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Abstract

Background—Development of live attenuated influenza vaccines (LAIV) against avian viruses
with pandemic potential is an important public health strategy.

Methods and Findings—We performed open-label trials to evaluate the safety, infectivity, and
immunogenicity of H5N1 VN 2004 AA ca and H5N1 HK 2003 AA ca. Each of these vaccines
contains a modified H5 hemagglutinin and unmodified N1 neuraminidase from the respective
wild-type (wt) parent virus and the six internal protein gene segments of the A/Ann Arbor/6/60
cold-adapted (ca) master donor virus. The H5N1 VN 2004 AA ca vaccine virus was evaluated at
dosages of 10%-7 TCIDsq and 107-> TCIDsg, and the HSN1 HK 2003 AA ca vaccine was evaluated
at a dosage of 107 TCIDsq. Two doses were administered intranasally to healthy adults in
isolation at 4 to 8 week intervals. Vaccine safety was assessed through daily examinations and
infectivity was assessed by viral culture and by realtime reverse transcription-polymerase chain
reaction testing of nasal wash (NW) specimens. Immunogenicity was assessed by measuring
hemagglutination-inhibition (HI) antibodies, neutralizing antibodies, and 1gG or IgA antibodies to
recombinant (r)H5 VN 2004 hemagglutinin (HA) in serum or NW.

Fifty-nine participants were enrolled: 21 received 1087 TCIDsq and 21 received 107-> TCIDs of
H5N1 VN 2004 AA caand 17 received H5N1 HK 2003 AA ca. Shedding of vaccine virus was
minimal, as were HI and neutralizing antibody responses. Fifty-two percent of recipients of 107
TCIDsg of HSN1 VN 2004 AA ca developed a serum IgA response to rH5 VN 2004 HA.
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Conclusions—The live attenuated HSN1 VN 2004 and HK 2003 AA ca vaccines bearing avian
H5 HA antigens were very restricted in replication and were more attenuated than seasonal LAIV
bearing human H1, H3 or B HA antigens. The HSN1 AA ca LAIV elicited serum ELISA antibody
but not HI or neutralizing antibody responses in healthy adults. (ClinicalTrials.gov Identifiers:
NCT00347672 and NCT00488046).
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The emergence of a number of avian influenza A subtypes (H5N1, H7N7, and HON2) in
human populations, and the intercontinental spread of H5N1 influenza (http://
www.who.int/csr/disease/avian_influenza/country/cases_table 2008 03_18/en/index.html)
have made the development of vaccines against these novel influenza viruses a global health
priority. A number of strategies are currently being employed to produce these vaccines,
including the development of killed whole virus vaccines, subunit vaccines, and
recombinant viral proteins that are administered with standard or novel adjuvants, each of
which has been evaluated in clinical trials [1-15]. Ideally, vaccines to be used in the event of
an influenza pandemic will require a low dose, be able to be produced rapidly, and able to be
self-administered or delivered by individuals with minimal training in health care delivery.
Since stockpiled vaccines are unlikely to be a perfect antigenic match for a newly emerged
pandemic strain or for pandemic strains that may evolve during the course of the pandemic,
a vaccine that induces cross-protective immunity to antigenically drifted strains is also
desirable. Live attenuated influenza vaccines (LAIV) for pandemic influenza viruses could
potentially meet many of these requirements.

Trivalent LAIV (licensed in the United States for eligible persons aged 2 — 49 years) is
comprised of a type B vaccine strain and two type A vaccine strains that contain internal
protein gene segments derived from the cold-adapted, temperature-sensitive, attenuated
AJANNn Arbor (AA)/6/60 (H2N2) master donor strain and hemagglutinin (HA) and
neuraminidase (NA) gene segments from contemporary epidemic strains. Trivalent LAIV is
delivered intranasally, can be produced rapidly and in high yield, and has been shown to
provide cross-protection against drifted HLIN1 and H3N2 influenza A strains in children and
adults [16-21]. Development of LAIV with similar characteristics for influenza viruses of
pandemic potential would be highly desirable.

A number of LAIV candidate vaccines containing avian HA and NA gene segments and the
internal protein gene segments of the A/AA/6/60 master donor strain have been produced
and evaluated in preclinical studies [22—24]. The H5N1, H7N3 and HIN2 AA ca LAIV
have been shown to be highly attenuated in chickens, and attenuated and restricted in
replication in the upper and lower respiratory tracts of mice and ferrets [22-24].
Additionally, these candidate vaccines protect mice and ferrets against challenge with
homologous and heterologous wild-type (wt) H5, H7 and H9 viruses, respectively [22-24].
We have previously reported that a candidate HON2 AA ca LAIV is attenuated and
immunogenic in individuals who were previously seronegative to the H9 virus [25]. Here,
we describe the clinical evaluation of two LAIV containing modified avian H5 HA and
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unmodified N1 NA from clade 1 H5N1 viruses (A/VietNam/1203/2004 and A/Hong Kong/
213/2003) and the six internal gene segments (PB1, PB2, PB, NP, M and NS) of the A/AA/
6/60 master donor virus.

PARTICIPANTS, MATERIALS AND METHODS

Vaccine virus

H5N1 VN 2004/AA ca and H5N1 HK 2003/AA ca are live attenuated, cold-adapted,
temperature-sensitive influenza viruses derived from A/AA/6/60 ca (H2N2) Master Donor
Virus (MDV-A, Medimmune) and wild-type (wt) A/Viet Nam/1203/2004 (H5N1) or wild-
type A/Hong Kong/213/2003 (H5N1), respectively. Each vaccine virus contains the six gene
segments encoding the internal proteins from the MDV-A virus and the respective HA and
NA from the wt donor virus. In each vaccine, the wt HA was modified to remove the
multibasic cleavage site.

The pre-Master Virus Seeds (pre-MVS) were produced at the Laboratory of Infectious
Diseases (LID), National Institute of Allergy and Infectious Disease (NIAID), NIH, in
BSL-3 containment. Attenuation of the HSN1 VN 2004/AA ca pre-MVS virus and the
H5N1 HK 2003/AA ca pre-MVS in mice and chickens was confirmed, so that the
manufacture of the vaccines could be conducted in BSL-2 containment. The pre-MVS were
then transferred to Medimmune, CA, for manufacture of the drug product under GMP
conditions. The bulk drug substances were subjected to characterization and lot release
testing. Vaccine virus was blended in SPG buffer at the expected potency and filled into
AccuSpray ™ sprayers (0.5 mL). Filled sprayers were stored frozen at —60°C or below and
thawed just prior to administration.

The H5N1 VN 2004/AA ca vaccine was evaluated at doses of 108" TCIDs (low dose) and
107> TCIDsy (high dose). The H5N1 HK 2003/AA ca vaccine was only evaluated at a dose
of 107 TCIDsp,.

Study Population

Clinical trials were conducted at the Center for Immunization Research (CIR) Isolation Unit
at the Johns Hopkins Bayview Medical Center and at the CIR outpatient clinic. A total of 59
healthy adult subjects from the Baltimore metropolitan area were recruited and enrolled into
three separate cohorts. Each cohort consisted of 16—22 subjects who were screened and
selected to participate in the evaluation of two doses of an H5N1 virus vaccine candidate,
administered 4 to 8 weeks apart. The first cohort received two 1087 TCIDs doses of the
H5N1 VN 2004 AA ca vaccine, the second cohort received two 107-> TCIDs doses of the
H5N1 VN 2004 AA ca vaccine, and the third cohort received two 1072 TCIDsq doses of the
H5N1 HK 2003 AA ca vaccine. The evaluation of the first 1087 TCIDsg dose of the H5N1
VN 2004 AA ca vaccine was accomplished in stages: 9 subjects received a first dose in
June, 2006, and when their safety and clinical assessment was complete, 12 additional
subjects received a first dose of vaccine in July, 2006. Subjects from both cohorts were
readmitted in August, 2006 to receive a second dose of vaccine.
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These studies were sponsored by the Regulatory Control and Human Subjects Protection
Branch of the National Institute of Allergy and Infectious Diseases and were conducted
under investigational new drug applications (BB-IND #12588 and 13378). All clinical
protocols were reviewed and approved by the Committee on Human Research Institutional
Review Board (IRB) of the Johns Hopkins Bloomberg School of Public Health and the
Institutional Biosafety Committee of Johns Hopkins University. Informed, witnessed,
written consent was obtained from each participant. Healthy adult men and non-pregnant
women, 18 to 49 years of age, were enrolled in the clinical trial if they met eligibility criteria
and were willing to remain on the isolation unit for the duration of the inpatient portion of
the trial.

Study design

These studies were conducted between April 15t and December 20t of 2006 and 2007, when
wt human influenza viruses would be unlikely to be circulating in the local community. To
further reduce the risk of reassortment between a naturally occurring epidemic wt human
influenza virus and the vaccine virus, the presence of wt influenza viruses in the community
was monitored between April 15-May 15t and October 15'-December 20t by obtaining
information regarding influenza virus detection from the Diagnostic Virology Laboratory
and Department of Hospital Epidemiology and Infection Control at Johns Hopkins Hospital.
Participants would not have been enrolled if there were >3 influenza hospitalizations in the
week preceding the planned vaccination.

These studies were conducted as open-label inpatient trials with all participants receiving
vaccine. Participants were screened to establish health status and, if eligible, received 0.5
mL of vaccine via nasal spray. Participants were then examined daily while on the inpatient
unit by a health care provider (study physician, physician assistant, or nurse practitioner).

Several IRB-approved modifications to the study protocol were made during these studies.
First, participants in the evaluation of the low dose of the HSN1 VN 2004 AA ca vaccine
were not screened for pre-existing H5 hemagglutination inhibiting (HI) antibody. However,
based upon reports of H5 seropositivity in 1-3% of populations not known to be exposed to
H5 influenza viruses, we pre-screened volunteers for H5 HI antibody in the evaluations of
the high dose of the H5N1 VN 2004 AA ca vaccine and of the HK 2003 AA ca vaccine and
only included seronegative participants (those with H5 HI antibody titers <1:8) in these
studies. Second, both nasal washes and throat swabs were obtained during the evaluation of
the low dose of the H5N1 VN 2004/AA ca vaccine based upon reports that wt H5N1 virus
was recovered more efficiently from throat swabs of infected patients than from nasal
washes [26]. However, since vaccine virus was not detected by culture or rRT-PCR in any
throat swab, collection of throat swabs was discontinued for studies in the other two cohorts.
Finally, based upon the pattern of vaccine virus shedding observed in the H5N1 VN 2004
AA cavaccine low dose study, the duration of the inpatient stay was shortened from a total
of 14 days (3 days before vaccination and 11 days following vaccination) to 12 days (3 days
before vaccination and 9 days following vaccination) for the other two studies, providing
that vaccine virus was not detected by rRT-PCR from nasal washes obtained for 3
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consecutive days prior to discharge day. None of the participants was required to stay on the
isolation unit longer than anticipated.

Isolation Unit and Staffing

The CIR Isolation Unit is a non-smoking, dormitory-like setting designed to house up to 40
adult men and women. The isolation unit has a self-contained ventilation and hot water
system as well as an externally vented HEPA filtered exhaust. Study-specific requirements
for individuals staffing the isolation unit were as previously described [25].

Study procedures

To establish the health status of potential participants, CIR staff elicited medical histories,
including menstrual and contraceptive history and/or history of surgical sterility for female
participants, and performed physical examinations. Potential participants were screened for
tuberculosis using PPD tests, and for viral hepatitis, HIV infection, and antibody to H5N1
influenza A viruses (for studies of 107> TCIDsq of the HSN1 VN2004/AA ca vaccine and
H5N1 HK 2003/AA ca vaccine) using serologic assays. Blood specimens were obtained for
hematology and serum biochemistries, and urinalyses were performed via dipstick. Potential
participants who were female were tested for pregnancy using urine B-HCG assays and were
counseled to avoid becoming pregnant during the study.

Procedures for admission to the isolation unit, for vaccination, for daily clinical evaluation,
and for use of protective clothing (gown, gloves, and mask) by study staff were performed
as previously described [25]. Vaccine was administered on study day 0 [25]. Nasal washes
were collected daily during the inpatient portion of the study and were tested for vaccine
virus (see below). In the event of a respiratory or febrile illness, nasal wash specimens were
also cultured for adventitious respiratory viruses, including wt influenza viruses,
parainfluenza viruses types 1, 2, and 3, respiratory syncytial virus, and adenovirus. Because
wt H5N1 infection can be associated with abnormalities of liver function and with
neutropenia [26], serum alanine aminotransferase (ALT) levels and complete blood counts
(CBCs) were determined before vaccination and on day 7 following vaccination. Any
abnormal results were followed until resolution. For the study of high dose (107> TCIDsp)
of the HSN1 VN2004/AA ca vaccine and the study of the HSN1 HK 2003/AA ca vaccine,
serum ALT levels were also measured on day 3 following vaccination.

All adverse events were graded for severity using a 1-4 scale. Clinical signs or symptoms
were graded as follows: grade 1, no interference with daily activity; grade 2, some
interference with daily activity; grade 3, significant, prevents daily activity; grade 4, requires
emergency room visit or hospitalization. Specific grading scales were also devised for each
laboratory abnormality; grading scales for ALT elevations, neutropenia, and
thrombocytopenia are included here. ALT abnormalities were graded as follows: grade
1=1.5 to 3 times the upper limit of laboratory normal values (ULN); grade 2= 3.1-6 times
the ULN; grade 3= 6.1-10 times the ULN; grade 4= >10 times the ULN. Neutropenia was
graded as follows: grade 1=2001-2499/mm3, grade 2=1501-2000/mm3, grade 3=1000—
1500/mm3, grade 4= <1000/mm3. Thrombocytopenia was graded as follows: grade
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1=100,000-124,999/mm3, grade 2=50,000-99.999/mm3, grade 3=25,000-49,999/mm3,
grade 4= <25,000/mm3.

After discharge from the isolation unit, participants were asked to return to the CIR clinic
for outpatient visits on study day 28 (+7 days) following each dose of vaccine. At each visit,
staff obtained vital signs, reviewed interim histories, and obtained blood and nasal wash
samples for antibody testing.

Isolation, quantitation and identification of the H5N1 vaccine viruses

Nasal washes were obtained prior to vaccination and then daily from the day of vaccination
until the day of discharge. As noted above, daily throat swabs were also obtained in studies
of the low dose of the HSN1 VN2004/AA ca vaccine. Specimens were tested for the
presence of vaccine virus by quantitative viral culture on Madin Darby Canine Kidney
(MDCK) cells and using an rRT-PCR assay that amplified a portion of the influenza A M2
gene, both as previously described [25]. The sensitivity of the rRT-PCR assay [25] for
vaccine virus was approximately 1095 TCIDsg/mL of nasal wash.

Immunologic Assays

Sera were tested for HI antibodies to H5N1 virus using horse red blood cells (RBC) for the
VN 2004 study [27] and turkey RBC for the HK 2003 study as previously described [28]
and for neutralizing antibodies using a modified version of a previously described
microneutralization assay, in which we assessed titers of neutralizing antibody to vaccine
virus [25].

Sera were also tested for IgG and IgA antibody to the H5 VN 2004 HA by ELISA. Immulon
2 plates were coated with 30ng/well of recombinant baculovirus-expressed H5 VN2004 HA
(Protein Sciences, Meriden, CT), and the ELISA was performed using endpoint titration
[28]. As described below, a subset of sera were also tested for IgA antibody to recombinant
baculovirus-expressed H1 A/New Caledonia/20/99 and H7 A/Netherlands/219/03 HA
(Protein Sciences, Meriden, CT). Nasal wash specimens were concentrated [28] and were
tested using the same antigen to measure vaccine-specific IgA, expressed as a percent of
total IgA [28].

Total and influenza vaccine-specific 1gG and IgA antibody secreting cells (ASC) were
measured in recipients of 107-> TCIDsg of H5SN1 VN 2004/AA ca and of H5N1 HK
2003/AA ca using an enzyme-linked immunospot (ELISPOT) assay based on an assay
described by Sasaki et al. [29]. Briefly, our assay differed from the published assay in that
the wells were coated with one of the following: 1) rH5 VN2004 HA protein diluted to
10ug/mL in Dulbecco’s phosphate-buffered saline (Invitrogen); 2) beta-propiolactone
treated H5N1/AA ca vaccine virus; 3) beta-propiolactone treated cold-adapted A/Ann
Arbor/6/60 (H2N2) virus diluted to 5000 HAU/mL; or 4) purified goat anti-human IgA +
IgG + IgM (Kirkegaard & Perry Laboratories, Gaithersburg, MD) at a concentration of
5ug/mL in D-PBS. PBS alone and human CCRF-CEM cells (human T-lymphoblasts;
ATCC, Manassas, VA) cells were used as negative controls; human IM9 cells (human IgG+
lymphoblasts; ATCC) were used as a positive control. Plate images were recorded and
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counted using ImmunoSpot 4 software (Cellular Technologies Ltd., Shaker Heights, OH).
Human IgA ASC were visualized as red spots and 1gG ASC were visualized as blue spots.
The number of ASC was expressed per 10° total 1gG or IgA ASC.

Data Analysis

RESULTS

Infection after immunization with either vaccine was defined as: 1) shedding of vaccine
virus detected by culture and/or 2) shedding of vaccine virus detected by rRT/PCR any time
after study day 1 and/or 3) a =4-fold rise in serum HI, neutralizing, or H5 IgG or IgA serum
antibodies. Participants whose nasal washes were rRT/PCR positive on study day 1 only but
who were without other evidence of infection were not considered infected because this
phenomenon occurred frequently and we could not exclude the possibility that input virus,
rather than replicating virus, was being detected. Antibody titers were expressed as
reciprocal log, for calculation of mean values. Student’s t-test was used to compare mean
ages and antibody titers. Fisher’s exact test was used to compare proportions.

Study participants

One hundred ninety four potential participants were screened for the HSN1 virus vaccine
trials and 59 participants were enrolled: 21 in the cohort that received 1067 TCIDs of
H5N1 VN 2004 AA ca (18 received a second dose), 21 in the cohort that received 107>
TCIDsg of HSN1 VN 2004 AA ca (19 received a second dose), and 17 in the cohort that
received 107> TCIDsq of H5SN1 HK2003 AA ca vaccine (16 received a second dose).
Participants ranged in age from 18 to 49 years. Of the 59 participants, 19 (32%) were
female, 53 (90%) black, 5 (8%) white, 3 (6%) Asian, and 1 described herself as other. For
studies of 107> TCIDsg of H5N1 VN 2004 AA ca and of H5SN1 HK2003 AA ca, 122
potential participants were screened for H5 HI antibody. Eight of these individuals had titers
> 1:8 and were excluded from participation.

Response to 1087 TCIDgo of HSN1 VN 2004 AA ca vaccine—As noted above, 21
participants received 1087 TCIDsq of the VN 2004 AA ca vaccine, 18 of whom received a
second dose. The vaccine was generally well-tolerated (Table 1). One participant had
transient asymptomatic wheezing noted by auscultation on days 2 and 7 following
vaccination. Further questioning revealed that she had a previous history of asymptomatic
wheezing noted by a health care provider that was not included in the subject’s self-reported
history. This subject did not shed vaccine virus or develop an antibody response. Other
solicited adverse events noted after the first dose of vaccine (Table 1) included headache (3
participants), diarrhea (1 participant), and pharyngitis (1 participant). All of these illnesses
were of mild (grade 1) or moderate (grade 2) severity, and none occurred in subjects who
shed vaccine virus. A number of unsolicited adverse events were also reported, including
toothache/dental abscess, heat rash, tinea corporis, knee pain, and heartburn. In addition,
ALT elevations were noted in 3 participants (2 of grade 1 and 1 of grade 2 severity). None
of these was associated with vaccine virus shedding. Following the second dose of vaccine,
solicited adverse events in 18 participants included headache (2 participants) and cough (1
participant). Vaccine virus was not recovered from these individuals. ALT elevations were
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observed in 5 individuals on study day 7; 3 of grade 1 severity and 2 of grade 2 severity.
One of the individuals with a grade 2 elevation in ALT had vaccine virus detected by rRT-
PCR on study day 1 only; vaccine virus was not detected by culture.

The 1067 TCIDsq dose of the VN2004 AA ca vaccine was minimally infectious and
immunogenic. Vaccine virus was not detected by culture in any participant and was detected
by rRT-PCR in 2 participants following dose 1 (days 2 and 3 and day 1, respectively; Table
2) and in 3 participants following dose 2 (all on day 1 only). Antibody responses to this dose
of vaccine were also minimal. When considering any =4-fold rise in antibody titer among
the 21 recipients of 1 or 2 doses of vaccine, serum HI and serum IgA responses were each
detected in 2 recipients (10%), and nasal wash IgA responses were detected in 5 recipients
(24%; Table 2). Neutralizing antibody and serum IgG antibody responses were not detected
in any recipient.

Response to 107-> TCIDgg of HSN1 VN 2004/AA ca vaccine—Twenty-one
participants received 107 TCIDsq of HSN1 VN 2004/AA ca vaccine, 19 of whom received
a second dose. This dosage of the VN 2004 vaccine was also generally well-tolerated.
Following the first dose, headache was the most frequently reported solicited adverse event
(5 participants), followed by vomiting, myalgia, diarrhea, and epistaxis (1 participant each;
Table 1). Transient ALT elevations were also observed in 3 participants. All signs,
symptoms, and laboratory abnormalities were of grade 1 severity. Following the second
dose, solicited adverse events included headache (3 participants), rhinorrhea (3 participants,
one of whom was culture positive for human parainfluenza type 3) and fever (1 participant;
Table 1). Each of these symptoms was of grade 1 severity. The febrile participant had a
temperature of 38.0°C on the evening of vaccination (Study Day 0) which was not
rechecked. The subject was afebrile on Study Day 1 and on all days thereafter. Additionally,
3 subjects experienced transient asymptomatic neutropenia (2 of grade 1 and 1 of grade 4
severity) on Study Day 7 following the second dose of vaccine, which had resolved at the
time of repeat determination on Study Day 9. In particular, the subject with grade 4
neutropenia had a normal absolute neutrophil count (ANC) prior to vaccination, an ANC of
443 on study day 7 and of 2036 on study day 9. Shedding of vaccine virus was not detected
at the time of neutropenia in any participant, although the individual with grade 4
neutropenia did have vaccine virus detected by rRT-PCR on study days 1 and 4 and by
culture on Day 4 only following the second dose of vaccine, with a titer of 101-3 TCID5p/mL
of nasal wash.

The 1075 TCIDsq dose of H5N1 VN 2004/AA ca vaccine was more infectious than the
lower dose of vaccine. VVaccine virus was detected by rRT-PCR in 3 participants following
the first dose (2 on study day 1 only; 1 on study day 2 only), and in 15 participants following
the second dose of vaccine (13 on study day 1 only; 1 on study days 1 and 4, and 1 on study
days 1, 2, and 5; Tables 1 and 3). Vaccine virus was also detected by culture in 2
participants on a single day each following the second dose of vaccine, at titers of 1007
TCIDsg (study day 1) and 1013 TCIDsg (study day 4).

Serum HI responses and neutralizing antibody responses to the higher dose of VN 2004 AA
ca were minimal and comparable to those measured with the lower dose of vaccine (Tables
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2 and 3). Nasal wash 1gA responses were detected in 4/21 (19%) vaccinees (Table 2).
However, serum IgA responses were detected more frequently in these vaccinees than in the
recipients of the lower dose of HSN1 VN 2004/AA ca vaccine: 11/21 of these vaccinees had
a fourfold or greater rise in serum IgA antibody titer to rH5 antigen (Tables 2 and 3), as
compared with 2 of 21 recipients of the lower dose of vaccine (p=.006).

To assess the specificity of the serum IgA response to rH5 antigen, we measured serum IgA
antibody titers to rH1 and rH7 antigens in pre and post sera from recipients of the low and
high dosages of VN 2004 AA ca. We chose H1 because of previous reports of cross-
reactivity between H5 and H1 antibodies [30], and H7 because we expected no cross-
reactivity to this antigen. As expected, mean reciprocal log, prevaccination titers to H1 were
significantly higher than to H7 (for the low dose group, 11.2 vs. 5.7, p<.001 and for the high
dose group, 10.4 vs 4.9, p<.001; data not shown). Among the 21 recipients of the low dose
of vaccine, fourfold or greater rises in serum IgA titer were not detected to either the H1 or
the H7 antigen. Among the 21 recipients of the high dose of vaccine, we observed a fourfold
or greater rise in serum IgA titer to H1 antigen in 1 individual and to the H7 antigen in a
second individual (data not shown). These findings confirm the specificity of the serum IgA
response to rH5 HA antigen that was observed in recipients of 107-> TCIDsq of VN 2004
AA ca.

When the numbers of vaccine specific IgG and IgA ASCs were determined in the peripheral
blood of recipients of the high dose of vaccine, 1 individual had an increase over
background in vaccine-specific IgG ASC and a second individual had an increase over
background in vaccine-specific IgA ASC (data not shown).

Response to 107-> TCIDgy of HSN1 HK 2003/AA ca vaccine—Seventeen
participants received 107-> TCIDsq of HSN1 HK 2003/AA ca vaccine, 16 of whom received
a second dose (Table 1). This vaccine was also generally well-tolerated. Following the first
dose, headache was the most frequently reported solicited adverse event (3 participants;
Table 1). A single participant reported an episode of chills on study day 1 (Table 1). On
study day 7, an additional participant had a grade 1 decrease in platelelet count (resolved by
study day 9) and a grade 1 ALT elevation (resolved by study day 15). Following the second
dose, solicited adverse events included headache (4 participants), and rhinorrhea (2
participants, Table 1).

Replication of the HSN1 HK 2003/AA ca vaccine appeared to be comparable to that
observed with the VN 2004/AA ca vaccine. Vaccine virus was detected by rRT-PCR in 8
participants following the first dose (6 on study day 1 only; 1 on study day 2 only, 1 on
study days 1 and 2), and in 9 participants following the second dose of vaccine (7 on study
day 1 only, 1 on study day 2 only, 1 on study days 1 and 2; Table 1). Vaccine virus was also
detected by culture in 1 participant on a single day following the first dose of vaccine, at a
titer of 101-0 TCIDs on study day 1 (Table 1).

None of the recipients of the HSN1 HK 2003/AA ca vaccine developed serum HI responses
or neutralizing antibody responses to the vaccine virus (Table 2). Only 1 vaccinee developed
a serum IgG response to rH5 antigen (Table 2). In contrast to recipients of 107-> TCIDsg of
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H5N1 VN 2004/AA ca vaccine, only 3 of 17 recipients of the HSN1 HK 2003/AA ca
vaccine developed serum IgA responses to rH5 antigen (Table 2). Following the first and
second dose of vaccine, 1 individual had an increase over background in vaccine-specific
IgG ASC, but none had an increase over background in vaccine-specific IgA ASC (data not
shown).

DISCUSSION

In this study, we evaluated two LAIVs containing H5 and N1 antigens: H5N1 VN 2004/AA
caand H5N1 HK 2003/AA ca. Each of these vaccines was generally well-tolerated in
healthy young adults: reported signs and symptoms were mild to moderate in severity, with
headache being the most frequently reported symptom. However, these vaccines were highly
restricted in replication and did not induce immune responses in the majority of participants.

There are a number of potential explanations for the low infectivity of the H5N1 vaccine
viruses. First, the H5 HA may have had limited capacity to bind to cells of the upper airway:
H5N1 VNO4 virus binds preferentially to sialic acid receptors terminating in N-
acetylneuraminic acid a2,3 galactose (a2,3Gal), whereas a2,6Gal receptors predominate in
human upper airway epithelium [31]. Secondly, it is likely that most of the study
participants had been previously infected with HLIN1 influenza A viruses: testing of pre-
immunization sera from recipients of the HSN1 VN2004 AA ca virus indicated that all
individuals had detectable antibody to rH1 antigen derived from A/New Caledonia/20/99. It
is possible that pre-existing antibody to the human H1 hemagglutinin (HA) and/or the
human N1 neuraminidase (NA) cross-reacted with the avian H5 HA and/or the N1 NA and
decreased vaccine virus replication. Some monoclonal antibodies derived from Turkish
survivors of H5N1 influenza infection bind to H5 HA and are able to neutralize both H5N1
and H1N1 viruses [30], indicating that shared neutralizing epitope(s) exist on some H5 and
H1 HAs. Although we were not able to detect cross-reacting antibodies to H5 in HI or
neutralization assays, it is possible that such antibodies were present at a level below the
limit of detection of our assays, but were able to limit viral replication of a highly attenuated
virus having an avian-like HA. Antibodies directed at the NA will not prevent infection with
influenza virus [32, 33], but can reduce viral replication [33—-35]. Cross-reactive antibodies
to avian N1 NA have been detected in mice immunized with DNA encoding the human N1
NA from A/New Caledonia/20/99 (H1N1) and in approximately 20% of a small number of
adult human sera [33, 36]. Finally, it is possible that the combination of the avian influenza
HA and NA genes with internal protein genes from a human influenza virus resulted in a
virus with a host-range restricted phenotype for humans. A previous study showed that a
reassortant virus containing HSN1 HA and NA and internal protein genes from a human
H3N2 influenza virus was less infectious in MDCK cells and in ferrets than the wt HSN1
virus [37]. In addition, H5N1 reassortant viruses containing human influenza virus internal
protein genes have not been detected, despite coincident epidemics of HSN1 influenza in
birds and of H3N2 or HIN1 influenza in humans for more than 10 years. These observations
suggest that reassortment between human influenza viruses and avian H5N1 influenza
viruses may produce progeny viruses that are restricted in replication in humans.
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Two factors may have contributed to the poor antibody responses observed in recipients of
these H5N1 LAIVs. First, the highly restricted replication of the HSN1 LAIVs is likely
responsible for the antibody responses observed in these clinical trials because generally a
virus that does not replicate efficiently presents a low antigen load. Second, the H5 HA is
intrinsically less immunogenic in humans than human influenza HAs [1]. The induction of
moderate to high levels of HI or neutralizing antibody by inactivated H5N1 virus vaccines
has required either large amounts of antigen [1], or the use of adjuvants [3-15].

There were two unexpected findings in this study. The first of these was the inability to
predict infectivity and immunogenicity of HSN1 LAIV in humans based upon replication in
mice and ferrets. In these small animal models, the HSN1 VN 2004/AA ca and H5N1 HK
2003/AA ca viruses were each restricted in replication compared to the parent wt virus, but
were readily recovered by culture: for example, the mean peak viral titer achieved in the
nasal turbinates of ferrets was 10*1 EIDgg/gm for the H5SN1 VN 2004/AA ca virus and 104>
EIDsgp/gm for the H5N1 HK 2003/AA ca virus [23]; unpublished data]. In addition, two
doses of each vaccine induced HI and neutralizing antibody in these animal models: in
ferrets, the mean reciprocal log, titers of HI and neutralizing antibodies against the
homologous virus were 5.3 and 3.6, respectively for the HSN1 VN 2004/AA cavirus, and
10.2 and 10.6, respectively for the HSN1 HK 2003/AA ca virus [23]; unpublished data]. In
contrast, each of these vaccines replicated minimally in humans, and was detected primarily
by rRT-PCR on study day 1, which might represent the presence of input virus. Antibody
responses were rarely detected by HI and neutralization assays in these individuals. Taken
together, these data suggest that replication of HSN1 LAIV in mice and ferrets were not
predictive of replication of these viruses in humans, and that novel models of infectivity
should be developed.

The observation that serum IgA was the most sensitive measure of infection with the HSN1
VN 2004/AA ca virus was also unexpected. The specificity of the serum IgA response is
suggested by: 1) dose response, in that 2 of 21 recipients of 1087 TCIDsg and 11 of 21
recipients of 107> TCIDs of H5SN1 VN 2004/AA ca developed serum IgA antibodies to the
rH5 antigen and 2) very infrequent serum IgA responses to H1 or H7 antigens (1 to H1 and
1 to H7 in the 42 vaccinees whose sera were tested). The absence of a serum IgA response in
recipients of the HK 2003/AA ca vaccine might be explained by antigenic differences, since
the rH5 used to coat the plates was derived from the VN 2004 H5N1 virus. Serum IgA
antibody responses to live attenuated respiratory virus vaccines can be measured in very
young infants who may have circulating maternal 1gG [38, 39], and has recently been
detected in recipients of an H7N3 LAIV vaccine (K. Talaat, Vaccine, in press). The
biological significance of this response remains to be determined, but results from this study
and the H7N3 vaccine study suggest that the serum IgA assay should be included in future
studies of LAIV developed for influenza viruses with pandemic potential.

In summary, two doses of the H5N1 VN 2004/AA ca and of the H5N1 HK 2003/AA ca
virus vaccines were generally well-tolerated and minimally infectious. Serum HI and
neutralizing antibody responses to these vaccines were minimal, but serum IgA responses to
rH5 HA were detected in approximately 50% of subjects who received the higher dose of
H5N1 VN 2004/AA ca. The correlates of protection for LAIV against seasonal influenza are
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unknown, and it therefore remains to be determined whether immunity induced by these
H5N1 LAIVs would protect against infection by H5N1 viruses. However, strategies to
enhance the infectivity and immunogenicity of the HSN1 LAIV should be pursued.
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