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Hospitalized patients with severe influenza are at significant risk for morbidity and mortality. MHAA4549A is a human mono-
clonal immunoglobulin (Ig) G1 antibody that binds to a highly conserved stalk region of the influenza A virus hemagglutinin
protein and neutralizes all tested seasonal human influenza A virus strains. Two phase 1 trials examined the safety, tolerability,
and pharmacokinetics of MHAA4549A in healthy volunteers. Both single ascending-dose trials were randomized, double
blinded, and placebo controlled. Trial 1 randomized 21 healthy adults into four cohorts receiving a single intravenous dose of
1.5, 5, 15, or 45 mg/kg MHAA4549A or placebo. Trial 2 randomized 14 healthy adults into two cohorts receiving a single intrave-
nous fixed dose of 8,400 mg or 10,800 mg of MHAA4549A or placebo. Subjects were followed for 120 days after dosing. No sub-
ject was discontinued in either trial, and no serious adverse events were reported. The most common adverse event in both stud-
ies was mild headache (trial 1, 4/16 subjects receiving MHAA4549A and 1/5 receiving placebo; trial 2, 4/8 subjects receiving
MHAA4549A and 2/6 receiving placebo). MHAA4549A produced no relevant time- or dose-related changes in laboratory values
or vital signs compared to those with placebo. No subjects developed an antitherapeutic antibody response following
MHAA4549A administration. MHAA4549A showed linear serum pharmacokinetics, with a mean half-life of 22.5 to 23.7 days.
MHAA4549A is safe and well tolerated in healthy volunteers up to a single intravenous dose of 10,800 mg and demonstrates lin-
ear serum pharmacokinetics consistent with those of a human IgG1 antibody lacking known endogenous targets in humans.
(These trials have been registered at ClinicalTrials.gov under registration no. NCT01877785 and NCT02284607).

Influenza viruses propagate within the respiratory tract and can
cause annual epidemics during autumn and winter. Classic

symptoms include chills, fever, dry cough, muscular aches, and
malaise. Most infected individuals recover from influenza virus
infections without requiring medical attention; however, influ-
enza poses the highest risk of hospitalization and secondary com-
plications in young children, the elderly, pregnant women, pa-
tients with underlying chronic medical conditions, and the
immunocompromised (1). Influenza can also cause serious sec-
ondary complications requiring hospitalization, such as pneumo-
nia, leading to acute respiratory failure, secondary bacterial respi-
ratory infections, and death. Each year, seasonal influenza results
in approximately three to five million cases of severe illness and up
to 500,000 deaths worldwide (2). Population-based surveillance
data from 2010 to 2013 shows that influenza causes an estimated
4,900 to 27,000 deaths and 114,000 to 624,000 hospitalizations per
year in the United States (3, 4). Neuraminidase inhibitors are
typically prescribed for patients with influenza virus infection;
however, the greatest clinical benefit from these agents occurs
within 48 h of onset of symptoms (5). Although there are no
approved pharmacological treatments for hospitalized influ-
enza patients, a recent meta-analysis of individual participants
from the 2009-2010 influenza A H1N1 virus pandemic suggests
that in hospitalized patients, neuraminidase inhibitors signifi-
cantly reduced mortality in adults by 62% if started within 48 h
of symptom onset (6).

Currently, there is a significant unmet medical need in the
severely ill hospitalized patient population, as evidenced by the

considerable degree of morbidity and mortality in this setting.
To address this need, MHAA4549A, a human monoclonal
immunoglobulin (Ig) G1 antibody, is being developed as a
treatment for hospitalized patients with severe influenza.
MHAA4549A was cloned from a single human plasmablast cell
isolated from an influenza virus-vaccinated donor (7). This
monoclonal antibody can neutralize all tested seasonal human
influenza A virus strains by two complementary mechanisms of
action. First, MHAA4549A binds hemagglutinin on viral par-
ticles, thereby preventing hemagglutinin maturation and
blocking hemagglutinin-mediated membrane fusion in the en-
dosome (8). Second, by binding to hemagglutinin on the sur-
face of influenza virus-infected cells, MHAA4549A induces
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natural killer (NK) cells to lyse influenza virus-infected cells
through antibody-dependent cell-mediated cytotoxicity (L.
Kamen and E. Kho, unpublished data). In vivo, efficacy of
MHAA4549A was demonstrated in mouse models of influenza
A virus infection, both as a single agent and in combination
with oseltamivir (7). In the absence of influenza virus infection,
the MHAA4549A-targeted epitope on the human influenza A
virus hemagglutinin glycoprotein is not endogenously ex-
pressed in human tissue. As a result, the antibody does not have
any known host targets. This paper reports results from two
phase 1 studies that assessed the safety, tolerability, and phar-
macokinetics (PK) of MHAA4549A in healthy volunteers.

MATERIALS AND METHODS
Participants. Subjects were required to be healthy adults, 18 years of age
or older, with a body mass index (BMI) of �18.0 and �32.0 kg/m2, weight
of 40 to 100 kg, and in good health, as determined by the absence of
clinically significant findings from medical history, electrocardiogram,
clinical laboratory assessments, and vital sign measurements. Subjects
were excluded under the following conditions: if they had a history or
clinically significant manifestations of metabolic, hepatic, renal, hemato-
logic, immunological, pulmonary, cardiovascular, gastrointestinal, uro-
logic, neurologic, or psychiatric disorders; if they had a history of anaphy-
laxis, hypersensitivity, or drug allergies; or if they were current tobacco
smokers. Female subjects were excluded if they had a positive pregnancy
test result at screening or were breastfeeding during the study. Subjects
were also excluded if they had participated in a clinical trial within 4 weeks
before initiation of dosing on day 1, had used any experimental small-
molecule therapy within the 4 weeks prior to initiation of dosing on day 1
or biologic therapy within the 12 weeks prior to or within five half-lives
(t1/2s) of the product, or received any vaccine within 14 days prior to
screening.

Study design. Both trial 1 and trial 2 were phase 1, randomized, dou-
ble-blind, placebo-controlled, single ascending-dose studies that evalu-
ated the safety, tolerability, and pharmacokinetics of MHAA4549A in
healthy volunteers who were enrolled at a single site in a clinic environ-
ment in Québec, Canada. Trial 1 was the entry-into-human study, and
trial 2 assessed higher doses of MHAA4549A.

Trial 1 consisted of four cohorts (A to D) with at least 16 subjects
receiving MHAA4549A (Genentech, Inc., South San Francisco, CA) (Fig.
1). Trial 2 consisted of two cohorts (A and B) with at least 8 subjects
receiving MHAA4549A. Patients were allocated to MHAA4549A and pla-
cebo in ratios of 4:2 in cohort A and 4:1 in cohorts B to D in trial 1 and in
ratios of 4:4 in cohort A and 4:2 in cohort B in trial 2, according to ran-
domization schedules generated by the SAS PLAN procedure (SAS Insti-
tute, Inc., Cary, NC). Both the site investigator and the subject were

blinded to the treatment assignment until the study was completed. Spon-
sor-selected staff were also blinded to study drug assignment throughout
the trial to facilitate ongoing monitoring of safety and tolerability. Desig-
nated personnel at the site prepared and generated the study medications
and were aware of the randomization codes.

Prior to entering the trial, subjects had a screening visit to establish
eligibility within 35 days before study drug administration. Subjects were
confined to the research facility from day �1 prior to drug administration
on day 1 until at least 24 h postdose (day 2). Return visits to assess safety
and pharmacokinetic outcomes were scheduled for days 4 (�1 day), 8
(�1 day), 15 (�2 days), 29 (�3 days), 57 (�7 days), 85 (�7 days), and
120 (�7 days).

As previously described (7), MHAA4549A was isolated from a single
influenza virus-vaccinated donor and screened by an enzyme-linked im-
munosorbent assay (ELISA) for its ability to bind hemagglutinin subtypes
and neutralize all human influenza A virus isolates tested. MHAA4549A is
a recombinant antibody that was expressed in suspension cultures of Chi-
nese hamster ovary (CHO) cells genetically engineered to synthesize the
antibody. After the protein was manufactured in bioreactors, the super-
natant containing the antibody was separated from the CHO cells by
centrifugation, and filtration and was subsequently purified using affinity
and ion exchange chromatography. The antibody was then formulated
using ultrafiltration and diafiltration with steps to inactivate and remove
potential adventitious viruses.

MHAA4549A (50 mg/ml in placebo solution) and placebo (10 mM
sodium succinate, 240 mM sucrose, 0.02% [wt/vol] polysorbate 20, pH
5.5) were diluted in 0.9% normal saline and administered as single intra-
venous (i.v.) infusions over approximately 1 h in trial 1. In trial 2, the
infusion time was approximately 2 h. Subjects in trial 1 received a single
weight-based i.v. dose of either MHAA4549A or placebo for each cohort
as follows: A, 1.5 mg/kg; B, 5 mg/kg; C, 15 mg/kg; and D, 45 mg/kg.
Subjects in trial 2 received a single fixed i.v. dose of either MHAA4549A
or placebo for each cohort as follows: A, 8,400 mg (�105 mg/kg); B,
10,800 mg (�135 mg/kg).

The clinical study protocols, any relevant associated documents, and
informed consent forms were reviewed and approved by an institutional
review board prior to subject screening and enrollment. All patients pro-
vided written, informed consent. All clinical work was conducted in
compliance with Good Clinical Practices as referenced in the Interna-
tional Conference on Harmonization guidelines (ICH E6), Good Lab-
oratory Practices as referenced in the ICH guidelines, local regulatory
requirements, and the recommendations laid down in the most recent
version of the Declaration of Helsinki. These trials were registered at
ClinicalTrials.gov under registration numbers NCT01877785 and
NCT02284607.

Safety assessments. Safety assessments, including repeated measures
of laboratory testing, vital signs, electrocardiograms (ECGs), physical ex-
aminations, and adverse events (AEs), were performed before, during,
and following study drug infusion up to day 120. Subjects were confined at
the clinical research facility from day �1 through day 2 (at least 24 h after
dosing). AEs were assessed every 30 min (�15 min) until infusion was
completed. After infusion, AEs were assessed at 30, 60, and 120 min (�15
min) and at regular intervals throughout the confinement period and at
each subsequent study visit.

For both trials, an internal safety monitoring committee reviewed all
available safety data in order to make dose escalation decisions, in consul-
tation with the principal investigator. Safety data reviewed for dose esca-
lations included AEs, ECGs, vital signs, and clinical laboratory results
from all previously dosed subjects through day 8. AEs were graded accord-
ing to the following categories: mild, moderate, or severe. Treatment-
emergent adverse events (TEAEs) were defined as AEs that occurred on or
after the date and time of the start of drug infusion. TEAEs were captured
until study completion at approximately 120 days following study drug
administration. Any serious adverse events (SAEs) that occurred were also
collected and reported within 24 h.
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Pharmacokinetic assessments. For both trials, serum samples for PK
analyses were collected predose (within 60 min prior to drug administra-
tion), at 30 min, and at 4 h after the end of infusion on day 1 and on days
2, 4 (�1), 8 (�1), 15 (�2), 29 (�3), 57 (�7), 85 (�7), and 120 (�7) or at
the early-termination visit.

A validated ELISA with a lower limit of quantification of 0.2 �g/ml was
used to determine serum MHAA4549A concentrations. The assay used a
murine monoclonal anti-idiotypic antibody specific for MHAA4549A to
coat ELISA plates, which allowed the specific capture and quantification
of MHAA4549A in serum samples. The following PK parameters were
assessed for serum samples: observed maximum concentration (Cmax),
area under the concentration-time curve extrapolated to infinity
(AUC0 –�), apparent terminal half-life (t1/2), apparent clearance (CL), and
volume of distribution at steady-state (Vss).

Immunogenicity assessments. Serum samples for antitherapeutic an-
tibody (ATA) analysis for both trials were collected prior the start of the
infusion and on days 29 (�3) and 85 (�7) posttreatment, as well as on day
120 (�7) or at an early-termination visit. The presence of ATAs in those
samples was initially detected with a validated MHAA4549A-specific
bridging ELISA that used the formation of a complex between ATAs and
two MHAA4549A conjugates: MHAA4549A-biotin, which enabled the
capture of ATAs on streptavidin-coated ELISA plates, and MHAA4549A-
digoxigenin (DIG), which allowed detection of captured complexes by
subsequent addition of an anti-DIG antibody conjugated with horserad-
ish peroxidase (HRP). Color development after addition of HRP substrate
indicated the potential presence of ATAs in that sample. Samples with
signals above an established assay threshold were considered positive in
the screening assay. The threshold for the screening assay was established
during assay validation using a panel of 100 serum samples from healthy
donors and was set to yield an untreated-positive rate (UTPR) or false-
positive rate of approximately 5% (9). Positive samples from the screening
assay were further tested in a validated confirmatory assay. In the confir-
matory assay, each sample was preincubated with an excess concentration
of unlabeled MHAA4549A prior to performance of the same steps as
described in the screening assay procedure. An ATA sample was defined as
confirmed positive if competitive binding with MHAA4549A significantly
reduced its signal in the assay. The percent reduction in assay signal re-
quired for a sample to be confirmed positive was established using the
same panel of 100 serum samples from healthy donors used to set the
screening assay threshold, as described above. The confirmatory assay
threshold was established to yield a UTPR of approximately 1% (10).
Subsequently, titer values were determined for all samples that were con-
firmed as positive by retesting those samples serially diluted in the same
screening assay described above.

Statistical methods. The sample size for this trial was based on the
dose escalation rules described in the study design section and not based
on any statistical criteria. A sufficient number of subjects were screened to
ensure that approximately six subjects were enrolled in cohort A and five
subjects were enrolled in cohorts B to D for trial 1 and that eight subjects
were enrolled in cohort A and six subjects were enrolled in cohort B for
trial 2. It was determined that four subjects dosed with active drug in all
cohorts should be sufficient to characterize the single-dose safety and
tolerability of MHAA4549A.

The analysis of safety and tolerability was based on the safety popula-
tion, defined as all subjects who received any amount of MHAA4549A or
placebo. Descriptive statistics were calculated for demographic continu-
ous variables, and frequency counts and percentages were tabulated for
categorical variables. AEs were coded using the Medical Dictionary for
Regulatory Activities (MedDRA), version 16.0 (trial 1) or version 17.1
(trial 2). TEAEs were summarized by number and percentage of subjects
experiencing TEAEs and by number of events and were tabulated by sys-
tem organ class, preferred term, severity, causality, and treatment.

Descriptive statistics and change-from-baseline results were tabulated
for continuous clinical laboratory results (serum chemistry, hematology,
and urinalysis), vital sign results, and ECGs and were presented by treat-

ment and time point for each test. Baseline was defined as the last results
obtained prior to dosing. For categorical variables (urinalysis test), the
number of subjects (frequency and percentage) was tabulated by results
(e.g., negative, positive, or trace).

The pharmacokinetic population was the group of subjects who re-
ceived MHAA4549A and had an adequate serum PK profile for
MHAA4549A. PK data were available from day 1 (predose) to day 120
from 16 PK-evaluable patients across the four dose groups of
MHAA4549A (trial 1) and 8 PK-evaluable patients across the two dose
groups of MHAA4549A (trial 2). The PK parameters derived from the
serum concentration-time profiles following administration of
MHAA4549A were calculated using noncompartmental methods. The
linear-up, log-down calculation method and plasma model for i.v. infu-
sion were used to derive the PK parameters. Descriptive statistics were
calculated for PK parameters including the means and standard devia-
tions (SD).

Data analysis was performed using SAS, version 9.2 (SAS Institute,
Inc., Cary, NC), and PK analyses were performed using Phoenix Win-
Nonlin, versions 6.2 (trial 1) and 6.4 (trial 2) (Pharsight Corporation,
Mountain View, CA).

RESULTS
Subject characteristics. In trial 1, 21 of 53 volunteers screened
were deemed eligible for the study and randomized to receive
MHAA4549A or placebo. The first subject was dosed in July 2013,
and the last subject completed the study in December 2013. The
safety population consisted of 7 male and 14 female subjects, of
whom 16 received one dose of active treatment and 5 received
placebo. In trial 2, 27 of 58 volunteers screened were deemed eli-
gible for the study, and 14 subjects were randomized to receive
MHAA4549A or placebo. The first subject was dosed in Novem-
ber 2014, and the last subject completed the study in March 2015.
The safety population consisted of seven male and seven female
subjects, of whom eight received one dose of active treatment and
six received placebo. In both trials, all subjects who were dosed
completed the study. All subjects who received a single dose of
MHAA4549A were included in the PK analyses (trial 1, n � 16;
trial 2, n � 8). In both trials, no notable differences were observed
among treatment groups or between subjects who received
MHAA4549A and those who received placebo with respect to de-
mographic parameters (Table 1).

Safety. In trial 1, 23 TEAEs were reported by 13 of 21 (61.9%)
subjects who received one dose of the study medication or placebo
(safety population) (Table 2; see also Table S1 in the supplemental
material). Nineteen of these TEAEs were reported by 10 of 16
(62.5%) subjects who had received MHAA4549A, and four TEAEs
were reported by 3 of 5 (60.0%) subjects who received placebo.
The total numbers of TEAEs reported were similar in all cohorts
(four TEAEs reported per cohort), with the exception of cohort B,
where seven TEAEs were observed. The TEAEs were reported by 2
to 3 of the 4 subjects who received active treatment in each of the
cohorts.

In trial 2, 34 TEAEs were reported by 12 of 14 (85.7%)
subjects who received one dose of the study medication or
placebo (safety population) (Table 3; see also Table S2 in the
supplemental material). Twenty-four of these TEAEs were
reported by 7 of 8 (87.5%) subjects who had received
MHAA4549A, and 10 TEAEs were reported by 5 of 6 (83.3%)
subjects who received placebo. The total numbers of subjects
reporting TEAEs were similar in all cohorts. The TEAEs were
reported by 3 of the 4 subjects receiving MHAA4549A in cohort
A (8,400 mg) and by 4 of the 4 subjects receiving MHAA4549A
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in cohort B (10,800 mg). No notable trends were observed
among dose levels or between subjects who received MHAA4549A
and those who received placebo.

In trial 1, the most commonly reported TEAEs in subjects who
received MHAA4549A were headache and oropharyngeal pain,
reported by 4 and 2 subjects, respectively (Table 2; see also Table
S1 in the supplemental material). In trial 2, the most commonly
reported TEAEs were headache, reported by 4 subjects who re-
ceived MHAA4549A (3 in cohort A and 1 in cohort B) and naso-
pharyngitis, reported by 3 subjects who received MHAA4549A (1
in cohort A and 2 in cohort B) (Table 3; see also Table S2). The
latter TEAEs were deemed unrelated to MHAA4549A. For both
trials, all other TEAEs were each reported by no more than 1
subject who received MHAA4549A.

The severity of TEAEs in trial 1 was primarily mild, with
only two moderate TEAEs that were deemed unrelated to
MHAA4549A (Table 2). In trial 2, the severity of TEAEs was also
primarily mild, with only three moderate TEAEs reported that
were deemed unrelated to MHAA4549A (Table 3). There were no
deaths, and no subjects in either trial reported pregnancies, severe
AEs, or SAEs during the studies.

Clinical laboratory tests, vital signs, ECG measurements. A
number of shifts from baseline were observed for clinical labora-
tory tests over the course of both studies, but there were no ob-
served trends with respect to either dose level or time. None of
these shifts in either study was considered to be clinically signifi-
cant, except for four clinical laboratory results that were consid-
ered to be TEAEs. In trial 1, an alanine aminotransferase (ALT)
increase was recorded for one subject who received 5 mg/kg
MHAA4549A (Table 2). The ALT increase occurred on day 85 and
measured 72 U/liter (normal range, 0 to 41 U/liter). The test was
repeated 3 and 10 days later, measuring 54 U/liter (considered not
clinically significant by the principal investigator) and 18 U/liter,
respectively. In addition, a creatine phosphokinase (CK) increase
was recorded for one subject who received placebo in the
MHAA4549A 45 mg/kg-cohort. The CK increase occurred on day
120 and measured 417 U/liter (normal range, 24 to 170 U/liter). A
repeat test was performed 1 day later, measuring 482 U/liter. A
second repeat test was performed 10 days after the initial out-of-
range result and yielded a normal result of 163 U/liter.

In trial 2, a CK increase was recorded twice for one subject who
received 10,800 mg of MHAA4549A (Table 3). Troponin I results

TABLE 1 Subject demographics and baseline characteristics

Parameter

Value in trial 1 with:a Value in trial 2 with:a

MHAA4549A

Placebo

MHAA4549A

Placebo1.5 mg/kg 5 mg/kg 15 mg/kg 45 mg/kg Overall 8,400 mg 10,800 mg Overall

No. of subjects randomized 4 4 4 4 16 5 4 4 8 6
Age (yr) 43 � 7a 41 � 12 43 � 14 40 � 24 41 � 14 51 � 15 41 � 15 34 � 3 37 � 11 49 � 12
No. of female subjects (%) 3 (75) 2 (50) 3 (75) 2 (50) 10 (63) 4 (80) 2 (50) 2 (50) 4 (50) 3 (50)
No. of White subjects (%) 4 (100) 4 (100) 4 (100) 4 (100) 16 (100) 5 (100) 4 (100) 4 (100) 8 (100) 6 (100)
Height (cm) 166 � 14 165 � 5 166 � 15 167 � 3 166 � 10 164 � 5 163 � 9 168 � 6 166 � 7 168 � 5
Weight (kg) 63 � 17 75 � 9 66 � 7 65 � 7 67 � 11 65 � 3 69 � 9 69 � 9 69 � 8 75 � 11
BMI (kg/m2) 23 � 2 28 � 3 24 � 4 23 � 3 25 � 3 24 � 1 26 � 3 24 � 3 25 � 3 27 � 4
a Values are means � SD unless otherwise noted. Trial 1, entry-into-human study; trial 2, high-dose study.

TABLE 2 Summary of adverse events in trial 1

Parameter

Value for the parameter with:

MHAA4549A

Placebo1.5 mg/kg 5 mg/kg 15 mg/kg 45 mg/kg Overall

No. of subjects dosed 4 4 4 4 16 5
No. of subjects with at least 1 TEAE (%) 2 (50) 3 (75) 2 (50) 3 (75) 10 (63) 3 (60)

No. of TEAEs 4 7 4 4 19 4
Treatment-related 0 0 4 2 6 0
Mild 3 6 4 4 17 4
Moderate 1 1 0 0 2 0
Severe 0 0 0 0 0 0
Serious 0 0 0 0 0 0

No. of subjects who discontinued due to TEAE 0 0 0 0 0 0
No. of deaths 0 0 0 0 0 0

Notable adverse eventsa (no. of subjects [%])
Headache 0 2 (50) 1 (25) 1 (25) 4 (25) 1 (20)
Oropharyngeal pain 1 (25) 0 0 1 (25) 2 (13) 0
Alanine aminotransferase increased 0 1 (25) 0 0 1 (6) 1 (20)
Blood creatine phosphokinase increased 0 0 0 0 0 1 (20)

a Table S1 in the supplemental material lists all adverse events for trial 1.
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were normal, and both increases were associated with intense
physical activity. The principal investigator deemed both CK in-
creases as unrelated to the study drug. The first CK increase oc-
curred on day 15, was measured at 3,197 U/liter, and was judged to
be clinically significant by the principal investigator. The test per-
formed on day 29 yielded a result of 196 U/liter, and the result was
judged by the principal investigator as not clinically significant.
On day 57, the CK test result was 996 U/liter (judged as clinically
significant by the principal investigator), and the test was repeated
6 days later with a result of 305 U/liter (considered not clinically
significant). By the end of the study, these results overall were
judged to be not clinically significant.

No safety issues were observed with respect to vital sign results
or ECG measurements. Overall, there were no relevant differences
in mean values and shifts from baseline over time with respect to
dose level of MHAA4549A compared to results with placebo.

Pharmacokinetics. In both trials, serum MHAA4549A con-
centrations exhibited a biphasic disposition, with an initial rapid
distribution phase followed by a slow elimination phase (Fig. 2).
MHAA4549A appeared to show linear pharmacokinetics, with a
mean half-life of approximately 23 days (range, 21.9 to 24.6 days)
in trial 1 and 21.5 days (range, 21.4 to 21.6 days) in trial 2.

PK parameters following single i.v. dose administrations of
MHAA4549A for trial 1 and trial 2 are summarized in Table 4. For
trial 1 and trial 2, the CL values were similar across the dose
groups, with a mean of approximately 182 ml/day and 159 ml/day,
respectively, indicating that MHAA4549A has dose-proportional
PK in the tested dose ranges (1.5 mg/kg to 10,800 mg [�135 mg/
kg]).

Immunogenicity. No subject in either trial developed ATAs
after the administration of MHAA4549A. In trial 2, one patient
who received 10,800 mg of MHAA4549A tested positive for ATAs
at baseline and negative at subsequent postbaseline time points.

DISCUSSION

The safety, tolerability, and pharmacokinetics of MHAA4549A
were examined in two phase 1 studies. Both trials demonstrated

that MHAA4549A was safe and well tolerated in healthy subjects
following a single i.v. administration of 1.5, 5, 15, or 45 mg/kg or
fixed doses of 8,400 mg and 10,800 mg. None of the TEAEs were
severe or serious, and the majority were mild in intensity. No
deaths or pregnancies were reported over the course of the study.
There were no notable differences with respect to the number of
subjects experiencing TEAEs between the different dose groups,
and there were no safety concerns regarding clinical laboratory
tests, ECGs, and vital signs. No treatment-induced anti-
MHAA4549A antibodies were detected for any subject dosed in
these studies. The relatively low immunogenicity profile of
MHAA4549A is likely because it is a fully human antibody cloned
from a single human plasmablast cell (7). The single-dose regimen
used in these studies may also have contributed to the observed

TABLE 3 Summary of adverse events in trial 2

Parameter

Value for the parameter with:

MHAA4549A

Placebo8,400 mg 10,800 mg Overall

No. of subjects dosed 4 4 8 6
No. of subjects with at least 1 TEAE (%) 3 (75) 4 (100) 7 (88) 5 (83)

No. of TEAEs 15 9 24 10
Treatment-related 6 3 9 1
Mild 14 7 21 10
Moderate 1 2 3 0
Severe 0 0 0 0
Serious 0 0 0 0

No. of subjects who discontinued due to TEAE 0 0 0 0
No. of deaths 0 0 0 0

Notable adverse eventsa (no. of subjects [%])
Headache 3 (75) 1 (25) 4 (50) 2 (33)
Nasopharyngitis 1 (25) 2 (50) 3 (38) 2 (33)
Blood creatine phosphokinase increased 0 (0) 1 (25) 1 (13) 0 (0)

a Table S2 in the supplemental material lists all adverse events for trial 2.
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low incidence of ATAs in these studies since such a regimen is less
likely to stimulate the immune system sufficiently to elicit an an-
tibody response (11).

The serum pharmacokinetics of MHAA4549A was linear (dose
independent) in healthy subjects over the dose range of 1.5 mg/kg
to �135 mg/kg (10,800-mg fixed dose) with a terminal half-life of
approximately 20 to 30 days. This PK profile in healthy subjects is
consistent with that of a human IgG1 antibody that lacks known
endogenous targets in humans (12). Given the high doses of the
drug and its extended half-life, a single dose of MHAA4549A
should provide sufficiently high levels of drug throughout the typ-
ical course of an influenza virus infection. This is supported by
evidence that MHAA4549A neutralized a panel of influenza A
virus human isolates with in vitro median inhibitory concentra-
tion (IC50) values ranging from 1.3 nM to 45.1 nM (7). At 2 weeks
after the administration of a single i.v. dose of 45 mg/kg (the an-
ticipated efficacious dose), the observed MHAA4549A serum con-
centration was �366 �g/ml, which was �55- to 1,879-fold of the
IC50. The long half-life may also contribute to the drug’s potential
for seasonal protection as a prophylactic agent (13).

For these trials, two different dosing approaches were chosen:
trial 1 doses were weight based, and trial 2 doses were fixed. Fixed
dosing is recommended for monoclonal antibodies due to their
low pharmacokinetic variability relative to safety and efficacy vari-
ability (12, 14). Similar PK observations between trial 1 and trial 2
studies support the fixed-dosing strategy. Given the many practi-
cal advantages and potentially larger therapeutic window of
MHAA4549A, fixed dosing will be used in future trials of
MHAA4549A.

In trial 1, the selection of the first-in-human doses was based
on multiple factors, including the in vivo, nonclinical, pharmaco-
logically active doses and exposure in mouse infection models,
expected human PK, and nonclinical safety factors. A broad dose
range (1.5 to 45 mg/kg as single i.v. doses) was selected to ensure a
safe starting dose to assess the safety of MHAA4549A across a
range of drug exposures and to provide PK data for further clinical
development. The decision to assess high doses in trial 2 was based
on the hypothesis that severely ill patients hospitalized with influ-
enza virus infection have higher viral loads and longer durations
of viral shedding (15). These patients may require higher doses of
MHAA4549A to achieve sufficient occupancy of virus binding
sites in the upper and lower respiratory compartments, and a high
concentration of IgG would be necessary in the circulating plasma
to enable passive transudation into the site of action for influenza
virus, the respiratory mucosa (16, 17). The initial dose selection

for trial 2 was based on an exploratory exposure-response analysis
of a phase 2a influenza virus challenge study in healthy volunteers
(clinical trial NCT01980966), which indicated that higher
MHAA4549A nasal exposure was associated with better efficacy.
Simulations from a semiquantitative pharmacokinetic model de-
veloped from the challenge study suggested that 8,400 mg was the
minimum dose that would show a separation of nasal exposure
from a dose of 3,600 mg (K. Patel, C. Kirkpatrick, M. Stroh, P.
Smith, and R. Deng, presented at the 55th Interscience Confer-
ence on Antimicrobial Agents and Chemotherapy [ICAAC], San
Diego, CA, 17 to 21 September 2015), which led to a significant
decrease in viral shedding in the upper respiratory tract (J. Tavel,
J. McBride, R. Deng, M. Derby, T. Burgess, N. Chai, S. Park, M.
Xu, and L. Swem, presented at the European Scientific Working
Group on Influenza, Riga, Latvia, 14 to 17 September 2014). The
10,800-mg dose was chosen based on serum exposures predicted
by a preliminary population PK analysis of results from trial 1,
which indicated that the MHAA4549A exposures in a typical 70-
to 80-kg subject receiving a 10,800-mg dose would be comparable
to those of a 40-kg subject receiving the 8,400-mg dose. The use of
high doses of antibodies for treatment of infectious diseases is not
unprecedented. For example, high-dose intravenous immuno-
globulin (hIVIG), a blood product prepared from the serum of
donors, is dosed up to 2 g/kg/month as an immunomodulatory
agent (18).

The discovery of antibodies to protect against bacteria and tox-
ins dates back to the early 1890s and eventually led to “serum
therapy” (13, 19–21), a polyclonal antibody admixture from im-
munized animals or immune human donors. However, serum
therapy caused a series of adverse reactions, including hypersen-
sitivity and serum sickness, an antigen-antibody complex disease.
Once antibiotics and antivirals were introduced, serum therapy
lost popularity due to product batch heterogeneity, pathogen
transmission, and immunogenicity risks (19, 20, 22–24). In con-
trast, MHAA4549A is a monoclonal antibody, and in the absence
of influenza virus infection, its epitope on the human influenza A
virus hemagglutinin glycoprotein is not endogenously expressed
in humans; therefore it is expected to be safe (7, 19).

Currently, there is no approved therapeutic for the treatment
of hospitalized patients with severe influenza virus infection.
MHAA4549A has several advantages as a therapeutic for the treat-
ment of influenza. Monoclonal antibodies are known to have rel-
atively low toxicity profiles and high specificity and are not ex-
pected to alter the host flora or select for resistance among
nontarget microorganisms (19, 25). In addition, the metabolism

TABLE 4 Summary statistics of serum pharmacokinetic parameters of MHAA4549A in all subjects following single intravenous administration in
trial 1 and trial 2

Dose (n � 4)a

Value for the parameter (mean � SD)b

Cmax (�g/ml) CL (ml/day) t1/2 (day) AUC0–� (day · �g/ml) Vss (ml)

1.5 mg/kg 33.5 � 7.20 186 � 73.9 22.6 � 5.04 539 � 149 5,170 � 825
5 mg/kg 144 � 8.52 204 � 42.3 21.9 � 1.49 1,850 � 241 5,400 � 805
15 mg/kg 334 � 30.9 186 � 51.7 24.6 � 4.27 5,620 � 1,490 5,600 � 948
45 mg/kg 1,180 � 139 152 � 20.9 23.6 � 2.04 19,500 � 2,100 4,670 � 424
8,400 mg 3,570 � 179 167 � 16.5 21.6 � 2.01 50,700 � 4,830 4,590 � 661
10,800 mg 4,780 � 1,160 151 � 45.0 21.4 � 2.92 76,400 � 22,200 4,170 � 573
a n, number of subjects at each dose.
b PK parameters were summarized using noncompartmental analysis. Cmax, observed maximum concentration; CL, clearance; t1/2, apparent terminal half-life; AUC0 –�, area under
the time-concentration curve extrapolated to infinity; Vss, volume of distribution at steady-state.
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of therapeutic monoclonal antibodies, unlike that of small mole-
cules, does not involve CYP450 enzymes, thereby reducing the risk
of drug-drug interactions. The kidney does not have a major role
in eliminating intact IgGs because of their large molecular size
(26). Potential differences in hepatic or renal functions between
the hospitalized influenza population and healthy volunteers
should have a negligible effect on the metabolism and clearance of
monoclonal antibodies (27).

In a nonclinical study where mice were infected with a high,
lethal dose of the influenza virus A/Puerto Rico/8/34 (PR8) vari-
ant and treated with subefficacious doses of MHAA4549A, the
neuraminidase inhibitor oseltamivir, or a combination of the two
therapies at 72 h postinfection, the combination of MHAA4549A
with oseltamivir significantly improved survival and body weight
over results with either treatment alone (7). Since MHAA4549A is
unlikely to interact with other influenza virus antivirals, such as
neuraminidase inhibitors, combination therapy allows for a dual
mechanism of action and may have added benefit in hospitalized
patients with severe influenza (7, 13, 19, 20, 25, 28).

In conclusion, our results from the two phase 1 studies
showed that the anti-influenza A virus monoclonal antibody
MHAA4549A was safe and well tolerated in healthy adult vol-
unteers up to a single i.v. dose of 10,800 mg. MHAA4549A did
not induce an ATA response in treated subjects and demon-
strated linear serum pharmacokinetics. Further studies in pa-
tients with influenza virus infection are needed to establish
efficacy and additional safety outcomes.
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