Neutrophils May Be a Vehicle for Viral
Replication and Dissemination in
Human H5N1 Avian Influenza
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The mechanism of systemic spread of H5N1 virus in patients
with avian influenza is unknown. Here, H5N1 nucleoprotein
and hemagglutinin were identified by immunohistochemis-
try in the nucleus and cytoplasm of neutrophils in the pla-
cental blood of a pregnant woman. Viral RNA was detected
in neutrophils by in situ hybridization and enhanced real-
time polymerase chain reaction. Therefore, neutrophils may
serve as a vehicle for viral replication and transportation in
avian influenza.

Human avian influenza (H5N1) infection possesses a great po-
tential threat to human health. However, the pathogenesis of
this emerging disease is poorly understood. A previous study
demonstrated that extrapulmonary organs, including the pla-
centa, trachea, intestine, and brain, can be infected with human
avian influenza H5N1 virus [1]. This virus has been detected
in serum [2], but the exact means of viral spread beyond the
respiratory system is unclear.

In the present study, we investigated organs obtained at au-
topsy from an H5N1 virus—infected pregnant woman and from
her fetus in an attempt to study the mechanism of systemic
dissemination of H5NI1 virus. Neutrophils were abundant in
the placenta, and therefore, we evaluated blood cells in the
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placental villi obtained at autopsy to determine whether neu-
trophils were infected by H5N1 virus.

Materials and methods. Clinical information about the 24-
year-old pregnant woman (with a fetus at 4 months gestation)
who was investigated in this study is detailed elsewhere [3].
H5N1 virus—infected autopsy tissue samples were fixed in 4%
formalin, were embedded in paraffin, and were sectioned at 4
pm. Two H5N1 virus—positive control tissue samples were used.
One was a lung tissue sample from the patient, and the other
was a brain tissue sample from an H5N1 virus—infected black-
headed gull. In addition, in a previous study of the same pla-
centa by our group [1], we observed H5N1 virus—infected mac-
rophages and trophoblastic cells. Therefore, cells from the same
placenta were used as additional internal positive control sam-
ples when we attempted to determine whether the neutrophils
were infected in the same tissue sections [1]. Three H5N1 virus—
uninfected placental samples were used as negative control sam-
ples. This investigation was performed in accordance with the
Helsinki Declaration, and the procedures were approved by the
Research Administrative Committee of Peking University (Bei-
jing, China).

Immunohistochemistry was performed as described else-
where [4]. Monoclonal antibodies against nucleoprotein (NP)
and hemagglutinin (HA) were used to identify H5N1 virus—
specific NP and HA, respectively. Monoclonal antibodies
against cell markers of CD15 (neutrophils), CD20 (B lympho-
cytes), CD3 (T lymphocytes), and CD68 (macrophages) were
used to identify specific cell types, at a dilution of 1:100. Sec-
ondary antibodies against the primary antibodies were labeled
with horseradish peroxidase, and the color reaction was de-
veloped with a horseradish peroxidase reaction kit (3-amino-
9-ethylcarbazole; Zymed Laboratories), which resulted in a red
signal. When double labeling was performed, alkaline phos-
phatase—labeled secondary antibodies were used to identify the
primary antibodies against NP, and the color reaction was de-
veloped with nitro blue tetrazolium/5-bromo-4-choloro-3-in-
dolyl phosphate (Promega), which resulted in a purple-blue
signal. Omission of the primary antibodies was also used as a
negative control test.

In situ hybridization was performed as described elsewhere
[1]. Specific probes against NP and HA RNA sequences were
used [1]. The color reaction was developed with nitro blue
(Pro-
mega), which resulted in a purple-blue signal. Positive and

tetrazolium/5-bromo-4-choloro-3-indolyl phosphate

negative control tissue samples were identical to those used for
immunohistochemistry.
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Nucleoprotein (NP) and hemagglutinin detected in neutrophils. A, Hematoxylin and eosin staining after destaining of the positive im-

munostaining response performed to identify neutrophils (black arrows, bar, 20 um). B, Immunohistochemistry with antibody against NP (1:300; Abcam)
performed to identify the viral proteins in the nuclei of neutrophils (brown-red; black arrows; bar, 20 um). C, CD15 (brown-red, black arrowjalso present
in the NP-positive cells (purple-blue, black arrow; bar, 50 um). Inset b shows enlargement of a cell highlighted by an arrow in inset a, clearly indicating
colocalization of NP (viral protein) and CD15 (neutrophil marker) in the same cells (bar, 10 um).

Double labeling was performed to identify cell types with
CD15 as a marker for neutrophils. In this case, we used purple-
blue for NP signals and red for CD15 signals, to achieve a good
contrast to best illuminate the colocalization of the H5N1 virus
and the cell marker. In brief, immunohistochemistry or in situ
hybridization to detect NP antigen or NP RNA sequence was
performed first, and the color reaction was developed to give
a purple-blue signal. The sections were then incubated with
monoclonal antibodies against CD15 (neutrophil marker), and
the color reaction was developed to give a red signal. Additional
control reactions were performed to ascertain the specificity of
the double labeling, as described elsewhere [1].

Laser microdissection is a visual microdissection technique
used under a light microscope to microdissect and collect tissue
samples from areas of interest in a tissue section, using the
energy of a laser beam. In this case, accumulations of neutro-
phils in the blood pool in the placental tissue sections were
dissected to collect pure populations of neutrophils for further
analysis of an H5-specific sequence in those cells by RT-PCR.
Laser microdissection was performed, according to the protocol
of a Leica Microdissection System, on 8-um-—thick tissue sec-
tions prepared on membrane-coated glass slides. Leukocytes
dissected from an uninfected placenta served as a negative con-
trol group. To establish that viral fragments were originated
from leukocytes and not from other elements in the serum,
areas of blood pooling that were adjacent to placental villi
without leukocytes were microdissected as a blank group from
the same tissue sections as those from which the additional
negative control groups were obtained.

Enhanced real-time PCR has an increased detecting sensi-
tivity, compared with conventional TagMan real-time PCR, be-
cause of the addition of a target gene preamplification step to

precede TagMan real-time fluorescent PCR [5, 6]. RNA ex-
tractions from the test group, the negative control group, and
the blank group were performed according to the methods of
Masuda et al. [7]. Samples were homogenized in digestion
buffer with proteinase K (Merck KGaA). Total RNA was pre-
pared with Trizol (Invitrogen) and was incubated in Tris-EDTA
buffer (pH, 7.5) at 70°C for 60 min. The HA gene of H5N1
virus was detected by enhanced real-time PCR, as described
elsewhere [6, 7]. The amplification product from the first round
of PCR was used as the template for a second round of TagMan
real-time PCR, with the same set of primers (forward primer,
5-gTg AYA ATg AAT gYA Tgg AA-3'; reverse primer, 5-CCA
IAA AgA YAg ACC AgC TA-3; probe, FAM-AGTAAAATTGG-
AATCAATRGGAAT-BHQ).

Results.
showed positive findings of immunostaining with the HA and

A subset of leukocytes in placental tissue sections

NP antibodies, and these cells proved to be neutrophils. First,
these cells showed characteristic neutrophil morphology (figure
1A), with multilobed nuclei (figure 1B), demonstrated by sec-
ondary hematoxylin and eosin staining of destained immu-
nostained sections. In addition, immunohistochemistry double
labeling with antibody to CD15 (neutrophil marker) revealed
cellular colocalization with NP. These NP-positive cells were
thereby unequivocally established as neutrophils (figure 1C),
and the H5N1 virus infection rate among these CD15-positive
cells was ~30%. Immunopositive neutrophils were also ob-
served in the spleen (data not shown).

With the technique of in situ hybridization, H5N1 nucleotide
sequences were detected in putative neutrophils. Double la-
beling of CD15 and viral RNA colocalized them into the same
cells, further establishing that these H5N1 virus RNA—contain-
ing cells were neutrophils (figure 2A). Positive signals were also
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Figure 2. H5N1 nucleotide sequences detected in neutrophils by in situ hybridization, microdissection, and enhanced real-time PCR (ERT-PCR). A,
Positive in situ hybridization signals of HSN1 (purple-blue; black arrows) detected in CD15-positive cells (red-brown; black arrows)in placental villi (inset
a). Macrophages and trophoblastic cells in placental villi were also positive (purple-blue, red arrows; bar, 50 um). Inset b shows enlargement of inset
a, which shows that the same neutrophils contain HSN1 nucleotide sequences (bar, 10 um). B and C, Three thousand leukocytes, dissected from the
infected placenta as the test group. B, Before laser microdissection (bar, 50um). C, After laser microdissection (bar, 50um). D and £, Blood preparations
with no leukocytes, dissected from the infected placenta as the blank group. D, Before laser microdissection (bar, 50 um). £, After laser microdissection
(bar, 50 um). Three thousand leukocytes from uninfected placenta were also dissected as a negative control (data not shown). £, Measurement of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by reamplification of PCR. Lane 7, GAPDH PCR of the positive control group. PCR reamplification
of GAPDH of the positive control group (lane 2), on the test group (lane 3), of the negative control group (/ane 4), and of the blank group (lane 5).
Lane 6, GAPDH PCR of water. Lane 7, PCR reamplification of GAPDH of water. G, Measurements of H5 ERT-PCR for different samples. 7, ERT-PCR
measurement of the H5-positive control group. 2, Real-time PCR measurement of the H5-positive control group. ERT-PCR measurement of the test
group (3), of the blank group (4), and of the negative control group (5). 6, Real-time PCR measurement of water. 7, ERT-PCR measurement of water.
bp, Base pairs.

detected in cells of the placenta villi; these cells were previously
demonstrated to be macrophages and cytotrophoblastic cells
(figure 2A) [1].

Laser microdissection and enhanced real-time PCR further
confirmed the presence of H5N1 viral sequences in the cell
pool of neutrophils (figure 2G) collected from the H5N1 virus—
infected placenta (figure2B and 2C). Areas of blood pooling
that were adjacent to placental villi without leukocytes (figure

2D and 2E) showed no H5N1 virus RNA signal (figure 2G).
Glyceraldehyde 3-phosphate dehydrogenase served as an in-
ternal control for confirmation of RNA extraction when results
were convincingly positive (figure 2F).

Discussion. There is no known case of neutrophil infection
with virus in human influenza in vivo, and the result of our
study represents, to our knowledge, the first observation of

neutrophil infection due to H5N1 virus in a patient with human
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avian influenza. In our study, we found that H5N1 viral proteins
and nucleotide sequences localized in placental neutrophils and
that H5 sequences localized in leukocytes among placenta villi
from an H5N1 virus—infected patient. Positive signals were pre-
sent in both the cytoplasm and the nucleus. NP- and HA-
immunopositive neutrophils observed in the spleen indicate
that this phenomenon probably occurs throughout the
circulation.

One important function of neutrophils is phagocytosis [8].
In vitro, it has been reported that human influenza virus could
be engulfed by phagocytosis of neutrophils [9]. Viral hepatitis
DNA was detected in neutrophils [10-12], and other viruses
could be phagocytized by neutrophils [13-15]. Therefore,
H5N1 virus might enter neutrophils via phagocytosis in a sim-
ilar manner. Recently, we reported the presence of avian influ-
enza receptors on the surface of a number of human cell types,
including neutrophils [16]; therefore, the H5N1 virus might
enter neutrophils via receptor-mediated endocytosis. Several
viruses, including cytomegalovirus and Epstein-Barr virus, were
reported to replicate in neutrophils [17-19]. The nuclear lo-
calization of viral protein in our study suggests that H5SN1 virus
might also be capable of replicating in neutrophils.

The unequivocal evidence of H5N1 viral proteins and nu-
cleotide sequences in the nuclei and cytoplasm of neutrophils
of patients with avian influenza indicates novel mechanisms of
pathogenesis. These cells may serve as a viral carrier in systemic
circulation and may cause multiple organ infection, as was
reported elsewhere [1]. It was reported that H5N1 virus could
replicate in dendritic cells and reduce their survival rate [20].
In addition, it was observed that numerous leukocytes were
apoptotic in the lungs of an H5N1 virus—infected patient [21].
Therefore, H5N1 virus may accelerate the destruction of neu-
trophils by direct killing or apoptosis and may cause the neu-
tropenia that is frequently observed in H5N1 virus infection.
Because our study is derived from examination of a unique
case of pregnancy, the universality of this discovery warrants

further investigation.
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