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Current influenza vaccines elicit primarily antibody-based immunity. They require yearly revaccination and cannot be manufac-
tured until the identification of the circulating viral strain(s). These issues remain to be addressed. Here we report a phase Ib
trial of a vaccine candidate (FLU-v) eliciting cellular immunity. Thirty-two males seronegative for the challenge virus by hemag-
glutination inhibition assay participated in this single-center, randomized, double-blind study. Volunteers received one dose of
either the adjuvant alone (placebo, n � 16) or FLU-v (500 �g) and the adjuvant (n � 16), both in saline. Twenty-one days later,
FLU-v (n � 15) and placebo (n � 13) volunteers were challenged with influenza virus A/Wisconsin/67/2005 (H3N2) and moni-
tored for 7 days. Safety, tolerability, and cellular responses were assessed pre- and postvaccination. Virus shedding and clinical
signs were assessed postchallenge. FLU-v was safe and well tolerated. No difference in the prevaccination FLU-v-specific gamma
interferon (IFN-�) response was seen between groups (average � the standard error of the mean [SEM] for the placebo and
FLU-v, respectively, 1.4-fold � 0.2-fold and 1.6-fold � 0.5-fold higher than the negative-control value). Nineteen days postvacci-
nation, the FLU-v group, but not the placebo group, developed FLU-v-specific IFN-� responses (8.2-fold � 3.9-fold versus 1.3-
fold � 0.1-fold higher than the negative-control value [average � SEM] for FLU-v versus the placebo [P � 0.0005]). FLU-v-
specific cellular responses also correlated with reductions in both viral titers (P � 0.01) and symptom scores (P � 0.02) postchal-
lenge. Increased cellular immunity specific to FLU-v correlates with reductions in both symptom scores and virus loads. (This
study has been registered at ClinicalTrials.gov under registration no. NCT01226758 and at hra.nhs.uk under EudraCT no.
2009-014716-35.)

For over 50 years, influenza public health programs have relied
on vaccines that elicit prophylactic immunity via neutralizing

antibodies against hemagglutinin (HA) and neuraminidase (NA).
These vaccines, however, have three shortcomings. First, the HA
and NA antigens are highly variable among strains and no single
vaccine formulation provides universal protection. As new strain
variants of the virus emerge year after year, vaccines must be re-
formulated and populations revaccinated (1). Second, mass man-
ufacturing of HA/NA-based vaccines for newly emerged pan-
demic viruses can start only once the virus is identified. This
causes a delay of 6 months or more between an influenza outbreak
and a vaccine being available (2). Finally, the efficacy of HA/NA-
based vaccines is limited. A report by Osterholm and colleagues
(3) suggests that their efficacy rate is as low as 59% in 18- to
64-year-olds, falling to 35% in those over 65 years of age. Also,
individuals suffering from chronic conditions such as chronic ob-
structive pulmonary disease, who are considered to have an in-
creased risk of influenza virus infection, have been reported to
suffer from deficient distribution of protective antibody in their
airways (4). This may further limit the efficacy of traditional
HA/NA vaccines in these individuals, making them more depen-
dent on the cellular antiviral immune response.

Many novel influenza vaccine candidates that aim at totally or
partially addressing these shortcomings are being developed (5).
Most approaches still target the generation of neutralizing anti-

bodies against capsid antigens (e.g., HA, NA, M2e). A few, based
on the known key role played by cellular immune responses dur-
ing natural infection (6), target the induction of cellular immunity
against capsid and/or internal antigens (e.g., NP, M1, M2) (7).

We have developed a synthetic polypeptide-based influenza
vaccine (FLU-v) and shown (8), like others (9–11), that CD8�

T-cell responses can, in the absence of neutralizing antibodies,
protect mice against a lethal challenge with influenza virus. FLU-v
has successfully completed a phase I study (12), and we now de-
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scribe the results of a phase Ib challenge study to investigate the
capacity of the vaccine to induce protective T-cell responses.

MATERIALS AND METHODS
Study population. FLU-v was assessed in a randomized, double-blind
single-center study (Retroscreen Virology Ltd.). One-hundred fifty-three
healthy male subjects aged 18 to 45 years with no clinically significant
abnormal findings (i.e., physical examination, electrocardiogram [ECG],
medical history, or laboratory results) and no medical history of influen-
za-like illness in the prior 12 months were assessed for enrollment. Only
those who had hemagglutination inhibition (HAI) titers of �10 to the
challenge virus A/Wisconsin (H3N2) and did not receive a seasonal influ-
enza vaccination in the previous 3 years were enrolled in this study. Thir-
ty-two volunteers met the inclusion criteria.

Vaccine description. FLU-v is a sterile equimolar mixture of four
polypeptides encoding immunoreactive conserved regions within the in-
fluenza virus (8). The following sequences were synthetically manufac-
tured (Bachem AG, Switzerland) in accordance with current good man-
ufacturing practice (GMP): M1, DLEALMEWLKTRPILSPLTKGILGFVF
TLTVP (32 amino acids [aa]); NPA, DLIFLARSALILRGSVAHKSC (21
aa); NPB, PGIADIEDLTLLARSMVVVR (20 aa); M2, IIGILHLILWILDR
LFFKCIYRLF (24 aa).

FLU-v was administered subcutaneously in a 1.0-ml volume as a single
500-�g dose in saline emulsified (1:1) with adjuvant ISA-51 (Seppic,
France). The placebo was saline emulsified with ISA-51. The adjuvant is
composed of a light mineral oil and a surfactant system designed to make
a water-in-oil emulsion. Functionally, ISA-51 is not known to preferen-
tially favor the induction of Th1-like responses (13).

Study procedures. Assessment of prospective volunteers started in
May 2010. Recruited volunteers were vaccinated between August and Oc-
tober 2010, and all viral challenges and follow-up assessments were com-
pleted by December 2010.

At vaccine administration, a total of 32 eligible volunteers were ran-
domized (1:1 ratio) into treatment and placebo groups. Both volunteers
and clinical staff were blinded as to the nature of the formulations.

Participants were immunized on day �21 and entered quarantine on
day �2. On day 0, they were challenged by nasal instillation with 1 ml of a
solution containing approximately 105.25 50% tissue culture infective
doses (TCID50)/ml of a GMP grade live A/Wisconsin/67/2005 (H3N2)
virus provided by Retroscreen Ltd. From day 5 to day 7, volunteers re-
ceived antiviral treatment (oseltamivir) before being discharged from
quarantine on day 7. All participants were monitored until day 28.

Physical examination and clinical laboratory tests (clinical chemistry,
hematology, urinalysis, etc.) were performed at screening, on day �21,
daily from day �2 to day 7, and on day 28. ECGs and vital signs were
assessed at screening, predose (day �21), and postdose on days �21, �2,
3, 6, and 28. Volunteer self-recorded observations from days �21 to �14
and �2 to 7, as well as a scripted symptom questionnaire completed on
day �14, were assessed by the clinical staff. Identified abnormalities were
entered into the adverse-event (AE) database.

Regulatory approval and ethical considerations. This study was con-
ducted in accordance with Good Clinical Practice, the Declaration of Hel-
sinki (1964 and 2008), and applicable regulatory requirements. It was
approved by the Plymouth Independent Ethics Committee under Re-
search Ethics Committee reference no. 10/IEC04/1. Written informed
consent was obtained from all participants.

Study objectives and endpoints. The study objectives were to confirm
the safety and tolerability of FLU-v, evaluate the cellular immune response
to the vaccine, and assess the protective efficacy of FLU-v against an in-
fluenza A virus challenge.

Responses to the challenge virus were determined by HAI assay at
recruitment and on days �21 (prevaccination), �2 (prechallenge), and
28 (postchallenge) as described previously (14). An HAI titer of �10 was
considered positive for the challenge virus.

Cellular immunity. (i) Cytokine ELISA. Peripheral blood mononu-
clear cells (PBMCs) were isolated on the day of blood collection and fro-
zen. Thawed PBMCs were seeded at 2 � 105/well (96-well plate) in RPMI
1640 (Sigma) supplemented with 25 mM HEPES, penicillin (100 U/ml),
streptomycin (100 �g/ml), 10% fetal calf serum (FCS), and the test anti-
gen, i.e., 4 �M FLU-v, 1 �g/ml concanavalin A (ConA; Sigma), or 1 �g/ml
bovine serum albumin (BSA; Sigma). Each test antigen was tested in trip-
licate. After 24 h of incubation at 37°C and 5% CO2, IFN-� production in
the cell supernatant for each of the test antigens was determined with a
validated enzyme-linked immunosorbent assay (ELISA; human IFN-� kit
555142; BD). Response levels were calculated in picograms of IFN-� pro-
duced per milliliter against a standard provided with the assay kit. The
minimum IFN-� level detected by the assay is 9 pg/ml.

Positive IFN-� responses were defined as previously described (12).
Briefly, volunteers showing a prevaccination FLU-v-specific IFN-� re-
sponse at least two times the individual response to the negative control
(BSA and medium) were considered to have preexisting FLU-v cellular
responses. Volunteers showing a postvaccination (prechallenge) FLU-v-
specific IFN-� response at least twice the individual response to both the
negative control (BSA and medium) and their prevaccination IFN-�
FLU-v response were considered to have responded to the vaccination. All
cytokine ELISAs were carried out by Huntingdon Life Sciences. Short-
comings at the contractor’s facility resulted in the loss of immunogenicity
data for five volunteers in the placebo group and six volunteers in the
FLU-v group.

(ii) Enzyme-linked immunospot (ELISPOT) assay. Frozen PBMCs
were thawed and rested overnight at 37°C and 5% CO2 in RPMI 1640
(Sigma) supplemented with 25 mM HEPES, penicillin (100 U/ml), strep-
tomycin (100 �g/ml), and 10% FCS (all from Sigma). Cultures were har-
vested, washed by centrifugation (250 � g, 5 min), and resuspended at 106

cells/ml in the same medium as above but now also containing human
T-activator Dynabeads (Life Technologies) prepared according to the
manufacturer’s instructions, 5 ng/ml interleukin-7 (IL-7; BioLegend), 1
ng/ml IL-2 (BioLegend), and 8 �M FLU-v. Following 5 days of incubation
at 37°C and 5% CO2, individual cell cultures were harvested and washed
once by centrifugation (250 � g, 5 min), resuspended at 106 cells/ml, and
split into two equal fractions. One of the fractions was subjected to two
rounds of CD8 depletion with CD8 Dynabeads (Life Technologies) ac-
cording to the manufacturer’s instructions. The other fraction was left
untouched. The efficacy of the CD8 depletion process was assessed by flow
cytometry.

CD8-depleted, as well as untouched, fractions were seeded into the
wells of a human IFN-� ELISPOT assay 96-well plate (Mabtech) at 105

cells/well in RPMI 1640 (Sigma) supplemented with 25 mM HEPES, pen-
icillin (100 U/ml), streptomycin (100 �g/ml), and 10% FCS and contain-
ing anti-CD3 monoclonal antibody (Mabtech), 8 �M FLU-v, or nothing
(i.e., medium alone). After 24 h of incubation at 37°C and 5% CO2, IFN-
�-positive spots were counted. ELISPOT assays were carried out by SEEK.

Flow cytometry assessment of CD8 depletion. Untouched and CD8-
depleted PBMCs were harvested and washed in cold (4°C) blocking buffer
by centrifugation (350 � g, 5 min) before being resuspended in cold
blocking buffer supplemented with Trustain FcR block (BioLegend). Af-
ter 10 min of incubation, a fluorescein isothiocyanate (FITC)-conjugated
anti-human CD3 antibody (BioLegend), a phycoerythrin (PE)-conju-
gated anti-human CD8 antibody (BioLegend), or the respective isotype
control (BioLegend) was added in cold blocking buffer. Following 30 min
of incubation in the dark, cells were washed twice with cold blocking
buffer by centrifugation (350 � g, 5 min), resuspended in cold fixation
buffer (BD), and incubated for 20 min in the dark on ice. After the cell
suspensions were washed twice with cold blocking buffer by centrifuga-
tion (350 � g, 5 min), they were resuspended in FACS Flow (BD) and
analyzed by flow cytometry. These assays were carried out by SEEK.

Symptom scoring, virology, and HAI tests. Symptom scores were
determined with a standardized scoring system (14, 15) based on subject
self-assessment and a clinician’s examination. The parameters assessed
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(scored 0 to 3, corresponding to absent to severe) were runny nose, stuffy
nose, sneezing, sore throat, earache, malaise, cough, shortness of breath,
headache, and muscle/joint ache. The total score of a given individual is
the sum of the daily scores of all of the parameters assessed, from day 1 to
day 7 postchallenge. The mean total score is the average of all of the
individual total scores within a group.

Viral shedding in the nasopharyngeal samples was determined by
TCID50 assay as described in the WHO manual for the laboratory diag-
nosis and virological surveillance of influenza (16) and used elsewhere
(14). Briefly, serial 10-fold dilutions of virus-containing nasal lavage sam-
ples from days 1 to 7 were inoculated into the wells of 96-well microtiter
plates seeded with Madin-Darby canine kidney cells and incubated for 5
to 6 days at 37°C. Cytopathic effects in individual wells were determined
via light microscopy. A titer greater than 101.5 was considered positive.
The total viral shedding of a given individual is the sum of the daily viral
shedding readings from days 1 to 5 postchallenge (volunteers were treated
with an antiviral on days 6 and 7 postchallenge). The mean total viral
shedding is the average of all of the individual total viral shedding mea-
surements within a group. All virology was carried out by Retroscreen Ltd.

HA-specific antibody titers against A/Wisconsin/67/2005 (H3N2) vi-
rus in the serum samples were determined by HAI assay with chicken
erythrocytes as described in the WHO manual for the laboratory diagnosis
and virological surveillance of influenza (16) and used elsewhere (14).
HAI analyses were carried out by Retroscreen Ltd.

Statistical analysis. Intergroup differences were determined with
Mann-Whitney tests. Correlations between variables for the placebo and
FLU-v groups were determined with the Spearman rank correlation test.

RESULTS
Safety of FLU-v. Following the assessment of potential candidates,
32 volunteers were enrolled and vaccinated. Trial profile and base-
line clinical and demographic data are reported in Fig. 1.

Postvaccination, 16 individuals in the placebo group (100%) re-
ported mild AEs, while 3 (18.8%) and 1 (6.3%) reported moderate
and severe AEs, respectively. In the FLU-v group, 15 volunteers
(93.8%) reported mild AEs and 6 (37.5%) reported moderate AEs.
No volunteers (0%) reported severe AEs. Influenza-related symp-
toms that developed after challenge with the H3N2 influenza virus
test strain were not considered on the list of AEs. No statistically
significant difference in the incidence of AEs between groups post-
vaccination (prechallenge) was seen.

The majority of mild AEs were in the general disorders and
administration site conditions class (30 [93.8%] of 32 volunteers).
The most common were pain (12 [75%] of 16 in the placebo
group versus 13 [81.2%] of 16 in the FLU-v group), erythema (5
[31.3%] of 16 versus 10 [62.5%] of 16), swelling (2 [12.5%] of 16
versus 11 [68.8%] of 16), and pruritus (2 [12.5%] of 16 versus 3
[18.8%] of 16) at the injection site. Other frequent mild AEs not in
that class were rhinorrhea (2 [12.5%] of 16 versus 3 [18.8%] of 16)
and myalgia (2 [12.5%] of 16 versus 3 [18.8%] of 16). The most
common moderate AE was injection site pain (0 [0%] of 16 versus
6 [37.5%] of 16), and the only severe AE reported was one case
(6.3%) of presyncope in the placebo group. Differences in severity
for swelling and pain at the site of injection were found to be
statistically significant (P � 0.003 and P � 0.017, respectively),
but the clinical review did not raise this increment as a significant
clinical concern.

There were no clinically significant findings in the individual
or mean laboratory measurements, vital signs, or ECG measure-
ments among the volunteers.

Immunogenicity of FLU-v and adjuvant. Vaccine immuno-
genicity analysis was limited to the determination of cellular

FIG 1 Consort profile. Trial profile and baseline demographic and clinical
data for enrolled volunteers. Average indicates the arithmetic mean of the
sample. IFN-� values correspond to the cytokine production determined by
ELISA following in vitro stimulation of PBMCs with FLU-v for 24 h, with each
volunteer’s sample tested in triplicate. BMI, body mass index.
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IFN-� responses specific to the FLU-v formulation. No assess-
ment of vaccine antibody responses was carried out, since earlier
preclinical (8) and phase I (12) results have shown that FLU-v
vaccination induces no significant antibody response.

HAI responses to the challenge virus (A/Wisconsin/67/2005
H3N2) were assessed prevaccination (day �21 prechallenge),
postvaccination (day �2 prechallenge), and postchallenge (day
28). No HAI titers of �10 against the challenge virus were detected
in the recruited volunteers before the challenge, either pre- or
postvaccination.

There were no differences between the placebo and FLU-v
group cellular immune responses to the BSA-medium control at
any time during this study (placebo versus FLU-v group [mean 	
SEM], 99.2 	 25.7 versus 80.6 	 12.9 pg/ml). Both groups also
responded in a dose-dependent manner to stimulation with
ConA, a lectin that preferentially stimulates T cells and was used as
a positive control (placebo versus FLU-v, 311 	 85 versus 378 	
35 pg/ml). The average and median prevaccination (day �21)
FLU-v-specific cellular responses were similar and below the pos-
itivity threshold (i.e., �2-fold higher than the negative-control
value) in both the placebo and FLU-v groups (average 	 SEM,
1.4-fold 	 0.2-fold and 1.6-fold 	 0.5-fold increases versus the
BSA-medium control; median fold increases of 1.0 and 1.0 in the
placebo and FLU-v groups, respectively; Fig. 2). Despite the ab-
sence of a group response, two individuals in each group displayed
prevaccination FLU-v-specific IFN-� responses beyond the posi-
tive response threshold (i.e., �2-fold increase versus the BSA-
medium control).

Nineteen days postvaccination (day �2; Fig. 2), no positive
cellular responses to FLU-v were seen in any of the volunteers
tested in the placebo group (1.3-fold 	 0.1-fold versus the BSA-

medium control; range, 0.5- to 1.6-fold; median, 1.3-fold). A pos-
itive FLU-v response postvaccination was defined as an increase of
at least 2-fold in both the individual’s prevaccination FLU-v
IFN-� response and the individual’s postvaccination IFN-� re-
sponse to the negative control (BSA and medium). In the FLU-v
group, positive FLU-v-specific cellular responses of various inten-
sities were found in all of the individuals tested (8.2-fold 	 3.9-
fold versus the BSA-medium control; range, 2.0- to 30.6-fold; me-
dian, 2.6-fold). This result is consistent with our phase I data (12)
and shows that vaccination with a single dose of adjuvanted FLU-v
induces a vaccine-specific cellular response (P � 0.0005), even
though in many individuals this response did not appear to be very
strong (i.e., 
4-fold increase), as reflected in the difference be-
tween the FLU-v group median (2.6) and average responses (8.2).

Our existing preclinical data (8) show that the protective
IFN-� response elicited in mice by FLU-v vaccination is mediated
primarily by CD8� T cells, but our IFN-� ELISA data cannot
corroborate those results in humans. A comprehensive post hoc
analysis of the phenotype of the responding cells in the volunteers
was not possible, as frozen PBMC cultures were still available for
only six volunteers (i.e., three each in the placebo and FLU-v
groups). Nonetheless, we believe that some anecdotal evidence on
the nature of the responding cells can still be obtained from this
limited number of samples. Therefore, we tested CD8-depleted
and untouched fractions of these six PBMC samples for their
FLU-v-specific IFN-� responses by ELISPOT assay.

As shown in Fig. 3A, CD8 depletion removed �90% of the
CD8� T cells. CD3 stimulation (positive control) of untouched
and CD8-depleted PBMCs resulted in a number of IFN-�-re-
sponding cells (�940 cells/million PBMCs) significantly higher
than that produced by the negative control in all six volunteers
tested (i.e., placebo and FLU-v groups).

Figure 3B shows that stimulation of untouched PBMC samples
from the FLU-v group with FLU-v resulted in a significantly
higher number of CD8� responding cells than in the placebo
group (average 	 SEM, 318 	 96 versus 2 	 28 cells/million
PBMCs in the FLU-v and placebo groups; P � 0.03). In contrast,
stimulation of CD8-depleted PBMC samples with FLU-v revealed
no significant difference in the number of CD8� responding cells
between the FLU-v and placebo groups (average 	 SEM, �30 	
31 versus �37 	 37 cells/million PBMCs; P � 0.05).

The observed loss of FLU-v IFN-� response following CD8
depletion suggests that, in the three FLU-v volunteers tested, the
FLU-v-specific IFN-� response is mediated by CD8� T cells.

Immunization with FLU-v correlates with reduced virus
shedding and symptom scores postchallenge. Of all of the vacci-
nated volunteers, one individual in the FLU-v group and three in
the placebo group decided to withdraw from this study before the
challenge with live A/Wisconsin/67/2005 virus. No significant dif-
ferences between the infection rates of the placebo and FLU-v
groups were observed (8/13 versus 11/15, i.e., 61.5% versus 73.3%;
P � 0.05). For clarification, the infection rate was determined as
the percentage of challenged volunteers per group with at least one
positive reading for viral shedding (i.e., a titer of �101.5 by TCID50

assay) between days 1 and 5 postchallenge.
We found no significant differences (P � 0.05) in the mean

total viral shedding or mean total symptom score between the
placebo and FLU-v groups postchallenge. Nonetheless, we did
find a significant correlation between increased IFN-� responses
to FLU-v and reductions in both total viral shedding (r � �0.821;

FIG 2 FLU-v-specific cellular immune responses pre- and postvaccination.
Values are fold increases in the in vitro IFN-� response to FLU-v over that to
the negative control (medium plus BSA). The IFN-� responses to the negative
control pre- and postvaccination in both groups are 99.2 	 25.7 versus 80.6 	
12.9 pg/ml (average 	 SEM). The IFN-� responses to the positive control
(ConA) pre- and postvaccination in both groups are 311 	 85 versus 378 	 35
pg/ml (average 	 SEM). The IFN-� responses to FLU-v pre- and postvaccina-
tion in the placebo group are 153 	 49 versus 111 	 47 pg/ml (average 	
SEM). The IFN-� responses to FLU-v pre- and postvaccination in the FLU-v
group are 122 	 37 versus 251 	 55 pg/ml (average 	 SEM). The dotted line
represents the threshold point for a positive IFN-� response to FLU-v (i.e., a
�2-fold increase over the negative-control value). Statistical significance is
represented by the P value determined by Mann-Whitney analysis.
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P � 0.01) and the total symptom score (r � �0.786; P � 0.02)
(Fig. 4A and B).

DISCUSSION

This study evaluated the ability of a synthetic polypeptide vaccine
targeting conserved immunogenic regions of the NP, M1, and M2
proteins (FLU-v) to induce protective cellular responses to a live
influenza virus challenge in humans.

Consistent with our earlier phase I trial results, vaccination
with a single 500-�g dose of adjuvanted FLU-v was found, in
general, to be safe and well tolerated, despite some increased reac-
togenicity signs (i.e., swelling and pain at the site of injection). The
AE pattern and lack of differences between the placebo and FLU-v
are consistent with the use of this adjuvant in both groups.

The chosen subcutaneous route combines ease of delivery and
increased exposure to dermal antigen-presenting cells. Both the
intramuscular and intradermal routes were rejected early in de-
velopment after due consideration. Intramuscular vaccinations
are easy to perform but do not usually result in strong cellular
responses. Intradermal vaccinations, in contrast, elicit strong cel-
lular responses but require a significant level of skill (17).

In our experience, past (12, 18) and present, ISA-51 is a safe
and well-tolerated adjuvant in humans that induces strong im-
mune responses. We did observe increased severity of swelling and
pain at the site of injection of adjuvanted FLU-v but never to the
unacceptable levels reported in other studies (19, 20). Direct com-
parisons of those studies and ours are difficult, since the antigen,

the doses used, and the immune response sought (T and/or B cell)
were all different. Nonetheless, it is noteworthy that in all of the
those previous reports, high levels of local reactogenicity to ISA-51
were associated with intramuscular administration, while we have
always used subcutaneous administration. Adjuvants are known
to cause exaggerated local reactions if not injected properly into
the muscle mass (21).

Prevaccination, vaccine-specific cellular responses were iden-
tified in only two volunteers in both the placebo and FLU-v
groups. This percentage (12.5%) is higher than that seen in the
phase I study (4%) but still shows that sustained historical expo-
sure to influenza virus does not appear to elicit strong cellular
immunity to FLU-v antigens. Cytokine ELISA remains a robust
and reliable method (22, 23) that has been used regularly to deter-
mine antigen-specific cellular responses in both animal (24, 25)
and human (26, 27) studies. Nonetheless, it is possible that a
higher frequency of prevaccination FLU-v responders would have
been detected if a different assay, such as an ELISPOT assay, had
been used. The ELISPOT assay is significantly more sensitive than
a standard cytokine ELISA, and it has the additional benefit of
allowing the analysis of cytokine production at the single-cell
level. A post hoc ELISPOT analysis of a very small number of sam-
ples from this trial (six samples, three from each group) still failed
to show preexisting FLU-v-specific responses in either the placebo
or FLU-v volunteers tested. Obviously, the small number of sam-
ples analyzed by ELISPOT assay can provide only anecdotal evi-

FIG 3 FLU-v-specific cellular immune responses postvaccination—CD8 depletion— determined by ELISPOT assay and flow cytometry. (A) Effect of CD8
depletion in the PBMC population postvaccination as analyzed by flow cytometry with FITC-conjugated anti-CD3 and PE-conjugated anti-CD8 antibodies.
Untreated and CD8-depleted PBMCs are represented, respectively, in the left and right graphs. The location of the CD8 T-cell population is circled in black. The
percentages of CD8 T cells (	 SEM) left in untreated and depleted populations are shown within the circles. (B) Postvaccination (prechallenge) in vitro IFN-�
ELISPOT assay response to FLU-v in PBMC suspensions either depleted of CD8 T cells or left untreated. Statistical significance was established by Mann-Whitney
analysis.
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dence, but the absence of preexisting FLU-v IFN-� responses,
both in these samples and in others from a previous phase I trial
(12; data not shown), seems consistent with our view that sus-
tained historical exposure to influenza virus does not appear to
elicit strong cellular immunity to FLU-v antigens.

Postvaccination, all of the FLU-v group volunteers tested de-
veloped a FLU-v IFN-� response, but in most cases, this response
was relatively weak (i.e., between 2- and 4-fold higher than the
negative-control value). This universal FLU-v response did not
translate into a significant difference in symptom score or viral
shedding from the placebo after a live influenza virus challenge.
Nonetheless, we did find a significant correlation between the level
of the IFN-� response to FLU-v postvaccination and viral shed-
ding and symptom score reductions postchallenge. These com-
bined results suggest that only high FLU-v IFN-� responses (i.e.,
�4-fold increases) have the potential to mediate clinically rele-
vant viral shedding and symptom score reductions during infec-
tion. As one single dose of 500 �g of adjuvanted FLU-v was not
able to induce a consistently high FLU-v IFN-� response in all of
the volunteers tested, higher doses or an increased number of
immunizations may be required to achieve this goal.

As for the cell population providing the FLU-v IFN-� response,
we cannot answer that question with absolute certainty. As indi-
cated earlier, ELISA data do not allow the analysis of cytokine
production at the single-cell level and we had only enough PBMCs
left from six volunteers (three each in the FLU-v and placebo
groups) to carry out a post hoc phenotypic analysis of the FLU-v
responding cells (i.e., IFN-� ELISPOT assay). Undeniably, this
sample size can provide only anecdotal evidence, but it is notewor-
thy that all three of the FLU-v volunteers tested displayed a CD8�

T-cell-driven FLU-v IFN-� response. This is the same cell popu-
lation that we found to be responsible for inducing protection

against a lethal influenza virus challenge in mice after vaccination
with FLU-v (8).

We accept that certain elements of our data may suggest alter-
native interpretations to some. For example, in the correlation
graphs, some placebo group volunteers show lower total viral
shedding and symptom scores postchallenge than their FLU-v
group counterparts with high FLU-v IFN-� responses (i.e., a
4-fold increase). This, together with the lack of differences in total
viral shedding and symptom score outcomes between the placebo
and FLU-v groups postchallenge, may suggest to some that the
correlations we found between the FLU-v IFN-� response level
and viral shedding and symptom score reductions are simply ac-
cidental. If we were to accept this interpretation, we believe we
would also have to accept that both groups controlled the infec-
tion by directing a similar cellular response (CD8 or CD4) to the
same dominant viral epitopes in the challenge virus (the absence
of an HAI antibody response to the challenge virus in all the vol-
unteers and the identical rate of infection in both groups rule out
a preinfection defense mechanism). Although we cannot exclude
the possibility that both groups had similar preexisting cellular
responses to the challenge virus (we, like others [14], never mea-
sured this response), two experimental observations suggest that
this premise is not correct. First, the frequency of volunteers with
high preexisting (i.e., prevaccination) IFN-� responses (i.e., a
4-fold increase over the negative-control value) to serologically
unrelated influenza virus strains was significantly lower in the
FLU-v group than in the placebo group (data not shown). In con-
trast, after vaccination but still prechallenge, the frequency of
these high heterosubtypic responders was the same in both
groups. Second, although this previous observation appears to
suggest that the increase in FLU-v-specific cellular responses in
the FLU-v group may have also led to the increase in influenza

FIG 4 Correlations between cellular IFN-� responses and illness severity. Correlations between cellular IFN-� responses specific to FLU-v prechallenge with
A/Wisconsin/67/2005 (H3N2) and measurements of influenza severity postchallenge, i.e., symptom scores (A) and viral shedding (B). The magnitude of an
individual’s FLU-v-specific IFN-� responses is represented as the fold increase in the response over the negative-control value. The dotted line represents the
threshold point for a positive IFN-� response to FLU-v (i.e., a �2-fold increase over the negative-control value). An individual’s total symptom score represents
the total sum of the daily scores (days 1 to 7 postchallenge). An individual’s total viral shedding represents the total sum of daily viral shedding measurements by
TCID50 (days 1 to 5 postchallenge). All of the analyses were carried out with the Spearman rank correlation test.
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virus heterosubtypic responses postvaccination, we know that the
reverse is not true. That is, despite high preexisting heterosubtypic
IFN-� responses, we found no significant preexisting IFN-� re-
sponse to FLU-v in the placebo group. Both of these observations,
together with the fact that FLU-v epitopes are presented to CD8�

T cells in influenza virus-infected human cells (8), appear consis-
tent with FLU-v vaccination eliciting cellular responses to mainly
subdominant epitopes shared by multiple influenza virus strains.
This would be in agreement with at least two previous studies (28,
29) in which vaccination with subdominant epitopes mediated
protection against respiratory viral infections.

In summary, we believe that our data are consistent with the
general view (14, 30–32) that high levels of cellular immunity to
influenza virus, even in the absence of an antibody responses, can
mediate reductions in influenza virus shedding and symptom
scores.
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