunity 1994; 1:543–52.

33. Vanderlugt CL, Miller SD. Epitope spreading in immune-mediated diseases:
implications for immunotherapy. Nat Rev Immunol 2002; 2:85–95.

34. Pashov A, Monzavi-Karbassi B, Kieber-Emmons T. Immune surveillance
and immunotherapy: lessons from carbohydrate mimotopes. Vaccine 2009;
27:3405–15.

35. Getts DR, Chastain EM, Terry RL, Miller SD. Virus infection, antiviral immunity,
and autoimmunity. Immunol Rev 2013; 255:197–209.

36. Mbawuike IN, Atmar RL, Patel SM, et al. Cell mediated immune responses fol-
lowing revaccination with an influenza A/H5N1 vaccine. Vaccine 2016;
34:547–54.

T Cells Induced by Heterologous H5 Prime/Boosting • JID 2016:214 (1 October) • 1029

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/214/7/1020/2388090 by guest on 24 April 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


