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Abstract
Cotton rats (Sigmodon hispidus) are susceptible to the recently discovered human metapneumovirus
(hMPV), an agent closely related to human respiratory syncytial virus. Since certain respiratory
syncytial virus vaccines can induce enhanced disease upon viral challenge, we have done similar
experiments with hMPV in cotton rats. Young adult cotton rats were vaccinated with a formalin-
inactivated preparation of hMPV strain C-85473, or with a mock preparation of the vaccine on day
0 and again on day 28. All animals were challenged intranasally on day 49 with 107 TCID50 of the
same hMPV strain. Animals were sacrificed on days 4, 7, and 10 post-challenge and lungs were
removed for viral quantitation, histopathology, and cytokine mRNA expression analysis (interferon-
gamma (IFN-γ) and interleukin-4 (IL-4)). Although the vaccinated animals showed almost complete
protection from viral replication in the lungs (<102.0 TCID50 per gram), there was a dramatic increase
in the lung pathology, particularly the interstitial pneumonitis and alveolitis with elevated serum
neutralizing antibody titer prior to challenge. Cytokine profiles were distinctive from those observed
during primary infection and re-infection. The data raise safety concerns for hMPV vaccine
preparations.
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1. Introduction
Human metapneumovirus (hMPV), is a paramyxovirus, related by sequence to human
respiratory syncytial virus (hRSV), and was first described in 2001 [25]. Like RSV, hMPV
infects humans of all ages but causes more severe disease in infants, the elderly and the
immunocompromised [3,6,9,17,25,26]. Like hRSV, hMPV can re-infect throughout life [29],
although essentially all children have had a first infection by age 5. Its ability to co-infect with
other respiratory infectious agents, including RSV and pneumococci [14,27], combined with
its relatively slow replication in cell culture likely accounted for its ability to escape isolation
until 2001. Various animal models have been utilized to study hMPV infection including mice,
hamsters, and several species of primates [10,12,13,23]. Recent studies indicate that infection
of cotton rats with hMPV is associated with efficient viral replication in the lung and
reproducible pulmonary pathology [10,28,30]. The cotton rat has also been used extensively
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to study hRSV especially in the area of enhanced pulmonary disease caused by some vaccine
candidates for hRSV [19-22].

The use of an early formalin-inactivated hRSV vaccine (FI-hMPV) together with natural
environmental challenge with the virus resulted in severe pulmonary disease, hospitalization
and two deaths among the immunized children [11]. We have described the lung tissues from
the fatal cases in detail [20]. Evaluation of formalin-inactivated hRSV vaccine has been critical
in studying the phenomenon of enhancement. In the present study, we have immunized cotton
rats with formalin-inactivated hMPV vaccine, and subsequently challenged the animals with
hMPV. We compared these animals to those immunized with mock vaccine, or those with a
secondary infection with hMPV. We present data on viral replication, enhanced pulmonary
histopathology, neutralizing antibody titers, and expression levels of (interferon-gamma (IFN-
γ) and interleukin-4 (IL-4). This study raises safety concerns that should be addressed during
the evaluation of potential hMPV vaccine candidates.

2. Materials and methods
2.1. Cell line and virus

LLC-MK2 cells were maintained in minimal essential medium (Gibco/BRL, Bethesda, MD)
supplemented with 10% fetal bovine serum. The hMPV strain C-85473 is a clinical isolate
passed six times on LLC-MK2. Viral infection used minimal essential medium supplemented
with 0.2% glucose, 0.1% bovine serum albumin, 0.0002% trypsin, and 0.1% gentamicin
(hMPV infection medium). Viral titers were determined by 10-fold serial dilutions of virus in
24-wells plates containing LLC-MK2 cells. Before infection, cells were washed twice with
PBS to remove residual serum proteins that could inhibit trypsin activity. Infected plates were
incubated at 37 °C with 5% CO2 and replenished with 1 μl of fresh trypsin (0.0002%) every
other day. Endpoints used cytopathic effect on the cell monolayers. Virus titers were reported
as Log10 50% tissue culture infectious dose per milliliter of culture supernatant or per gram of
lung (Log10 TCID50/ml or Log10 TCID50/g) [10]. TCID50 was calculated by the method of
Reed and Muench. The vaccine was prepared from a stock of hMPV with a titer of 108

TCID50/ml by making the solution 1:4000 in formalin, stirring vigorously, and incubating 72
h at 37 °C with daily vigorous stirring. Precipitation with alum has been omitted from the
vaccine formulation. The vaccine was then kept at 4 °C for at least 30 min before use. The
vaccine contained no replicating virus in cell culture. Mock vaccine was prepared similarly
but used uninfected cell culture as the starting material.

2.2. Cotton rat studies
Inbred Sigmodon hispidus cotton rats were obtained from a colony maintained at Virion
Systems, Inc. (Rockville, MD). Young adult animals weighing approximately 100 g were used
for the experiment. The animals were housed in large polycarbonate cages and were fed a
standard diet of rodent chow and water ad libitum. The colony was monitored for antibodies
to paramyxoviruses and rodent viruses and none were found. All studies were conducted under
applicable laws and guidelines and after approval from the Virion Systems, Inc. Animal Care
and Use Committee.

One hundred and five cotton rats were pre-bled and immunized intramuscularly at 0.1 ml/100
g with FI-hMPV (undiluted) or with FI-hMPV diluted 1:10 or 1:100 in PBS. Additional animals
were mock immunized with a vaccine prepared similarly from mock-infected cells. Additional
groups consists of animals infected intranasally with 107 TCID50 hMPV strain C-85473 in a
volume of 0.1 ml/100 g, and two unvaccinated groups for primary infection and uninfected
group. On day 28, all immunized animals were bled and with the exception of the infected
group, all FI-hMPV or FI-mock groups were boosted with the same preparations. On day 49,
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all animals were bled and challenged intranasally with 0.1 ml/100 g of 107 TCID50 wild-type
hMPV strain C-85473 except for one uninfected control group. Five animals from each
experimental group were exanguinated and the lungs were removed for viral quantitation, lung
cytokine analysis, and pulmonary histopathology on days 4, 7, and 10 post-challenge.

2.3. Pulmonary histopathology
Lungs were removed, inflated with formalin to normal volume, and immersed in 10% buffered
formalin. Fixed lungs were trimmed, embedded in paraffin, sectioned at 5-μm, and stained
with hematoxylin-eosin. The histopathologic score evaluated four categories of lesions.
Peribronchiolitis was inflammatory cells, primarily lymphocytes, surrounding a bronchiole.
Perivasculitis was inflammatory cells, primarily lymphocytes surrounding small blood vessels.
Interstitial pneumonitis was increased thickness of alveolar walls, often associated with an
infiltration of neutrophils. Alveolitis was inflammatory cells, primarily neutrophils and
macrophages within the alveolar spaces. This scoring is identical to our scoring of hRSV
infection in the lungs of infected cotton rats [22], except that changes in large bronchi were
not tabulated. Each histopathologic change was scored on a scale of 0 (no change) to 4
(maximum inflammation). Since the scoring was non-linear, statistical analysis was not
appropriate.

2.4. Lung cytokine analysis
Total RNA was extracted from homogenized lung tissue using the RNeasy purification kit
(QIAGEN). One micrograms of total RNA was used to prepare cDNA using oligo dT primers
and Super Script II RT (Invitrogen). Cotton rat cytokine cDNA were PCR-amplified using the
primers and conditions previously described [1,2]. Amplified products were quantified using
the Southern Blot procedure as previously described [2]. The signal obtained for each analyzed
gene was normalized to the level of β-actin (“housekeeping gene”) expressed in the
corresponding organ. Cytokine levels were expressed as the geometric mean ± the standard
error (S.E.M.) for all animals in a group at a given time. Differences among groups were
evaluated by the Student's t-test of summary data.

2.5. Neutralizing antibody assay
HMPV-neutralizing antibody titers were determined by an end-point dilution assay [23].
Briefly, after centrifugation of blood samples, sera were collected and incubated at 56 °C for
30 min to inactivate non-specific inhibitors. Two-fold dilutions of sera were performed in
quadruplates in hMPV infection medium, and then mixed with an equal volume of infection
medium containing 500 TCID50 of hMPV strain C-85473. The antibody–virus mixtures were
incubated at 37 °C for 2 h and then transferred into 24-well plates containing LLC-MK2 cells.
Following an incubation of 5 h, the mixtures were removed and 500 μl of fresh infection
medium was added to each well. Plates were incubated at 37 °C and 3 days later another 500
μl of infection medium were added with fresh trypsin. Neutralization titers, defined as the
highest dilution of antibody at which culture wells were negative for infection, were determined
on day 5. HMPV-neutralizing antibody titers were reported as mean reciprocal Log2 titers ±
the standard error (S.E.M.). Differences among groups were evaluated by the Student's t-test
of summary data.

3. Results
3.1. General observations

All animals appeared clinically normal throughout the experiment.
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3.2. Viral quantitation
Animals vaccinated with the mock preparation (FI-mock), along with unvaccinated group
showed robust hMPV replication in the lungs on day 4 as shown in Fig. 1. By day 7 post-
infection, these animals had cleared the virus from the lungs. Cotton rats vaccinated with
various dilutions of the FI-hMPV, as well as re-infected cotton rats showed undetectable levels
of viral replication (detection limit of 2.0 Log10 TCID50/g of tissue).

3.3. Cytokine levels
The expression of IFN-γ, a Th-1 type of cytokine, and IL-4, a Th-2 type of cytokine, were
analyzed in the lungs of challenged animals. While IFN-γ was expressed by animals in all
groups, elevated and prolonged expression of IL-4 was detected preferentially in hMPV-
challenged animals vaccinated with FI-hMPV (Fig. 2). A modest decrease in the IFN-γ
expression and an increase in IL-4 expression was noted in animals vaccinated with FI-hMPV
when compared to animals vaccinated with mock or animals re-infected with hMPV.

3.4. Pulmonary histopathology
The lungs of cotton rats with a primary hMPV infection or immunized with FI-mock and then
challenged with virus had a mild amount of peribronchiolitis and perivasculitis at day 4, which
largely cleared by day 10. These animals had minimal to no interstitial pneumonitis and
alveolitis (Fig. 3, top and bottom rows). Cotton rats infected with hMPV a second time had
accentuated peribronchiolitis and perivasculitis, especially at day 4, and mild interstitial
pneumonitis at day 4 only (Fig. 3, second row). Cotton rats that received FI-hMPV vaccine
and were then challenged with wild-type virus showed accentuated peribronchiolitis at all time
periods, and interstitial pneumonitis and alveolitis were present at all times (Fig. 3, third row).
The degree of interstitial pneumonitits and alveolitis, the two key markers of enhancement is
graphically shown in Fig. 4. The range, character and intensity of the lesions observed in the
present hMPV experiment are indistinguishable from those seen with our prior hRSV vaccine
enhancement experiments [22].

3.5. Serum neutralizing antibody levels
HMPV-neutralizing antibody titers were determined by an end-point dilution assay using LLC-
MK2 cells on sera samples collected on day 49 prior to hMPV challenge. All FI-hMPV
vaccinated animals (undiluted, 1:10, and 1:100) showed increase levels of serum neutralizing
antibody titers, 17.03, 26.44, and 4.54 Log2, respectively (Fig. 5). Animals infected with hMPV
at 107 TCID50, by day 49 had serum neutralizing level of 10.46 Log2. No neutralizing titers
were detected (<1.73 Log2) in the control animals (data not shown) or the FI-mock vaccinated
animals.

4. Discussion
We show that hMPV infection increases the pulmonary lesions when the cotton rats are
immunized and boosted with FI-hMPV and then challenged with homologous virus. Unlike
the primarily or secondarily infected groups, the vaccinated groups had increased levels or
accentuated interstitial pneumonitis and alveolitis. These two lesions appear to be specific for
enhancement with hMPV, as is the case with hRSV [20,22]. Although there was a dramatic
increase in lesions in cotton rats that were immunized with FI-hMPV before challenge, the
vaccine was effective in preventing all viral replication in the lungs.

Vaccine-enhanced disease has been seen in the human with two members of the
Paramyxoviridae family, measles and hRSV [7,11]. Similar enhancement has been shown
experimentally in cotton rats with hRSV [20,22], measles [18], parainfluenza 3 [16], and now
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hMPV. In all cases, the vaccines used were formalin-inactivated. However, enhancement was
also found with the parainfluenza 3 vaccine inactivated by ultraviolet light [16]. Additionally,
minor degrees of enhancement have been noted with a recombinant chimeric RSV FG
glycoprotein and that effect was eliminated by a monophosphoral lipid A adjuvant which also
reduces pathology of FI-RSV vaccine enhanced disease [19]. This adjuvant also had a dramatic
effect in reducing both Th-1 and Th-2-type cytokines in a model of FI-RSV vaccine
enhancement in cotton rats [4]. Enhancement was also noted when a purified hRSV F protein
was used as a vaccine together with a CpG oligodeoxynucleotide adjuvant [21]. We believe
that all Paramyxoviridae probably have the tendency to cause vaccine enhancement when non-
replicating vaccines are used. At this time we have not developed a firm opinion as to the
mechanism of vaccine induced enhancement with members of this virus family, but can
conclude from these findings that inactivated hMPV vaccine candidates should be thoroughly
screened for safety. Recent publication by Cseke et al. [5] shows no vaccine enhancement when
cotton rats are immunized with either DNA plasmids expressing F-protein of hMPV or
adjuvanted, soluble hMPV F protein lacking the transmembrane domain then challenged. This
may suggest that the native form of F protein may not be involved in the mechanism of vaccine
enhancement for hMPV. In the present experiments, although a dramatic increase in the
pulmonary pathology was found with high levels of serum neutralizing antibody present, the
lungs of the vaccinated groups had undetectable levels of virus whereas in primarily infected
animals, and in hMPV-infected animals vaccinated with the mock preparation of vaccine
replicating hMPV was recovered. The enhanced expression of IL-4 may be indication of a shift
from a Th-1 to Th-2 response when vaccinated animals are challenged. Although the lesions
of the hRSV enhancement are not fully replicated in the mouse model, analysis of that model
suggests that an imbalanced immune response is involved in the enhancement [15]. We believe
that the Paramyxoviridae vaccine-induced enhancement is not related to the antibody-
dependent enhancement (ADE) of infectivity seen with dengue, Ebola, and some other viruses
[8,24]. ADE tends to increase rather than reduce viral titers.
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Fig. 1.
Human metapneumovirus titers in the lung of cotton rats challenged with 107 TCID50
homologous strain. Animals vaccinated with FI-hMPV (undiluted, 1:10, and 1:100) along with
the previously intranasally infected animals were clear of any detectable virus. Only animals
with a primary infection or those that received a mock vaccine had lung replication of the virus,
and that only on day 4.
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Fig. 2.
Pulmonary mRNA levels of cytokines IFN-γ and IL-4 after human metapneumovirus challenge
with 107 TCID50 per animal. Animals were immunized on day 0 with FI-hMPV (undiluted,
1:10, and 1:100), live hMPV intranasal infection, or FI-mock as control. Uninfected control
group is indicated as (C). All animals were re-immunized on day 28 except for the live hMPV
infection group, and challenged with 107 TCID50 of homologous strain on day 49. Lung tissues
were collected on days 4, 7, and 10 post-challenge. *P < 0.05; when FI-hMPV-vaccinated
animals are compared to mock-vaccinated animals for each particular time point. **P < 0.05;
when FI-hMPV-vaccinated animals are compared to re-infected animals for each particular
time point.
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Fig. 3.
Pulmonary histopathology in hMPV challenged cotton rats vaccinated with FI-hMPV. Lung
in the top row from previously untreated animals or the bottom row from animals that received
mock vaccine shows lymphocytes around the bronchiole (peribronchiolitis) at day 4 that is
cleared by day 10. The second row shows lung from an animal previously infected with
metapneumovirus, and the peribronchiolitis is accentuated and continues through day 7, but
largely cleared by day 10. Mild interstitial pneumonitis and alveolitis is present at day 4 only.
The third row shows the lung from an animal immunized with formalin-inactivated vaccine
and challenged. There is marked accentuation of peribronchiolitis and perivasculitis continuing
through day 10, thickening of alveolar walls (interstitial pneumonitis), and a cellular infiltrate
in alveoli (alveolitis).
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Fig. 4.
Exacerbation of pulmonary pathology in hMPV challenged cotton rats vaccinated with FI-
hMPV. Medium power photomicrographs of cotton rat lungs at various days after challenge
with human metapneumovirus. Each frame is centered on a bronchiole that is accompanied by
a blood vessel. Pulmonary histopathology by days post-challenge (4, 7, and 10) with human
metapneumovirus in cotton rats with a primary infection, reinfection, or that received mock or
formalin-inactivated metapneumovirus vaccine before challenge. Pathology score from 0 to 4
scale in severity of infiltration of inflammatory cells using four parameters (Peribronchiolitis,
Perivasculitis, Interstitial Pneumonitis, and Alveolitis).
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Fig. 5.
Levels of serum neutralizing antibody titers prior to hMPV challenge in the cotton rats on day
49. Reciprocal antibody titer in increments of Log2 shows increase levels in all FI-hMPV-
vaccinated groups along with the re-infection group when comparing to mock vaccinated
(primary infection) group (*P < 0.01).
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