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Summary
Human metapneumovirus (HMPV) is a paramyxovirus that is a leading cause of acute respiratory
disease. HMPV is difficult to cultivate and limited published data describe the in vitro growth
characteristics of the virus and its ability to replicate in different cell lines. Stability of HMPV to
different temperatures or environmental conditions has not been described. Nosocomial infections
due to HMPV have been reported, and thus the survival of infectious particles on environmental
surfaces is important. We tested multiple cell lines for the ability to support HMPV replication both
in the presence and absence of exogenous trypsin. The most permissive monkey kidney epithelial
cells were LLC-MK2 and Vero, while the most permissive human airway epithelial cell line was
BEAS-2B. LLC-MK2 cells were tolerant of trypsin and thus remain an ideal cell line for HMPV
cultivation. Spinoculation significantly increased the infectivity of HMPV for cells in monolayer
culture. Infectious virus was very stable to repeat freeze-thaw cycles and ambient room temperature
or 4°C, while incubation at 37 °C led to degradation of virus titer. Finally, nonporous materials such
as metal or plastic retained infectious virus for prolonged periods, while virus deposited on tissue
and fabric rapidly lost infectivity. These findings provide guidance for laboratories attempting to
culture HMPV and relevant information for infection control policies.
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1. Introduction
Human metapneumovirus (HMPV) is a major cause of upper and lower respiratory tract
infections in children and adults [1–11]. HMPV is a member of the paramyxovirus family,
along with the related respiratory syncytial virus (RSV) and parainfluenza virus (PIV). HMPV
and RSV share a number of clinical and genetic similarities [2,3,6,12,13]. HMPV infection
leads to significant morbidity in infants and other special populations, including
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immunocompromised, high-risk, and elderly patients [9,14–21]. Nosocomial infections have
been reported [22–27]. Thus, whether viable virus can survive in the environment and spread
via fomites is important.

HMPV has been difficult for many groups to propagate readily in cell culture. It was first
isolated in 2001in the Netherlands using tertiary monkey kidney cells [4]. There are several
other reports of primary isolation in different cell lines [28–31]. However, there is no published
systematic investigation of the replication of HMPV in continuous cell lines commonly used
for research. Ongoing HMPV research would benefit from the ability to use cell lines from
different tissues and species. Common classic virologic aspects of HMPV such as stability to
temperature and freezing have not been reported. In this study, we investigated the capacity of
multiple cell lines to support robust replication of HMPV. We determined the stability of the
virus at different ambient temperatures and during freeze-thaw cycles. Finally, we studied the
environmental persistence of infectious virus under various conditions.

2. Materials and methods
2.1. Cells and virus culture

BEAS-2B, BET2A, BBM, BZR, HEp2, LLC-MK2, MA-104, and Vero cell lines were obtained
from ATCC. All cells were grown in OptiMEM reduced serum medium (Invitrogen)
supplemented with 2% heat inactivated fetal bovine serum (FBS), 50ng/ml gentamicin, 2mM
glutamine, and 2.5 µg/ml amphotericin (cell medium). All cells were passaged multiple times
in this medium prior to performing virus experiments. Cells were incubated at 37°C in a
humidified 5% CO2 incubator. Infected cells were cultured in the same medium without serum
but with 100µg/ml CaCl2 and 5µg/ml trypsin (HMPV medium). In some experiments, the
trypsin concentration varied. For virus infection, subconfluent cell monolayers in 6-well plates
were washed twice with PBS and inoculated with 0.1ml of HMPV. The virus was allowed to
adsorb for one hour at 37°C, with gentle rocking every 15 minutes. Wells were then overlaid
with HMPV medium. The cells were checked daily for CPE using an inverted microscope.

2.2. Virus stocks and titration
The HMPV strain used in these experiments was TN/96-12, an A1 subgroup strain [32,33].
This virus was passaged 5 times from the original clinical specimen in LLC-MK2 cells and
then thrice plaque-purified. A single lot was titered and used for all experiments. Stock virus
and experimental samples were titered as described [32]. Briefly, 0.1ml of serial 10-fold
dilutions from 10−1 to 10−5 was inoculated into triplicate wells of a 24-well plate of confluent
cells and adsorbed as described above. After adsorption, cells were overlaid with 0.75%
methylcellulose in HMPV medium. After four days, the plates were fixed with 10% buffered
formalin for one hour at room temperature, washed and blocked for 30 minutes at 37°C with
5% instant milk powder in PBS with 0.05% Tween. Plates were incubated with 200µl of a
1:1000 dilution of guinea pig polyclonal anti-HMPV serum [32] for two hours at 37°C. Plates
were washed and incubated with HRP-labeled goat-anti-guinea pig IgG (Kirkegaard and Perry
Labs, KPL) for two hours at 37°C. Plates were rinsed, TrueBlue peroxidase substrate (KPL)
added and incubated for 10 minutes at room temperature. Plates were rinsed and allowed to
dry before using a dissecting microscope to visualize and count plaques.

2.3. Spinoculation experiments
BEAS-2b cells grown in 12-well plates were infected with HMPV at a multiplicity of infection
(MOI) of 0.31, 0.62, or 1.24 pfu/cell. Plates were either adsorbed as described (standard) or
centrifuged at 700xg (spin) at RT for 60 min. After 24 h incubation in cell medium, cells were
detached and assessed for surface expression of HMPV fusion (F) protein as a proxy for
productive infection. Briefly, cells were incubated with hamster anti-HMPV F mAb 1017
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(kindly provided by Nancy Ulbrandt, MedImmune), washed twice, stained with Cy5-
conjugated goat anti-hamster IgG antibodies (Jackson ImmunoResearch), fixed with 2%
paraformaldehyde and analyzed by flow cytometry using an LSRII (BD Biosciences). Percent
of cells expressing surface HMPV F was calculated compared to uninfected control cells.

2.4. Temperature and environmental stability experiments
HMPV stock was diluted 1:10 and 0.5ml aliquoted into each of 9 cryovials, snap frozen in an
ethanol/dry ice bath, and placed at −80°C. At time -180 minutes, two vials were quickly thawed
in a 37°C water bath, one was placed at room temperature, and one was placed on wet ice. This
procedure was repeated at times -120, -60, -30, and -15 minutes. One vial was thawed at time
0 and all were titered as described. Virus aliquots were similarly incubated for determination
of stability at 37°C. Stability to repeat freeze-thaw was performed similarly; virus was diluted
and aliquoted into cryovials. One vial was placed on ice and remaining vials were snap frozen
in a dry-ice/ ethanol bath. All frozen vials were quickly thawed in a 37°C water bath. One vial
was placed on ice and the rest were snap frozen again. The freeze-thaw cycles were repeated
until all tubes had been thawed and placed on ice; specimens were then titered as described.

To determine the stability of HMPV on various surfaces, 1-cm2 pieces of aluminum, plastic
culture tube, latex glove, office paper, laboratory wipe and cotton were sterilized. 50 µl aliquots
of virus stock were deposited onto the surfaces under sterile conditions. Specimens were
maintained at room temperature in a sterile environment. For metal, plastic, and latex surfaces,
aliquots were collected at the indicated time points, the surface was washed with an additional
50 µl of HMPV medium and both aliquots were combined into 400 µl of HMPV medium and
titered as described. If the original aliquot had dried completely, the surface was washed with
100 µl of HMPV medium instead. To titer samples from paper, tissue and fabric, the material
was placed into a tube containing 500 µl of HMPV medium, vortexed, and titered with the
other samples.

2.5. Statistical analysis
Mean viral titers were compared between groups with a 2-tailed t test assuming unequal
variance.

3. RESULTS
3.1. Ability of different cell lines to support HMPV replication

We tested the ability of multiple cell lines to support the growth of HMPV. Initially all cells
were incubated with 5µg/ml trypsin in HMPV medium based on conditions that led to initial
recovery of the virus in LLC-MK2 cells. Individual cell lines were inoculated with HMPV and
incubated until extensive CPE was visible, then titered on the same cell lines. Productive
replication with reasonable virus titers was observed in BZR, BBM, BEAS-2B, MA-104, LLC-
MK2, and VERO cell lines (Figure 1A). BET-2A and HEp-2 cell lines did not tolerate the
trypsin and most of the cells detached from the plate; these cell lines were not studied further.
We observed that confluency of monolayers ranging from 40%–100% had minimal effect on
the measured virus titer; however, plaques were visibly larger in sub-confluent monolayers
(data not shown). The highest yield of virus in monkey kidney epithelial lines was in LLC-
MK2 and Vero, while BEAS-2B was the most permissive human airway epithelial line tested.

3.2. Effect of varying trypsin concentrations
Cell lines were tested for HMPV replication with differing concentrations of trypsin (Figure
1B). Only MA-104 and LLC-MK2 cells allowed HMPV replication in the absence of trypsin,
but the titers were lower than in the presence of trypsin. LLC-MK2 cells supported high levels
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of replication of HMPV at all concentrations ≥ 1µg/ml. Vero cells required ≥ 2µg/ml to achieve
maximum growth, with undetectable replication in the absence of trypsin. MA-104 cells
supported replication in the absence of trypsin, and titers were similar regardless of trypsin
concentration. Titers in BZR cells decreased at higher trypsin concentrations, likely because
cells were detaching. We observed signs of excess trypsin effects (cell rounding and
detachment) in all cell lines except LLC-MK2 cells, especially at concentrations ≥ 3µg/ml. We
have observed previously that LLC-MK2 cells are tolerant of trypsin at 5µg/ml for 14 to 21
days when used for primary isolation [2, 32] and thus this concentration was used for all
subsequent LLC-MK2 experiments.

3.3. HMPV replication is not dependent on MOI
In order to determine whether inoculum size affects viral growth, we performed kinetic curve
experiments in LLC-MK2 cells. Cell monolayers were adsorbed with HMPV at MOI of 1, 0.1,
and 0.01, overlaid with medium without removal of inoculum, and infected monolayers
harvested for viral titration at different time points. Inoculation with a lower MOI led to delayed
growth kinetics, with significantly reduced titers at 24 hours for MOI 0.1, and at 24, 48 and
72-hour time points for MOI 0.01 (Figure 2A). However, the titers in all three conditions
became equivalent at 96 and 144 hours. Titers in all three groups declined slightly at 168 hours,
likely due to deterioration of cells. Supernatant and cell monolayers were both collected and
titered at the indicated time points, and the titer in supernatant was one to two log10 lower than
the cell fraction at each point (Figure 2B), showing that HMPV is highly cell-associated.
Furthermore, the titer in either supernatant or cells was not significantly affected by washing
off the inoculum after the one-hour adsorption (data not shown), suggesting that virus binding
(if not fusion and entry) is complete within one hour. Therefore, for early time point
experiments, inoculation MOI has a substantial effect, while for maximal yield of virus stock
production the initial MOI is relatively unimportant.

3.4. Spinoculation increases the efficiency of HMPV infection
We sought to determine whether enhancing virus binding to cells could increase the effective
MOI and achieve a greater number of infected cells. We infected BEAS-2b cells with HMPV
using either the standard method of gently rocking virus inoculum on cells, or spinoculation
of cells with virus at ~700xg. Twenty-four hours post infection, infected cells were
distinguished from uninfected cells by staining for surface expressed HMPV fusion (F) protein,
and the percentage of infected cells was quantified using flow cytometry. Spinoculation
resulted in a significant 2- to 3-fold increase in the percentage of HMPV-infected cells
compared to standard inoculation (Figure 3). We found at other MOI below and above this
range (0.1 to 4.5 pfu/cell) that the increased efficiency of spinoculation was consistent (data
not shown). Standard adsorption was slightly more reproducible in that variation observed
between different experiments was lower than for spinoculation, as evidenced by the error bars
in Figure 3. The variation associated with spinoculation was greater with subconfluent target
cells and repeat experiments at higher cell confluency were less variable (data not shown).
Reflecting the findings in the MOI experiments, spinoculation did not increase the yield at later
time points (data not shown). Thus, spinoculation increases the efficiency of HMPV infection
and may be the method of choice for some experiments, as low-to-moderate HMPV titers often
limit the highest achievable effective MOI.

3.5. Stability to temperature variability and repeated freeze/thaw cycles
We tested the ability of HMPV incubated at various temperatures to retain infectivity. HMPV
showed little loss of titer when allowed to sit at room temperature or at 4°C for up to six hours,
losing only about 0.6 log10 after three hours at room temperature and slightly less at 4°C (Figure
4A). In contrast, significant infectious viral titer was lost during incubation at 37°C, with ~99%
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loss of titer after 6 hours. The results of multiple freeze thaw cycles on the titer of HMPV are
shown in Table 1. Repeated freeze thaw cycles resulted in loss of less than one log10 of
infectious virus with each cycle.

3.6. Stability on environmental surfaces
We determined the capacity of HMPV to retain infectivity when incubated on environmental
surfaces at room temperature. For these experiments, a lower inoculating titer of 104 pfu/ml
was used to approximate the expected titer shed in secretions from infected patients. HMPV
genome copy numbers in nasal secretions between 105–107 copies/ml have been reported [1,
34,35]. We determined that a genome copy number of 106 correlated with an infectious titer
of 104 pfu/ml (data not shown). In general, nonporous surfaces protected HMPV from
degradation for two hours, after which infectivity was lost slowly (Figure 4B). The metal
surface alone retained a small amount of infectious virus after 8 hours, but this still represented
~99% loss of titer. Virus deposited on tissue and paper was less stable, with only 4% and 12%
viable at 2 and 4 hours, respectively. No infectious virus could be recovered from the fabric
sample at any time point.

4. Discussion
We sought to take a classic virological approach to HMPV and determine several important
characteristics of this recently identified virus. We found that HMPV replicates to high titers
in two monkey kidney epithelial cells lines, LLK-MK2 and Vero, as well as the human
bronchial epithelial cell line BEAS-2B. This provides an opportunity to confirm in vitro biology
of HMPV in cells derived from two different tissues and two primate species. While many cell
lines tested supported the replication of HMPV, most were poorly tolerant of trypsin and thus
probably not suitable for routine laboratory work. We found LLC-MK2 cells to be resistant to
trypsin and thus more amenable for most viral cultivation. We have previously found that the
trypsin tolerance of LLC-MK2 cells makes them more sensitive than other cell types for
primary recovery of HMPV from clinical specimens [2]. However, Vero cells have been used
for production of several live attenuated vaccines approved for humans and thus might be
preferable for vaccine-oriented research [36]. Notably, Vero cells did not support detectable
HMPV replication in the absence of trypsin. This may explain the failure to identify HMPV
in routine diagnostic virology, where Vero cells are frequently used. Other groups investigated
the capacity of HMPV to infect different cell types, but most of these used measurement of
viral RNA or fluorescent-focus assays to enumerate viral protein-expressing cells after 24 hours
[28,37]; these techniques measure entry, RNA replication, and protein translation. We used
methods that determine productive virus infection in order to determine the generation of fully
infectious particles and viable multicycle growth.

The original isolate was passed five times in LLC-MK2 cells prior to use in these experiments.
We think it unlikely that significant cell adaptation occurred in such few passages. However,
we cannot exclude this possibility; mutations in RSV G protein that affect replication in a cell-
line specific manner have been detected after a single passage in Vero cells [38]. Thus, our
findings are most relevant for viruses propagated in vitro and it is possible that other cell lines
may also be suitable for recovery of primary isolates.

These experiments confirmed that once an HMPV strain has been isolated, and with proper
detection reagents, HMPV is not difficult to grow and plaque. However, cell culture isolation
is neither a sensitive nor simple method for primary identification of HMPV. Clinical
specimens usually require prolonged culture and/or blind passage before CPE appears and the
presence of the virus can be visually identified [2,28,39]. Antibody-based immunofluorescent
staining methods performed directly on clinical specimens have reasonable sensitivity and
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specificity [29,40]. The titer of virus shed in patients would be expected to affect the number
of infected cells and thus, the sensitivity of this technique.

Similarly, we found that early replication kinetics of HMPV were inoculum-dependent; this
has implications for culture-based detection methods with or without antibody mediated
fluorescent detection. Infecting cell monolayers with a low MOI results in the maximal number
of infected cells appearing at >72 hours. Conversely, the MOI of the input virus had very little
effect on the titer of the virus at 96 hours in the range of 0.01 to 1.0 MOI. However, the increase
in infectious virus titer was modest when inoculated with an MOI of 1.0. We speculate that
this apparent lack of robust replication was due to persistence of the input virus masking an
eclipse phase of viral replication. Several of the experiments presented here demonstrate the
stability of the HMPV virion, supporting this interpretation. Thus, for production of high titered
working virus stock, initial MOI is relatively unimportant. However, this data informs
experiments of cellular biology of HMPV. Experiments designed to study early cellular
immune and other signaling responses to HMPV are likely to have greater discrimination
between virus-induced phenomena and background with a high MOI and a greater number of
infected cells.

We confirmed that a greater number of cells also could be infected using the spinoculation
technique, though spinoculation did not increase the final virus yield. This was not entirely
unexpected, since several reports have used spinoculation and shell-vial culture techniques to
detect HMPV in clinical specimens [41–43]. The centrifugation shell vial technique has been
used to enhance the detection of many viruses [44–48]. However, the quantitation of this
method provides useful data for HMPV research. One challenge in studying cellular responses
to HMPV is the fact that HMPV grows to modest titers, usually in the 106 – 107 pfu/ml range.
This limits the achievable MOI in an experiment; spinoculation provides a reproducible means
to double the effective MOI. Thus, combining spinoculation with the highest achievable MOI
is a useful approach to study early events in HMPV entry and replication.

We examined the effect of temperature on the stability of HMPV. HMPV particles remained
infectious for hours at room temperature and 4°C, while significant degradation of infectivity
occurred at 37°C. These data suggest that HMPV can be maintained at 4°C for hours during
experimental procedures or processing of clinical specimens. Consistent with these findings,
we have not observed a decrease in HMPV detection in clinical specimens maintained at 4°C
for up to 24 hours (data not shown). Surprisingly, HMPV was quite stable to repeated freeze-
thaw cycles, losing <1 log10 pfu/ml over ten cycles. These experiments were performed on
virus stock without the inclusion of additives shown to stabilize RSV, such as sucrose,
MgSO4, or 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) [49,50]. Thus, the
results are in sharp contrast to RSV, where in the absence of stabilizers, RSV infectivity was
reduced by >2 log10 TCID50/ml after five freeze-thaw cycles [50]. In keeping with these data,
we have found that HMPV stocks retain infectivity for months at −80°C storage without
stabilizers (data not shown), in contrast to RSV losing 2–3 log10 TCID50/ml within three
months at −80°C [50].

HMPV was stable on nonporous surfaces for hours, retaining most of its infectivity. In contrast,
we recovered diminishing amounts of infectious HMPV from paper and tissue over time, and
were unable to recover infectious virus from fabric. These data have important implications
for transmission of HMPV and infection control. One brief report described limited data on
HMPV persistence on environmental surfaces, but the data were based on qualitative RT-PCR
and observation for HMPV CPE in culture for five days [51]; data from many groups including
ours has shown that CPE in primary culture is insensitive for HMPV detection. We used an
inoculum of 104 pfu/ml to simulate the expected titer in nasal secretions for these experiments.
It is important to note that biological substances present in human respiratory secretions also
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could affect the stability of HMPV, but we did not test for this. Our data show that substantial
amounts of infectious HMPV can persist on nonporous surfaces for hours. This environmental
stability and resulting nosocomial transmission has been well described for RSV [52–55]. Thus,
infection control measures for children with suspected or proven HMPV infection should
follow recommendations for RSV infection control [56]. Since RSV and HMPV seasonality
overlap considerably in most temperate regions [1–3,5,10,57], specific viral diagnostic tests
would avoid nosocomial transmission of these two viruses between children due to the common
practice of cohorting children with shared diagnoses.

The studies presented in this manuscript have some limitations. We performed these
experiments using an A1 subgroup virus TN/96-12, but the A2, B1, and B2 subgroup viruses
perform similarly in our laboratory (data not shown). We did not test the effects of various
viral stabilizers such as sugars, amino acids and salts [50,58]; those experiments are ongoing.
Some variability in the cell culture characteristics for different HMPV subgroups have been
suggested [37], but the biologic significance of this is unknown, since all four subgroups infect
humans readily.

In summary, we have shown that HMPV exhibits productive high titer replication in several
primate cell lines from different tissues. HMPV replication is MOI dependent during early
growth cycles, but achieves similar maximum virus titers after several days in culture.
Spinoculation increases the effective MOI of HMPV. HMPV is stable to repeat freeze-thaw
cycles and can persist on nonporous environmental surfaces for many hours. These data can
guide both basic HMPV laboratory research and clinical care for patients with HMPV infection.
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Figure 1.
Replication of HMPV in different cell lines in the presence and absence of trypsin. A. Titer of
HMPV grown in the indicated lines was calculated by plaque assay on the same cell lines,
using medium supplemented with 5 µg/ml of trypsin. Data from three experiments performed
in triplicate; error bars represent the SEM. B. Titer of HMPV grown in the indicated lines using
medium supplemented with trypsin ranging from 0 to 5 µg/ml. Experiment performed in
triplicate; error bars represent the SD. LOD = limit of detection.
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Figure 2.
Kinetics of HMPV replication at different MOI. LLC-MK2 cell monolayers were inoculated
with the indicated MOI and harvested for plaque titration at the indicated time points. A. Titer
of HMPV in the cell fraction. B. Titer of HMPV in the supernatant. $ = p<0.05, * = p<0.005
compared to MOI = 1, Student’s t test. Experiment performed in triplicate; error bars represent
the SD.
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Figure 3.
Effects of different virus adsorption methods on the efficiency of HMPV infection. BEAS-2B
cells were infected with HMPV at a MOI of 0.31, 0.62, or 1.24 pfu/cell by standard or spin
inoculation. At 24 h post-infection, infected cells were identified by indirect immunostaining
using flow cytometry. Values represent the mean percentage of infected cells for three
independent experiments performed in triplicate; error bars represent the SEM.
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Figure 4.
Stability of HMPV under varying environmental conditions. A. Viral aliquots were incubated
at room temperature, 4°C, or 37°C and harvested for plaque titration at the indicated time
points. * = p<0.05 compared to 4°C, student’s t test. Data from three experiments performed
in triplicate; error bars represent the SEM. B. Aliquots of virus were adsorbed to material
surfaces, incubated and recovered for plaque titration at the indicated time points. Experiment
performed in triplicate; error bars represent the SD. LOD = limit of detection.
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Table 1

Stability of HMPV to repeated freeze-thaw cycles.

No. of freeze-
thaw cycles

Titer (log10 pfu/ml)
± SD

1 5.83 ± 0.24

2 5.89 ± 0.11

3 5.90 ± 0.05

4 5.85 ± 0.10

5 5.86 ± 0.07

6 5.66 ± 0.03

7 5.63 ± 0.03

8 5.60 ± 0.03

9 5.56 ± 0.05

10 5.52 ± 0.05
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