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Abstract Innate immune cells are key player in immune
response to influenza virus infection. Influenza infected
monocytes exacerbate the disease pathology. However,
monocytes differ in susceptibilities to influenza virus
infection. Herein, susceptibilities of U937 and THP-1
monocytic cells to PR8 virus infection, the associated
cellular factor- sialic acid (SA) receptor distribution and
viral factor were determined. Moreover, amino acid
sequences in hemagglutinin (HA) receptor binding domain
(RBD) of PR8 virus that determine SA preferences were
analysed. PR8 infected U937 cells express significantly
higher numbers of nucleoprotein positive cells suggesting
U937 cells being more susceptible to influenza virus than
THP-1 cells. Lectin staining suggested similar pattern of
SA receptor distribution in both cells. Interestingly,
sequence analysis of RBD suggested their preferences for
alpha 2,3 SA receptors suggesting RBD sequences are not
always determining for SA preferences. Furthermore, the
resistance barrier on THP-1 cells was overcome by HSN1
NS gene. In conclusion, the study demonstrated that
decreased susceptibility of THP-1 cells to PRS virus could
not be related to the SA receptor distribution, and HSN1 NS
gene was sufficient to determine tropism for THP-1 cells.
Hence, mechanistic basis of NS gene on cell tropism and
contribution of other internal genes remained to be
determined.
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Innate immune cells like macrophages, monocytes, den-
dritic cells, NK cells and neutrophils play a critical role in
immunopathogenesis of influenza virus infection [1]. As
such, infiltration of mononuclear cells like monocytes, and
macrophages in the lungs during influenza virus infection
was correlated with disease severity [1-3]. These
mononuclear cells produce inflammatory cytokines; TNF-
o, IFNs, IL-6, IP-10 and RANTES [2, 3]. In severe
influenza, enhanced amount of inflammatory cytokine
produced is responsible for tissue damage [1]. Also,
influenza infected individuals demonstrated a dysregulated
monocyte function, in particular decreased IFN signal, a
major effector arm against influenza infection [3]. More-
over, it could not be denied that the infiltrating monocytes
get infected and further contribute to the production of
soluble factors and cytokines that exacerbate the disease
pathology. Also, these wandering monocytes might act as a
vehicle to transport influenza virus which might contribute
for extrapulmonary manifestations as observed with HSN1
virus infection.

For efficient influenza virus infection, a number of
barriers must be overcome; an important being recognition
of the sialic acid (SA) receptors by influenza virus
hemagglutinin (HA) protein. Human influenza A virus
preferentially binds with o-2,6 linked SAs while avian
influenza A viruses preferentially binds with o-2,3 linked
SAs [4, 5]. Moreover, key amino acids in the receptor
binding domain (RBD) of influenza virus HA protein were
shown to determine receptor preferences [6, 7].
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Fig. 1 Flow cytometry for determining susceptibility of monocytic
cells to PR8 virus infection. U937 or THP-1 cells infected with PR8
virus at m.o.i. of 3. At 24 h post infection, cells were analysed for
influenza NP by flow cytometry. Histogram shows U937 cells (a) or

Previously, it has been demonstrated that monocytes
could be infected with influenza virus [8, 9]. Moreover,
among the two monocytic cell lines, U937 cells were more
susceptible to PR8 influenza A virus infection compared to
THP-1 cells [8]. In addition, THP-1 cells were shown to be
unsusceptible to PR8 virus infection [9]. It still remained
elusive whether the difference in the susceptibility is due to
difference in sialic acid (SA) receptor distribution in those
cells.

Role of influenza virus NS gene on cell tropism is lim-
ited; however most of these studies employed susceptible
cells and demonstrated an increase in infectivity [10—12].
To better understand the role of influenza NS gene on
tropism, cells relatively resistant to influenza virus infec-
tion like macrophages [3] and monocytes [8, 9] needed to
be employed. Previously, it has been shown that U937
monocytes, but not THP-1 monocytes, were susceptible to
PR8 virus infection [8]. Nevertheless, it remained to be
determined whether this difference is related to the distri-
bution of SA receptors on cells, or the amino acid
sequences on RBD of PR8 HA protein. Also, the possibility
of H5N1 virus NS gene to restore infectivity of PR8 virus
for THP-1 cells needed to be explored.

This study constructed recombinant PR8 virus using
reverse genetics technique as described previously [8].
Briefly, eight recombinant pHW2000 plasmids carrying
each genomic segment of PR8 virus (1 pg each) in 100 pl
of 1X Opti-MEM (Gibco, Life Technologies, NY) is mixed
with 18 ul of TransIT®-LTI reagent (MirusBio, Madison,
WI) in 100 pl of 1X Opti-MEM. The reaction mixture was
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THP-1 cells (b) that are NP + . Compared to THP-1 cells, U937 cells
are significantly more susceptible to PR8 virus infection (two-tailed t
test: P = 0.001)

used to transfect human embryonic kidney (HEK)-293T
cells co-cultured with Madin-Darby canine kidney
(MDCK) cells in the ratio of 1:1. The inoculated culture
was incubated at 37 °C in a CO, incubator. The transfec-
tion mixture was replaced with 1X Opti-MEM at 7 h and
subsequently with 1X Opti-MEM containing 2 pg/ml of
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)
treated trypsin (TPCK-trypsin) at 24 h. The infected cul-
ture was daily observed for virus induced cytopathic
effects. The recombinant PR8 virus obtained was propa-
gated and titrated in MDCK cells by a plaque assay as
described previously [8].

Herein, THP-1 and U937 human monocytic cells were
infected with the PR8 virus at the m.o.i. of 3. The infected
cell culture was incubated in 1X RPMI containing 2% Fetal
Bovine Serum and 1 pg/ml TPCK-trypsin for 24 h at
37 °C. At 24 h post-infection, the cells were assessed for
the expression of influenza nucleoprotein (NP) by flow
cytometry as described previously [8]. It was found that
U937 cells were significantly more susceptible to PR8 virus
infection when compared with THP-1 cells (P = 0.001;
two-tailed t test). At m.o.i. of 3, 52% cells were positive for
influenza nucleoprotein (NP) antigen as determined by flow
cytometry (Fig. 1). This is in agreement with the previous
studies [8, 9] wherein THP-1 cells were shown to be
resistant to PR8 virus infection. Previously, the difference
in susceptibility has been inferred to the maturation stage
of the cells (U937 cells more mature than THP-1 cells) and
constitutive expression of virus restriction factor i.e.
interferon inducible transmembrane protein 3 in THP-1
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Fig. 2 Cellular and viral factors determining the influenza virus sialic
acid receptor preferences. Flow cytometry for determining cell
surface sialic acid receptors distribution on monocytic or MDCK cells
(a—d). Monocytic cells and MDCK cells are stained for a-2,3 sialic
acid using MAAI-FITC or a-2,6 sialic acid using SNA-FITC and
analysed by flow cytometry. Histogram shows U937 (a), THP-1 (b) or
MDCK (c) cells that are positive for MAA1 or SNA. Bar diagram

cells [8]. However, other cellular factors like influenza
virus SA receptor distribution in those cells; and viral
factors like SA binding preferences of the HA protein and
contribution of NS gene was not explored.

A key step in influenza virus infection is their ability to
bind with SA receptors on cell surface. This study deter-
mined the distribution of SA receptors on the surface of
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(d) shows average percentage (Mean £ SD) of monocytic cells
positive for o-2,3 sialic acid or o-2,6 sialic acid from three
independent experiments. Number of U937 and THP-1 cells positive
for a-2,3 sialic acid or a-2,6 sialic acid receptors are comparable
(ANOVA: ns, P > 0.050). Sequence alignment of hemagglutinin
(HA) protein of H3N2 and PR8 (HIN1) virus (e). Only amino acids in
the receptor binding domain of influenza HA protein are shown

U937 and THP-1 cells by flow cytometry. Briefly, 10°
monocytic cells washed with 1 ml of phosphate buffer
saline (PBS). The cell surface was blocked with 1% bovine
serum albumin for 30 min on ice followed by a wash step.
Fluorescence isothiocyanate (FITC) labelled Maackia
amurensis lectin 1 (MAA1-FITC) (Vector Laboratories) or
FITC labelled Sambucus nigra lectin (SNA-FITC) (Vector
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Fig. 3 Flow cytometry for determining infectivity in THP-1 mono-
cytic cells infected with NS reassortant PR8 virus. THP-1 cells
infected with PR8 virus or rgH5N1-NS virus at m.o.i. of 3. At 24 h
post infection, cells were analysed for influenza NP by flow
cytometry. Numbers indicate percentages of cells in each gate.
Uninfected cells are used as control staining. Histogram shows the
average percentage (mean £ SD) of NP' THP-1 cells from 3
independent experiments (two-tailed t test: P = 0.010)

Laboratories) that recognises o-2,3 SA or a-2,6 SA,
respectively were diluted 1:100 in PBS. The cell pellets
were stained with either MAA1-FITC or SNA-FITC. The
reaction tubes were kept on ice for 30 min in the dark. The
stained cells were washed twice, resuspended in 1%
paraformaldehyde and kept in the dark at 4 °C until anal-
ysed using a BD FACSCalibur cytometer (BD Biosciences,
San Jose, CA). Trypsinized MDCK cells were similarly
stained and used as the positive control for SA receptors
(Fig. 2). The result showed that both U937 and THP-1
monocytic cells exhibited similar staining pattern with
MAAI1 and SNA (Fig. 2a, b and d). Similar results with
MDCK cells (Fig. 2c), that were known to harbor both a-
2,3 SA or a-2,6 SA receptors, confirmed specificity of the
reaction. This suggest that these monocytic cells harbors
similar no of a-2,3 SA or o-2,6 SA receptors on the cell
surface.

Key amino acids in the RBD of the influenza virus HA
protein was shown to determine the o-2,6 SA or a-2,3 SA
receptor preferences [6, 7]. Previously, influenza viruses
that have lysine (L) and serine (S) at position 226 and 228,
respectively binds with a-2,6 SA receptors. On the other
hand, the viruses that recognises a-2,3 SA receptors have
glutamine (Q) and glycine (G) at position 226 and 228,
respectively [6, 7]. Moreover, glutamic acid (E) at position

190 increases HA affinity for o-2,3 SA receptors while
aspartic acid (D) at 190 confer binding to o-2,6 SA
receptors [6]. The present study aligned HA protein
sequence of influenza A/Pureto Rico/8/1937 (HIN1) and
A/Aichi/2/1968 (H3N2) viruses using BioEdit Sequence
Alignment Editor 7.2.6. Key mutations in the RBD of the
HA protein specific to H3N2 virus was shown (Fig. 2e). It
was found that PR8 virus have 226Q and 228G suggesting
their preferences for a-2,3 SA receptors. However, the
staining pattern contradicted the sequence based SA pref-
erences suggesting RBD sequences might not always
determine for the receptor preferences.

Previously, NS gene of influenza viruses has been shown
to determine host range restriction [10-12]. Also, reassor-
tant viruses harbouring H5N1 NS gene showed higher
infectivity than those from other subtypes [13]. Cell types
that are abortive for influenza virus infection are the best
model to demonstrate cell tropism. Herein, THP-1 cells
were infected with reassortant PR8 virus harbouring H5N1
NS gene (rgH5N1-NS virus). Construction of rgH5N1-NS
virus was done as described for reassortant PR8 virus,
except the NS gene of PR8 virus was replaced with that
from influenza A/Thailand/1 (KAN-1A)/2004 (H5N1)
virus. The infected cells were similarly processed and
measured for infectivity by flow cytometry. As shown in
Fig. 3, rgH5N1-NS virus significantly enhanced infectivity
in THP-1 cells when compared with rgPR8 virus
(P =0.010; two-tailed t test) suggesting that NS gene
modulate virus infectivity and determined cell tropism.
This could be explained by a previous observation wherein
NS gene post-transcriptionally regulate HA on viral
envelope and thus increase levels of HA protein on viral
envelope [14].

In conclusion, this and the other studies [8, 15] showed
monocytic cells differ in their susceptibilities to influenza
virus infection. Moreover, the present study demonstrates
that THP-1 cells could be used as a model to identify viral
factors that determine cell tropism. The differences in
susceptibilities of U937 and THP-1 cells to PR8 virus
could not be explained by SA receptor distribution. How-
ever, NS gene of H5N1 virus could overcome the cellular
resistance of THP-1 cells for PR8 virus. Further studies on
viral factors and possibly, cellular factors that contribute
for the difference in susceptibilities to influenza virus
infections need to be explored.
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