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Introduction of a new influenza virus in humans urges quick analysis of its virological and immunological
characteristics to determine the impact on public health and to develop protective measures for the human
population. At present, however, the necessity of executing pandemic influenza virus research under biosafety
level 3 (BSL-3) high-containment conditions severely hampers timely characterization of such viruses. We
tested heat, formalin, Triton X-100, and �-propiolactone treatments for their potencies in inactivating human
influenza A(H3N2) and avian A(H7N3) viruses, as well as seasonal and pandemic A(H1N1) virus isolates, while
allowing the specimens to retain their virological and immunological properties. Successful heat inactivation
coincided with the loss of hemagglutinin (HA) and neuraminidase (NA) characteristics, and �-propiolactone
inactivation reduced the hemagglutination titer and NA activity of the human influenza virus 10-fold or more.
Although Triton X-100 treatment resulted in inconsistent HA activity, the NA activities in culture supernatants
were enhanced consistently. Nonetheless, formalin treatment permitted the best retention of HA and NA
properties. Triton X-100 treatment proved to be the easiest-to-use influenza virus inactivation protocol for
application in combination with phenotypic NA inhibitor susceptibility assays, while formalin treatment
preserved B-cell and T-cell epitope antigenicity, allowing the detection of both humoral and cellular immune
responses. In conclusion, we demonstrated successful influenza virus characterization using formalin- and
Triton X-100-inactivated virus samples. Application of these inactivation protocols limits work under BSL-3
conditions to virus culture, thus enabling more timely determination of public health impact and development
of protective measures when a new influenza virus, e.g., pandemic A(H1N1)v virus, is introduced in humans.

Host switching of viruses from animals to humans may result
in an epidemic among humans and can be particularly danger-
ous for the new, immunologically naïve host. Examples are the
introduction of human immunodeficiency virus, severe acute
respiratory syndrome coronavirus, and pandemic influenza A
viruses in humans. In particular, avian influenza A virus sub-
types H5N1, H9N2, and H7N7 have been transmitted directly
to humans in the past decade, exhibiting the zoonotic potential
of influenza viruses (4, 11, 19, 25). Moreover, the recent intro-
duction of swine origin influenza A(H1N1)v virus in humans
initiated the first influenza pandemic of the 21st century (16,
35). Introduction of a new influenza virus in humans urges
quick analysis of its virological and immunological charac-
teristics to assist in the determination of the impact on
public health and the development of protective measures.
At present, however, the necessity of executing pandemic
influenza virus research under biosafety level 3 (BSL-3)

high-containment conditions hampers timely characteriza-
tion of such viruses.

Several virological and immunological assays are used for the
characterization of a virus and the immune response induced. For
antigenic characterization of influenza viruses, hemagglutination
assays and hemagglutination inhibition (HI) assays are the
“gold standard” tests. In addition, since the global emergence
of antiviral-resistant influenza viruses is becoming an increas-
ing problem, the characterization of influenza virus suscepti-
bilities to the neuraminidase (NA) inhibitors (NAIs) oseltami-
vir and zanamivir is a clinical necessity (2, 9, 13, 17, 23). For
investigating the immune response against influenza viruses,
the HI assay determines protective humoral responses (8).
Finally, in addition to HI assay results, assessment of the hu-
man T-cell responses against influenza virus infection has been
reported previously to provide an important marker of protec-
tion (3, 10, 22). Until now, these assays have been performed
mostly by applying live virus, hence necessitating the use of
BSL-3 conditions for studying (potential) pandemic influenza
virus. Although numerous studies of virus inactivation, e.g., by
means of virucidal compounds, UV light, or gamma irradi-
ation treatment, have been performed, these studies have
not comprehensively documented the preservation of influ-
enza virus protein function and antigenic characteristics fol-
lowing inactivation (5–7, 14, 18). Specifically, these studies
have not addressed whether inactivated virus can be used for
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phenotypic determination of susceptibilities to NAIs and for
characterization of T-cell responses.

In this study, we evaluated the inactivation of influenza vi-
ruses of human, avian, and swine origins by heat, formalin,
Triton X-100, or �-propiolactone (�-PL) and the retention of
hemagglutinin (HA) and NA glycoprotein functions and anti-
genic integrity. The optimal procedures have been used to
demonstrate the proof of principle in antiviral susceptibility
assays, antigenic characterization, and T-cell response assays
with both seasonal and pandemic influenza A(H1N1) viruses.

MATERIALS AND METHODS

Inclusion of donors and isolation of PBMC. Buffy coats from healthy individ-
uals were retrieved from the Sanquin Blood Bank North West Region in accor-
dance with human experimental guidelines (project number S03.0015-X). In
addition, peripheral blood mononuclear cells (PBMC) were retrieved from two
previously healthy individuals (a 51-year-old female and a 55-year-old male) with
laboratory-confirmed influenza A(H1N1)v virus infection 13 and 19 days after
the start of symptoms, respectively. Both participants provided written informed
consent before the start of the study. The study was approved by the Medical
Ethical Committee of the Utrecht University Medical Center. Human PBMC
were isolated by density centrifugation and were cryopreserved at �135°C in a
solution of 90% fetal calf serum (FCS; HyClone, UT) and 10% dimethyl sulfox-
ide (Sigma-Aldrich, MO) until analysis.

Influenza antiviral drugs. Oseltamivir carboxylate Ro64-0802 (GS4071) and
zanamivir (GG167) were kindly provided by Roche Diagnostics (Germany) and
GlaxoSmithKline (The Netherlands), respectively.

Virus expansion. Human influenza virus isolate A/Wisconsin/67/2005 (H3N2)
and low-pathogenicity avian influenza virus isolate A/Mallard/NL/12/2000 (H7N3)
were used for initial evaluation of virus inactivation protocols. Both virus isolates
were cultured on Madin-Darby canine kidney (MDCK) cells until cytopathic
effects (CPE) were observed. The culture flasks were subjected to one freeze-
thaw cycle, and the culture supernatant was centrifuged (5 min at 1,500 rpm) to
clear it of cell debris. The resulting supernatant was stored at �80°C until further
analysis.

Final inactivation experiments were performed using supernatants from cul-
tures of pandemic influenza A(H1N1)v viruses A/California/04/2009, A/Paris/
2590/2009, and A/Netherlands/602/2009 and seasonal influenza A(H1N1) viruses
A/New Caledonia/20/99 and A/Netherlands/268/2008 on MDCK cells, prepared
as described above.

TCID50 determination. The determination of the 50% tissue culture infectious
dose (TCID50) was carried out using 96-well plates containing confluent MDCK
cell monolayers. The MDCK cells were incubated with serial 10-fold dilutions of
influenza virus culture supernatant in infection medium (Dulbecco’s modified
Eagle medium [DMEM; Gibco] with antibiotics, nonessential amino acids
[Gibco], and 2.5 �g/ml trypsin and without FCS) at 37°C for 60 min. After 1 h,
the monolayer was rinsed with phosphate-buffered saline (PBS), overlaid with
infection medium, and incubated at 37°C for 5 days. To identify influenza virus-
positive wells, the hemagglutination assay was performed. The log TCID50 per
milliliter was calculated using the Reed-Muench method as described previously
(29).

Heat inactivation. Influenza virus culture supernatants (400 �l) were incu-
bated for 30 min at room temperature (22°C) and at 35.0, 38.3, 43.7, 49.6, 55.6,
61.3, 66.7, and 70°C in 0.5-ml vials in a T-Gradient thermal cycler (Biometra,
Göttingen, Germany) and subsequently stored at �80°C until analysis.

Formalin inactivation. Influenza virus culture supernatants were incubated for
18 and 72 h at 37°C with a 0.02% final concentration of formalin (Merck,
Darmstadt, Germany) in PBS. Immediately after inactivation, formalin was re-
moved by dialysis using Dispodialyzers according to the instructions of the
manufacturer (Spectrum Laboratories, CA). The samples were dialyzed against
50 ml DMEM at room temperature on a roller bank two times for 2 h each and
then overnight with fresh DMEM each time. The dialyzed samples were stored
at �80°C until analysis.

Triton X-100. For initial experiments, 450-�l influenza virus culture superna-
tants cleared of cell debris were incubated for 1 h at room temperature after
being subjected to a thorough vortex step for 30 s with 50 �l of Triton X-100
(BDH Chemicals, Poole, United Kingdom) to yield final concentrations of 0, 0.1,
0.2, 0.5, and 1.0% (vol/vol) Triton X-100. In the final experiments with a final
concentration of 1% Triton X-100, 450 �l of influenza virus culture supernatant
cleared of cell debris was mixed in a thorough vortex step for 30 s with 50 �l of

freshly prepared 10% (vol/vol) Triton X-100 in infection medium prior to incu-
bation for 1 h at room temperature. Subsequently, for hemagglutination titer
determination and virus culture, Triton X-100 was removed from the superna-
tants by using the column-based absorption Detergent-OUT kit according to the
instructions of the manufacturer (Calbiochem, CA), and the flowthrough was
stored at �80°C until analysis.

�-PL. Influenza culture supernatants were incubated for 16 h at 4°C with and
without a final concentration of 0.094% �-PL (ACROS Organics, Geel, Bel-
gium). The supernatants were subsequently incubated for 2 h at 37°C to facilitate
hydrolysis of �-PL and were stored at �80°C until analysis.

Validation of inactivation by culturing on MDCK cells. Both control and
treated influenza virus culture supernatants were subjected to a maximum of
three blind passages on MDCK cells. Confluent MDCK cells were incubated
with 50 �l culture supernatant and 5 ml infection medium in 25-cm2 tissue
culture flasks at 37°C. After a 10-day incubation period, the flasks were subjected
to one freeze-thaw cycle. In the absence of CPE, the harvested culture material
was used as an inoculum (50 �l) for a subsequent passage on MDCK cells. All
harvested culture supernatants were stored at �80°C until further analysis.

Validation of inactivation by matrix gene PCR analysis. Total nucleic acid (50
�l) was extracted from 200 �l influenza virus culture supernatant with the
MagNA Pure LC total nucleic acid isolation kit on a MagNA Pure LC (version
2.0) extraction robot (Roche, Mannheim, Germany). For semiquantitative anal-
ysis of influenza virus negative-sense genomic RNA in the culture material,
reverse transcriptase PCR (RT-PCR) was performed using avian myeloblastosis
virus RT (Promega, WI) and the sense matrix gene primer 5� AAG ACC AAT
CCT GTC ACC TCT GA 3� (M-Fw) (40) to generate cDNA. To detect positive-
sense viral RNA transcripts in the culture material, total RNA was transcribed
into cDNA by using recombinant Tth DNA polymerase (Applied Biosystems,
CA), matrix gene antisense primer 5� CAA AGC GTC TAC GCT GCA GTC C
3� (M-Rv) (40), and treatment with RNase H (Roche) and RNase A (Sigma-
Aldrich) to remove all RNA. Subsequently, a 94-bp matrix gene fragment was
amplified using the LightCycler 480 real-time PCR system (Roche), the Light-
Cycler TaqMan master (Roche) with primer pair M-Fw and M-Rv, and ampli-
con-specific probe 5� TTT GTG TTC ACG CTC ACC GTG CC 3� labeled with
6-carboxyfluorescein/Black Hole Quencher 1.

Hemagglutination assay. Serial twofold dilutions of live and inactivated influ-
enza virus culture supernatants in PBS were prepared and incubated in quadru-
plet with 0.25% turkey erythrocytes in PBS at 4°C. After 60 min, the hemagglu-
tination titer, expressed as the reciprocal of the highest dilution producing
complete hemagglutination, was read.

HI assay. The inhibition of hemagglutination was assessed with ferret antisera
raised against seasonal influenza A(H1N1) viruses A/Texas/36/91, A/New
Caledonia/20/99, A/Solomon Islands/03/06, and A/Brisbane/59/07 (kindly provided
by the WHO Collaborating Centre, London, United Kingdom). To remove
nonspecific hemagglutination activity from the sera, 1 volume of ferret antiserum
was mixed with 5 volumes of cholera filtrate, incubated at 37°C for 16 h, and then
incubated for 1 h at 56°C to inactivate the receptor-destroying activity of the
cholera filtrate. Subsequently, 25-�l twofold serial dilutions of ferret antisera in
PBS were prepared and incubated with 25 �l of influenza A virus (4 hemagglu-
tinating units) for 30 min at 37°C, after which 50 �l of 0.5% turkey erythrocytes
in PBS was added. The inhibition of hemagglutination was read after 1 h of
incubation at 4°C and expressed as the reciprocal of the highest serum dilution
producing 100% inhibition of hemagglutination.

NA assay. The NA activities and NAI (oseltamivir and zanamivir) susceptibil-
ities of the culture supernatants were determined using a fluorescence-based NA
inhibition assay as described previously (17, 27). The assay was based on the
detection of the fluorescent product 4-methylumbelliferone, released after hy-
drolysis of the substrate 2-(4-methylumbelliferyl)-�-D-N-acetylneuraminic acid
(MUNANA; Sigma-Aldrich) by NA. Final NA inhibition data were supple-
mented with data generated using the NA-Star influenza NAI resistance detec-
tion kit according to the instructions of the manufacturer (Applied Biosystems).
The NAI susceptibility was expressed as the concentration of NAI needed to
inhibit the NA enzyme activity by 50% (the 50% inhibitory concentration [IC50]).

PBMC stimulation and flow cytometric analysis. PBMC were infected at a
multiplicity of infection of 2 with live influenza virus or pulsed with an equal
amount of formalin-inactivated virus (as confirmed by three blind passages in
tissue culture) and cultured in RPMI medium containing 10% FCS (HyClone),
penicillin, streptomycin, and L-glutamine (Gibco BRL, NY) at 106 cells per well
in a 48-well plate. Occasionally, where indicated, twofold-larger amounts of
inactivated virus were used. Culture supernatant from uninfected cells was for-
malin inactivated, dialyzed, and used as a negative control. As a positive control,
Staphylococcus aureus enterotoxin B (Sigma-Aldrich) was used. The cells were
incubated for various times at 37°C in 5% CO2. Phycoerythrin-conjugated anti-
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bodies specific for CD107a (BD Biosciences, CA) were added 16 h before the
end of culture. For the detection of intracellular cytokine production, monensin
(GolgiStop; BD Biosciences) was added during the last 16 h of culture. After
incubation, PBMC were harvested and stained with anti-CD4 Pacific Blue anti-
body (BioLegend, San Diego, CA), anti-CD8–peridinin chlorophyll protein–
Cy5.5 (BD Biosciences), anti-gamma interferon–allophycocyanin (BD Bio-
sciences), anti-interleukin-2 (anti-IL-2)–fluorescein isothiocyanate (eBioscience,
CA), anti-tumor necrosis factor alpha–phycoerythrin–Cy7 (BD Biosciences), and
LIVE/DEAD fixable dead cell stain (Invitrogen, Paisley, United Kingdom) ac-
cording to the manufacturers’ procedures and were acquired using a FACSCanto
II system (BD Biosciences). At least 105 viable lymphocytes were acquired based
on forward-side scatter characteristics and analysis of viability staining. The
results were analyzed using FACSDiva software (BD Biosciences).

RESULTS

Seasonal influenza virus A(H3N2) and avian influenza virus
A(H7N3) inactivation. Since we wished to determine the effect
of virus inactivation on viral infectivity and viral protein resil-
ience, the procedures were first executed using human and

avian influenza virus strains with completely different HA and
NA subtypes.

Influenza virus stocks A/Wisconsin/67/2005 subtype H3N2
(104.8 TCID50/ml) and A/Mallard/NL/12/00 subtype H7N3
(105.3 TCID50/ml) were treated separately with heat, formalin,
Triton X-100, and �-PL. Virus infectivity was completely ab-
sent after inactivation by temperatures of �55.6°C, formalin,
Triton X-100 concentrations of �0.2%, and �-PL, as confirmed
by the absence of CPE, the absence of sense viral mRNA, and
the reduction of antisense viral genomic RNA in three subse-
quent cell culture passages (Table 1). Influenza virus mRNA is
not present in the virus itself but is produced only in the
infected cell and is therefore a clear measure of virus replica-
tion. In contrast to residual virus genomic RNA that is pro-
tected by the viral nucleoprotein, posttreatment residual virus
mRNA is rapidly degraded in tissue culture. Specimens from
cell culture passages showing incomplete virus inactivation,

TABLE 1. Confirmation of A(H3N2) and A(H7N3) influenza virus inactivation by phenotypic and molecular testsa

Influenza virus Treatment
Posttreatment Passage 1 Passage 2 Passage 3

vRNA mRNA CPE vRNA mRNA CPE vRNA mRNA CPE vRNA mRNA

A(H3N2) Heat (22°C; control) � � � � � ND ND ND ND ND ND
Heat (35°C) � � � � � ND ND ND ND ND ND
Heat (38.3°C) � � � � � ND ND ND ND ND ND
Heat (43.7°C) � � � � � ND ND ND ND ND ND
Heat (49.6°C) � � � � � ND ND ND ND ND ND
Heat (55.6°C) � � � � � � � � � � �
Heat (61.3°C) � � � � � � � � � � �
Heat (66.7°C) � � � � � � � � � � �
Heat (70°C) � � � � � � � � � � �
Control � � � � � ND ND ND ND ND ND
Formalin (18 h) � � � � � � � � � � �
Control � � � � � ND ND ND ND ND ND
Formalin (72 h) � � � � � � � � � � �
Triton X-100 (0.0%; control) � � � � � ND ND ND ND ND ND
Triton X-100 (0.1%) � � � � � � � � � � �
Triton X-100 (0.2%) � � � � � � � � � � �
Triton X-100 (0.5%) � � � � � � � � � � �
Triton X-100 (1.0%) � � � � � � � � � � �
Control � � � � � ND ND ND ND ND ND
�-PL (overnight) � � � � � � � � � � �

A(H7N3) Heat (22°C; control) � � � � � ND ND ND ND ND ND
Heat (35°C) � � � � � ND ND ND ND ND ND
Heat (38.3°C) � � � � � ND ND ND ND ND ND
Heat (43.7°C) � � � � � ND ND ND ND ND ND
Heat (49.6°C) � � � � � ND ND ND ND ND ND
Heat (55.6°C) � � � � � � � � � � �
Heat (61.3°C) � � � � � � � � � � �
Heat (66.7°C) � � � � � � � � � � �
Heat (70°C) � � � � � � � � � � �
Control � � � � � ND ND ND ND ND ND
Formalin (18 h) � � � � � � � � � � �
Control � � � � � ND ND ND ND ND ND
Formalin (72 h) � � � � � � � � � � �
Triton X-100 (0.0%; control) � � � � � ND ND ND ND ND ND
Triton X-100 (0.1%) � � � � � ND ND ND ND ND ND
Triton X-100 (0.2%) � � � � � � � � � � �
Triton X-100 (0.5%) � � � � � � � � � � �
Triton X-100 (1.0%) � � � � � � � � � � �
Control � � � � � ND ND ND ND ND ND
�-PL (overnight) � � � � � � � � � � �

a Virus specimens are noted as being positive or negative for a CPE and influenza virus matrix gene RNA and mRNA. Control samples were subjected to the same
protocol as the treatment specimens except for the treatment itself: control treatments were heat at 22°C and the absence of formalin, Triton X-100, or �-PL. vRNA,
viral genomic RNA; ND, not determined.

930 JONGES ET AL. J. CLIN. MICROBIOL.

at R
IV

M
 JR

N
LS

 LIB
 / B

IN
 252 July 9, 2010 

jcm
.A

S
M

.O
R

G
 - 

D
O

W
N

LO
A

D
E

D
 F

R
O

M
 

http://jcm.asm.org


based on phenotypic (CPE) and molecular data, were not
passaged further. The combined viral culture and matrix RNA
detection data demonstrate that these procedures result in
complete inactivation of 104.8 and 105.3 TCID50/ml human and
avian influenza virus strains, respectively.

HA and NA characteristics of inactivated influenza A(H3N2)
and A(H7N3) viruses. As reported above, virus inactivation may
be attained by each of the four described inactivation tech-
niques. To address whether the methods of virus inactivation
affected the virological properties, we determined the HA and
NA characteristics (Fig. 1) after virus inactivation by each
treatment.

Successful heat inactivation coincided with the loss of HA
and NA characteristics for both viruses; however, the human
A(H3N2) virus lost HA activity at a slightly higher temper-
ature than the avian A(H7N3) virus (difference in temper-
ature [�T], 4°C). In contrast, avian A(H7N3) virus lost NA
activity at a higher temperature than the human A(H3N2)
virus (�T, 14°C). �-PL inactivation did not have a major
effect on the avian A(H7N3) virus HA and NA characteris-
tics but reduced the hemagglutination titer and NA activity
of the human A(H3N2) virus by 10-fold or more.

Treatments with Triton X-100 and formalin resulted in less
significant reduction of HA and/or NA activity than heat and
�-PL treatments. Although the log TCID50 of infectious virus
was not adversely affected by passing of supernatants over the
detergent removal column [log TCID50s of A(H7N3) virus
(means � standard deviations), 5.0 � 0.25/ml precolumn treat-
ment and 4.75 � 0.35/ml postcolumn treatment], both the
hemagglutination titers and NA activities of the viruses were
reduced by subjection to the column step without the addition
of Triton X-100 (mock treatment) compared to those of the
stock viruses (values were similar to those for the 1-h heat
treatment at 22°C) (Fig. 1). Triton X-100 treatment resulted in
inconsistent HA activity compared with that of the control,
depending on the virus subtype. However, compared to those
of the controls, the NA activities of both viruses were enhanced
consistently by the addition of Triton X-100 (Fig. 1C). In ad-
dition, without the removal of Triton X-100, the NA activities
of these viruses were enhanced even further beyond those of
the stock viruses (see Fig. 3A). Therefore, we further investi-
gated the use of Triton X-100 treatment in NAI susceptibility
assays.

Nevertheless, formalin treatment best retained both HA and
NA activities (Fig. 1) but was more complex to perform than
Triton X-100 treatment without detergent removal.

Seasonal influenza A(H1N1) and pandemic influenza A
(H1N1)v virus inactivation and HA and NA characteristics.
Based on the results obtained from human A(H3N2) and avian
A(H7N3) virus inactivation using four different protocols,
Triton X-100 and formalin inactivation protocols were cho-
sen to demonstrate the proof of principle using seasonal and
pandemic A(H1N1) viruses. To this end, we validated virus
inactivation by Triton X-100 and formalin by using two
seasonal A(H1N1) viruses, A/Netherlands/268/2008 (103.8

TCID50/ml) and A/New Caledonia/20/99 (105.0 TCID50/ml),
and three pandemic A(H1N1)v virus strains of porcine or-
igin, A/Netherlands/602/2009 (104.1 TCID50/ml), A/California/
04/2009 (104.9 TCID50/ml), and A/Paris/2590/2009 (108.0

TCID50/ml). Both 1% Triton X-100 and 18-h 0.02% formalin

inactivation protocols effectively inactivated the viruses, as
demonstrated by the absence of CPE in three consecutive
passages of the treated viruses (Table 2). The results of the
RT-PCRs for virus matrix gene RNA and mRNA confirmed
that virus replication was absent (Table 2). These data dem-
onstrate that 1% Triton X-100 and 18-h 0.02% formalin inac-
tivation protocols result in complete inactivation of both sea-
sonal A(H1N1) and pandemic A(H1N1)v virus strains at
concentrations up to 108.0 TCID50/ml.

Characterization of the inactivated viruses showed that Tri-
ton X-100 treatment again resulted in inconsistent hemagglu-
tination titers (Fig. 2A). After formalin treatment, seasonal
influenza A(H1N1) virus hemagglutination titers were retained
but A(H1N1)v hemagglutination titers were reduced twofold
(Fig. 2C). The NA activities of seasonal influenza A(H1N1)
viruses were reduced less than twofold by both inactivation
protocols (after Triton X-100 removal) (Fig. 2B and D). Al-
though NA activities of live influenza A(H1N1)v viruses could
not be evaluated for technical reasons (no equipment was
available in the BSL-3 laboratory), the other viruses showed
consistently increased NA activities after treatment with Triton
X-100 without removal of the detergent compared to the NA
activities of the virus stocks (Fig. 3A). Based on the combined
HA and NA characteristics, we concluded that formalin treat-
ment best retained HA and NA activity. In addition, the results
confirmed the usefulness of Triton X-100 inactivation without
removal of the detergent for the determination of NAI sus-
ceptibility.

Analysis of NA inhibition after influenza A(H1N1) virus
inactivation. Before the implementation of routine NAI sus-
ceptibility testing using inactivated virus culture supernatants,
preservation of NA enzyme characteristics after 1% Triton
X-100 or 0.02% formalin treatment needed further evaluation.
Therefore, oseltamivir-sensitive and -resistant seasonal influ-
enza A(H1N1) virus isolates were inactivated prior to NAI
susceptibility testing with the MUNANA assay. The IC50 val-
ues of oseltamivir for live and inactivated virus isolates re-
mained within the 95% confidence interval of interassay vari-
ability for the MUNANA assay, demonstrating that NA
enzyme inhibition by oseltamivir was not affected by Triton
X-100 or formalin treatment (Fig. 3B and C).

Since Triton X-100 treatment is a rapid and easy-to-use
inactivation protocol that in addition enhances the NA activi-
ties of influenza virus isolates (Fig. 3A), Triton X-100-treated
supernatants were subsequently tested with the commercial
NA-Star assay. The NA-Star assay performed similarly to the
MUNANA assay, demonstrating that NAI susceptibility test-
ing using 1% Triton X-100-treated supernatants works well
with both assays (Fig. 3C). Subsequent parallel NAI suscepti-
bility testing of 12 Triton X-100-treated A(H1N1)v virus iso-
lates in the MUNANA and NA-Star assays showed the NAI-
sensitive phenotype of current A(H1N1)v viruses, for which
IC50 values of both oseltamivir and zanamivir were 	1 nM
(Fig. 3D and Table 3).

B-cell responses to inactivated influenza A(H1N1) and A
(H1N1)v viruses. To verify the preservation of B-cell response
antigenic epitopes after influenza virus inactivation, we used
the HI assay. Due to the reduction of HA activity after Triton
X-100 treatment, only the formalin-treated influenza viruses,
except for formalin-treated influenza A(H1N1)v viruses
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FIG. 1. Hemagglutination titers (left) and NA activities (right) of human influenza A(H3N2) virus and avian influenza A(H7N3) virus after
treatment with heat (A), �-PL (B), Triton X-100 (C), or formalin (D). Controls were subjected to the same procedures as the treatment specimens
except for the treatment itself: they were heated at 22°C and had no �-PL, Triton X-100, or formalin added. Hemagglutination titers and NA
activities after Triton X-100 treatment were determined after the removal of the detergent. Hemagglutination titers of 	2 are expressed as 1.
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A/Netherlands/602/09 and A/Paris/2590/09 (Fig. 2A and C),
demonstrated sufficient hemagglutination titers to be used in
the HI assay. The HI titers of four ferret antisera for live-
and formalin-treated seasonal influenza A/New Caledonia/
20/99 and A/Netherlands/268/08 viruses and pandemic in-
fluenza A/California/04/09 virus were similar, illustrating
that epitopes on HA to which B-cell responses are directed
are preserved after formalin treatment (Fig. 4). In contrast
to A/California/04/09 virus, pandemic A/Netherlands/602/09
and A/Paris/2590/09 viruses did not show any cross-reactiv-
ity with ferret sera against recent seasonal A(H1N1) viruses.

T-cell responses to inactivated seasonal influenza virus.
Since the highest degree of preservation of HA and NA activ-
ities was achieved by inactivating influenza A(H3N2) and
A(H7N3) viruses using formalin, the preservation of T-cell
epitope antigenicity was assessed using formalin-inactivated
influenza viruses. To determine the magnitudes and kinetics of
T-cell responses to formalin-treated influenza viruses, PBMC
from six donors were infected with live influenza A/Wisconsin/
67/2005 (H3N2) virus or pulsed with formalin-treated A/
Wisconsin/67/2005 (H3N2) virus or a negative-control sample,
after which T-cell responses were measured by flow cytometry
at 24, 48, 72, and 168 h poststimulation.

Infection of PBMC with live influenza A/Wisconsin/67/2005
(H3N2) virus resulted in a significant increase (P 	 0.05; New-
man-Keuls analysis of variance) in CD4� and CD8� T cells
expressing CD107a and IL-2, indicating cytotoxic activity and
cellular proliferation, respectively (Fig. 5). A similar expres-
sion pattern among PBMC pulsed with formalin-treated influ-
enza A/Wisconsin/67/2005 (H3N2) virus was observed. The
highest percentages of CD107a� and IL-2� T cells in response
to formalin-treated virus were observed approximately 24 h
later than the highest level of the response to live virus. Fur-
thermore, the proportions of CD107a� and IL-2� T cells
found after pulsing with formalin-treated virus were lower than
those found after infection with live virus, but the difference

was not statistically significant (P 
 0.05). Pulsing PBMC with
twice the amount of formalin-treated virus did not result in sig-
nificantly higher T-cell responses (P 
 0.05). Similar results were
obtained with A/New Caledonia/20/99 (H1N1) virus (Fig. 6). To-
gether, these results indicate that T-cell epitope antigenicity of
seasonal influenza viruses is preserved after formalin treatment.

T-cell responses to inactivated 2009 pandemic influenza
A(H1N1)v virus. Since formalin treatment effectively inactivated
seasonal influenza viruses while preserving T-cell epitope antige-
nicity, we determined whether the T-cell epitope antigenicity of
the pandemic A(H1N1)v virus was also preserved. To this end,
(H1N1)v virus-specific T-cell responses by PBMC isolated from
two individuals with laboratory-confirmed A(H1N1)v virus infec-
tions were evaluated. In vitro stimulation of these PBMC with
inactivated influenza A/Paris/2590/2009 (H1N1)v virus demon-
strated increases in the percentages of CD107a� T cells in the
CD4� and CD8� T-cell subsets from both donors (Fig. 7). As a
control, PBMC were infected with live seasonal influenza A/New
Caledonia/20/99 (H1N1) virus or pulsed with formalin-treated
A/New Caledonia/20/99 (H1N1) virus, showing a similar increase
in CD107a� cells. Furthermore, live and formalin-treated sea-
sonal influenza A(H1N1) virus samples and formalin-treated in-
fluenza A(H1N1)v virus led to increases in IL-2� T cells in PBMC
from donor A, which were most apparent in the CD8� T-cell
subset. The stimulation of PBMC from donor B did not produce
an increase in IL-2� T cells in both the CD4� and CD8� T-cell
subsets, indicating donor variability in the T-cell responses.

Together, these data demonstrate that the influenza A(H1N1)v
virus retains T-cell-stimulatory capacity after formalin treatment,
indicating that T-cell epitope antigenicity is also preserved for this
pandemic influenza virus.

DISCUSSION

Our study provides validated virus inactivation protocols
that allow implementation of phenotypic NAI susceptibility

TABLE 2. Confirmation of seasonal and pandemic A(H1N1) influenza virus inactivation by phenotypic and molecular testsa

Virus Treatment or
sample status

Posttreatment Passage 1 Passage 2 Passage 3

vRNA mRNA CPE vRNA mRNA CPE vRNA mRNA CPE vRNA mRNA

Influenza A/Netherlands/ Control � � � � � ND ND ND ND ND ND
268/2008 (H1N1) virus 0.02% formalin for 18 h � � � � � � � � � � �

1% Triton X-100 � � � � � � � � � � �

Influenza A/New Caledonia/ Control � � � � � ND ND ND ND ND ND
20/99 (H1N1) virus 0.02% formalin for 18 h � � � � � � � � � � �

1% Triton X-100 � � � � � � � � � � �

Influenza A/Netherlands/ Control � � � � � ND ND ND ND ND ND
602/2009 (H1N1)v virus 0.02% formalin for 18 h � � � � � � � � � � �

1% Triton X-100 � � � � � � � � � � �

Influenza A/California/04/ Control � � � � � ND ND ND ND ND ND
2009 (H1N1)v virus 0.02% formalin for 18 h � � � � � � � � � � �

1% Triton X-100 � � � � � � � � � � �

Influenza A/Paris/2590/2009 Control � � � � � ND ND ND ND ND ND
(H1N1)v virus 0.02% formalin for 18 h � � � � � � � � � � �

1% Triton X-100 � � � � � � � � � � �

a Virus specimens are noted as being positive or negative for a CPE and influenza virus matrix gene RNA and mRNA. Controls were the stock viruses prior to
treatment. vRNA, viral genomic RNA; ND, not determined.

VOL. 48, 2010 FUNCTIONAL INFLUENZA VIRUS INACTIVATION 933

at R
IV

M
 JR

N
LS

 LIB
 / B

IN
 252 July 9, 2010 

jcm
.A

S
M

.O
R

G
 - 

D
O

W
N

LO
A

D
E

D
 F

R
O

M
 

http://jcm.asm.org


testing, HI assessment (for serology as well antigenic charac-
terization of viruses), and T-cell response characterization us-
ing avian, swine, and human influenza viruses under BSL-2
containment conditions. Using pandemic influenza A(H1N1)v
virus strains, we illustrate the ease of carrying out Triton X-100
and formalin virus inactivation protocols prior to the assess-

ment of A(H1N1)v virus susceptibility to antivirals and the
characterization of B- and T-cell responses, respectively, out-
side the BSL-3 high-containment facility. These inactivation
protocols facilitate the diagnostic examination of pandemic
influenza viruses by applying standard laboratory conditions at
BSL-2.

FIG. 2. Hemagglutination titers (left) and NA activities (right) of seasonal A(H1N1) and pandemic A(H1N1)v viruses after inactivation using
Triton X-100 (A and B) or formalin (C and D). The left bars show the results for the original stock viruses, and the right bars show the results
for the viruses after inactivation. Hemagglutination titers and NA activities after Triton X-100 treatment were determined after the removal of the
detergent. Hemagglutination titers of 	2 are expressed as 1. NA activities of live A(H1N1)v viruses were not determined and are therefore not
shown for these viruses in panels B and D.
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Considering results from documented studies and taking ease
of use under BSL-3 conditions into account, therefore excluding,
e.g., irradiation protocols, we evaluated human A(H3N2) and
avian A(H7N3) virus inactivation by means of heat and the viru-
cidal compounds �-PL, Triton X-100, and formalin (5–7, 14, 18).
The most optimal virus inactivation protocols were used to dem-
onstrate the proof of principle with seasonal and pandemic
A(H1N1) viruses.

Heat inactivation of influenza A virus can be very efficient,
as demonstrated by studies of thermal processing of meat from

FIG. 3. Results obtained using inactivated influenza viruses in NA inhibition assays. (A) The NA activity increases after 1% Triton X-100
treatment but is subsequently reduced by column-based detergent removal. Lines connect results from experiments with the same virus strain.
(B) Effects of 1% Triton X-100 and formalin treatments on the performance of the MUNANA NA inhibition assay with oseltamivir-sensitive and
-resistant influenza viruses. Results obtained after column-based detergent removal (Triton � column) are indicated. RFU, relative fluorescence
units. (C) IC50 values obtained with the MUNANA assay (for live and Triton X-100-treated virus samples, virus samples treated with Triton X-100
and subjected to detergent removal, and formalin-treated virus samples) and the NA-Star assay (for live and Triton X-100-treated virus samples
and virus samples treated with Triton X-100 and subjected to detergent removal) for NA inhibition with oseltamivir-sensitive and -resistant
seasonal influenza A(H1N1) viruses. (D) NAI susceptibilities of 12 1% Triton X-100-treated influenza A(H1N1)v virus isolates as measured with
the MUNANA and NA-Star NA inhibition assays.

TABLE 3. Phenotypic NAI susceptibilities of 12 clinical
A(H1N1)v virus isolatesa

NAI assay Virus
Mean IC50 (nM) (�SD, �SD)b of:

Oseltamivir Zanamivir

NA-Star assay A(H1N1)v 0.28 (0.25, 0.31) 0.21 (0.19, 0.23)

MUNANA assay A(H1N1)v 0.67* (0.58, 0.79) 0.29** (0.27, 0.32)
A(H1N1)a 0.85* (0.68, 1.05) 0.68** (0.49, 0.92)

a Baseline NAI susceptibilities of Dutch seasonal A(H1N1) influenza viruses
are given (17).

b The NAI susceptibilities of pandemic A(H1N1)v virus were greater than
those of seasonal A(H1N1) virus. �, P � 0.002; ��, P 	 0.001.
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influenza virus-infected chickens (36, 39), and can be achieved
in less than 5 s at temperatures above 70°C (38). Reproducible
heat inactivation, however, should be carried out under con-
trolled conditions, e.g., by using small volumes in a thermocy-
cler (37). We used a 30-min incubation period with tempera-
tures below 70°C in an effort to preserve protein function.
Unfortunately, infectivity and glycoprotein function disap-
peared almost simultaneously at temperatures above 55.6°C.
Interestingly, the avian A(H7N3) virus NA enzyme demon-
strated better heat resistance than the human A(H3N2) virus
NA (�T, 14°C). Nevertheless, heat treatment appeared not to
be suitable for our purposes.

Although �-PL treatment resulted in complete inactivation
of influenza virus, it negatively affected both HA and NA
functions of the tested A(H3N2) virus, as was demonstrated
previously by Goldstein and Tauraso (14). During �-PL hydro-
lysis, the pH can decrease, resulting in a conformational
change in HA (28, 31). Furthermore, �-PL is highly reactive
with nucleic acids and proteins and can alter RNA/DNA struc-
ture, as well as form RNA/DNA-protein complexes (24, 26).
As pH measurements during �-PL treatment demonstrated
that the pH remained at physiologic values (data not shown),
we hypothesize that the formation of RNA/DNA-protein com-
plexes compromised glycoprotein function of the tested
A(H3N2) virus. Even though �-PL is widely used by the vac-
cine industry for vaccine preparation (1), our results indicate
that �-PL inactivation is preferentially not to be used in com-
bination with virological and immunological assays.

Treatment with 1% Triton X-100 appeared to be an easy-
to-perform procedure for complete influenza virus inactivation

and subsequent determination of NAI susceptibility. However,
for validation of virus inactivation in cell cultures by Triton
X-100 treatment, the detergent had to be removed by passing
the supernatants over a detergent-absorbing column to prevent
solubilization of MDCK cell membranes in the cell monolayer.
As the capacity of the column used is 15 mg detergent and the
amount of Triton X-100 at 1% in 500 ml is about 5 mg,
complete removal of Triton X-100 was assumed and culture
validation results were eventually not affected by residual Tri-
ton X-100. Although the column itself had no significant effect
on log TCID50, the removal of Triton X-100 resulted in vari-
able functional glycoprotein recovery depending on the Triton
X-100 concentration used (Fig. 1). Without the column-based
removal of Triton X-100, however, NA activity increased, al-
lowing the straightforward application of phenotypic NA inhi-
bition assays (the NA-Star assay and the MUNANA assay)
(Fig. 3A). These effects may be explained by the mode of
action of Triton X-100, solubilization of the lipid membrane of
influenza virus and formation of micelles in which the HA and
NA proteins are trapped. The concentration of Triton X-100 in
a 1% (vol/vol) solution (17 mM) is well above the critical
micelle concentration (0.2 to 0.9 mM) at which detergent mol-
ecules begin to accumulate in a lipid bilayer membrane, guar-
anteeing complete solubilization and, therefore, inactivation of
influenza virus. However, a note of caution should be made. As
the critical micelle concentration of Triton X-100 depends on
temperature and complete solubilization at a given concentra-
tion of Triton X-100 depends on the amounts of membranes
and protein in the solution, our protocol is validated for the
given temperature and duration (room temperature for 1 h)

FIG. 4. HI titers of four ferret antisera with live or formalin-treated influenza A(H1N1) viruses. Only one of the A(H1N1)v pandemic strains
(A/California/04/09) showed some cross-reactivity with ferret antisera against recent seasonal A(H1N1) influenza viruses. Formalin-treated
A/Netherlands/602/09 and A/Paris/2590/09 viruses had too-low hemagglutination titers to be included in the HI assay (Fig. 2C). HI titers of 	20
are not shown.
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and for tissue culture supernatants containing infection me-
dium without FCS that have been cleared of cell debris. The
use of higher-protein or lipid-content matrixes, e.g., allantoic
fluid with influenza virus, may adversely affect inactivation, and
a higher concentration of Triton X-100 should probably be
used. Increased NA activity in 1% Triton X-100 solution may
be explained by better access of the substrate to the NA in
micelles than in the intact virus. The removal of Triton X-100
will cause clumping of NA and HA molecules as well, due to
the hydrophobic action of the tails of NA and HA, which are
normally located in the lipid bilayer of the virus membrane,
resulting in decreased NA activity and inconsistent hemagglu-
tination.

Nevertheless, using 1% Triton X-100 inactivation without

detergent removal, we demonstrated that the baseline suscep-
tibilities of A(H1N1)v virus to both oseltamivir (P � 0.002;
Student’s t test) and zanamivir (P 	 0.001; Student’s t test)
were greater than those of seasonal influenza A(H1N1) viruses
(Table 3). However, since phenotypic NAI susceptibility assays
such as the MUNANA and NA-Star assays are conducted with
virus isolates, this approach still obstructs rapid antiviral sus-
ceptibility profiling of an influenza virus infection. The NA
activity-enhancing mechanism of Triton X-100 treatment may
increase the sensitivity of phenotypic NAI susceptibility assays
and may allow direct testing of low-protein-content clinical
specimens without the need of virus isolation in the near fu-
ture.

Formalin treatment appeared to be superior to the other

FIG. 5. T-cell response kinetics after PBMC stimulation with live or formalin-treated influenza virus A/Wisconsin/67/05 (H3N2). (A) Percent-
ages of CD4� CD107a� T cells; (B) percentages of CD8� CD107a� T cells; (C) percentages of CD4� IL-2� T cells; (D) percentages of CD8�

IL-2� T cells. Mock, culture supernatant from uninfected cells; *, P 	 0.05 for live and formalin-inactivated A(H3N2) virus samples compared
to mock-treated samples.
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treatments for antigenic characterization and measurement of
B- and T-cell responses. The assessment of the B-cell epitope
integrity of formalin-treated influenza virus by the HI assay
showed similar HI titers for live and formalin-treated influenza
virus samples. Although the ferret antiserum HI assay is able
to distinguish major antigenic variants, minor changes in
antigenicity are difficult to define reliably (34). Nevertheless,
we demonstrated that HA-specific antibodies still bind to
formalin-inactivated viruses, suggesting preservation of B-
cell epitopes. The HI titers further confirmed the major anti-
genic difference between recent seasonal influenza A(H1N1)
viruses and pandemic A(H1N1)v viruses, corresponding with
published data (12). Additionally, we detected antigenic dif-
ferences among A(H1N1)v viruses. Significant HI titers of the
ferret sera for recent seasonal A(H1N1) viruses were found by
using live and formalin-inactivated influenza A/California/
04/09 H1N1v virus samples, while HI titers of the same sera
tested using live A/Netherlands/602/09 H1N1v and A/Paris/
2590/09 H1N1v viruses were 	20. Influenza virus sequence
data obtained from GenBank demonstrates the presence of
amino acid substitutions P83S, I191L, T197A, and I321V in
HAs of A/Netherlands/602/09 and A/Paris/2590/09 viruses,
compared to HA in A/California/04/09 virus. As HA substitu-
tions P83S, I191L, and T197A are located on HA1 antigenic
sites, this may explain the differences in HI titers obtained with
the three influenza A(H1N1)v viruses. Whether this antigenic
change was induced by human immune pressure and correlates
with B-cell escape is unclear.

Furthermore, we have demonstrated that formalin treatment
of both seasonal and pandemic influenza viruses preserves signif-

icant T-cell epitope antigenicity for the detection of cellular im-
mune responses. Upon infection of PBMC with live influenza
virus, the numbers of cells expressing CD107a and IL-2 in-
creased rapidly. Interestingly, the responses induced by forma-
lin-treated influenza virus started to increase after a 24-h delay
and were reduced compared to the levels induced by live in-
fluenza virus. The delay may be due to decreased HA integrity,
which we observed in the hemagglutination assays with some
formalin-treated viruses, ultimately resulting in less efficient
binding and uptake of virus by antigen-presenting cells and
subsequent activation of T cells (20, 33). However, a more
likely explanation is the difference in antigen presentation
routes using live and inactivated viruses. During a live-virus
infection, antigen is presented on major histocompatibility
complex class I (MHC-I) molecules mainly via the endogenous
pathway, whereas antigens from inactivated virus are pre-
sented on MHC-I molecules by the alternative cross-presenta-
tion pathway, which may affect the induction of CD8� T-cell
responses (15). Furthermore, formalin-inactivated influenza
virus is not able to replicate and cannot lead to de novo syn-
thesis of viral particles (30). This may result in fewer viral
particles and a lower magnitude of the T-cell response (20).
However, the amount of inactivated virus did not limit the
T-cell response, since pulsing of PBMC with a double amount
of inactivated influenza virus did not result in increased T-cell
responses (data not shown). Taken together, these findings
suggest that differences in antigen processing or activation of
different signaling pathways are more likely to affect the T-cell
response than the amount of available antigens.

Similarly, differences in IL-2� T cells specific for pandemic

FIG. 6. Detection of T-cell responses against live or formalin-treated A/New Caledonia/20/99 (H1N1) virus demonstrates significant T-cell
epitope antigenicity 72 h poststimulation. (A) Percentages of CD4� CD107a� T cells (white bars) and CD8� CD107a� T cells (black bars);
(B) percentages of CD4� IL-2� T cells (white bars) and CD8� IL-2� T cells (black bars). SEB, positive control using S. aureus enterotoxin B; mock,
culture supernatant from uninfected cells. *, P 	 0.05; **, P 	 0.01; and ***, P 	 0.001 for live and formalin-inactivated A(H1N1) virus samples
compared to mock-treated samples.
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influenza A(H1N1)v virus in PBMC from recently infected
individuals may depend on the differentiation status of the T
cells, since the PBMC from the two donors were isolated at
different time points after the start of symptoms, 13 and 19
days (21, 32). Nevertheless, the significance of this finding is
that the assay is also applicable to the pandemic A(H1N1)v
virus.

In conclusion, we have shown that the standard repertoire of
virological and immunological assays using pandemic influenza
virus strains can be performed at BSL-2 when appropriate
virus inactivation protocols are applied. Depending on the type
of assay, different virus inactivation protocols may be pre-
ferred. Rapid antiviral susceptibility profiling with inactivated
influenza viruses is possible using 1% Triton X-100 treatment,
while 18 h of 0.02% formalin treatment and subsequent dial-
ysis are more time-consuming but enable the implementation
of a variety of both virological and immunological assays, in-
cluding the detection of T-cell responses. Both inactivation
procedures allow studies of highly pathogenic or pandemic
influenza viruses without the requirement for a BSL-3 facility
and greatly expand diagnostic and research possibilities. A
limiting factor, however, remains the initial isolation and ex-
pansion of these viruses at BSL-3. Conclusively, the timely
determination of the public health impact and the develop-
ment of protective measures when a new influenza virus is

introduced in humans are assisted by the implementation of
our influenza virus inactivation protocols.
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