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Previously, we observed that several virulent influenza A (H5N1) viruses which caused severe or fatal disease
in humans were also lethal in BALB/c mice following dissemination of the virus to solid organs, including the
brain. In contrast, one particular human H5N1 virus was nonlethal in mice and showed no evidence of systemic
spread. To compare H5N1 viruses of varying pathogenicity for their ability to alter the mammalian immune
system, mice were infected with either influenza A/Hong Kong/483/97 (HK/483) (lethal) or A/Hong Kong/486/97
(HK/486) (nonlethal) virus and monitored for lymphocyte depletion in the blood, lungs, and lymphoid tissue.
Intranasal infection with HK/483 resulted in a significant decrease in the total number of circulating leukocytes
evident as early as day 2 postinfection. Differential blood counts demonstrated up to an 80% drop in lympho-
cytes by day 4 postinfection. In contrast, nonlethal HK/486-infected mice displayed only a transient drop of
lymphocytes during the infectious period. Analysis of lung and lymphoid tissue from HK/483-infected mice
demonstrated a reduction in the number of CD41 and CD81 T cells and reduced synthesis of the cytokines
interleukin-1b and gamma interferon and the chemokine macrophage inflammatory protein compared with
HK/486-infected mice. In contrast, the cytokine and chemokine levels were increased in the brains of mice
infected with HK/483 but not HK/486. Evidence of apoptosis in the spleen and lung of HK/483-infected mice
was detected in situ, suggesting a mechanism for lymphocyte destruction. These results suggest that destructive
effects on the immune system may be one factor that contributes to the pathogenesis of H5N1 viruses in
mammalian hosts.

New strains of influenza A viruses continue to emerge in
humans. In 1997 in Hong Kong, avian influenza A (H5N1)
viruses were identified as the cause of 18 cases of human
respiratory illness, including six deaths (8–11, 13, 47). Molec-
ular characterization established that the 16 H5N1 viruses iso-
lated from humans were genetically closely related to the
H5N1 viruses isolated from Hong Kong poultry markets and
farms in 1997 (4, 11, 30, 46, 60). All viral gene segments were
found to be of avian origin, indicating that the H5N1 human
cases in Hong Kong were the result of multiple independent
transmissions of the virus from birds (4, 10, 11, 30, 45, 46).
Although evidence for human-to-human transmission of H5N1
viruses was documented, it was uncommon (7, 24). These re-
sults suggest that domestic chickens served as an intermediate
host for the transmission of H5N1 from wild aquatic birds to
humans (30).

Avian viruses with high pathogenicity for chickens possess
hemagglutinin (HA) with multiple basic amino acids at the
cleavage site of HA. This molecular characteristic is thought to
allow replication of the virus in a wide range of cell types,
resulting in severe disseminated disease and high mortality in
chickens (33, 43, 49). The HA genes of all 16 human H5N1

viruses isolated during this outbreak contain this characteristic
feature and are lethal in experimentally infected chickens (4,
45, 46). In mammals, however, the viruses are heterogeneous
with respect to pathogenicity (10, 18, 26, 28, 58). The H5N1
virus infections in humans resulted in a spectrum of clinical
disease, ranging from mild respiratory symptoms to respiratory
failure and death (10, 58). Furthermore, we have previously
shown that four of the human H5N1 viruses replicated effi-
ciently in mouse lungs without prior adaptation but differed in
lethality for mice (28). Intranasal infection of BALB/c mice
with influenza virus A/Hong Kong/483/97 (HK/483) resulted in
a highly lethal systemic infection, whereas influenza virus
A/Hong Kong/486/97 (HK/486) infected only the respiratory
tract and was not lethal. Recently, Dybing et al. (15) reported
that the Hong Kong H5N1 viruses differed from other highly
pathogenic avian H5 influenza viruses in their high pathoge-
nicity for mice. Taken together these studies suggest that the
HA cleavage site is not the primary genetic determinant asso-
ciated with high pathogenicity of H5N1 viruses in mammals.

The pathogenesis of influenza infections has been associated
with alteration in the lymphohemopoietic system (20, 21, 29,
31, 50–52). Experimental infection of chickens with the avian
influenza virus A/Turkey/Ontario/7732/66 (H5N9) (Ty/Ont)
resulted in the destruction of lymphocytes and histopatholog-
ical necrosis of lymphoid tissues. It was further demonstrated
that the lymphocyte destruction in birds was associated with
virus-induced apoptosis, as Ty/Ont, but not a human strain,
A/Puerto Rico/8/34 (H1N1), induced apoptosis of an avian
lymphocyte cell line (20). Whether an avian virus has an affinity
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for cells of the mammalian immune system, resulting in leu-
kocyte death, remains an unanswered question.

Although avian influenza viruses had not previously been
known to cause respiratory illness in humans (3, 44, 54), the
H5N1 viruses in 1997 caused severe disease in many patients,
particularly those $13 years of age. Interestingly, a common
feature among the patients with a severe or fatal outcome was
a low peripheral white blood cell count or lymphopenia. In
contrast, patients who did not display leukopenia upon hospital
admission were more likely to recover and be discharged
within 3 days (58). Because little is known about the mecha-
nism(s) by which H5N1 viruses cause disease and death in
mammals, this study was undertaken to determine whether a
highly lethal virus is destructive to the immune system. We
have shown in the present study that infection of mice with a
highly virulent H5N1 resulted in a decrease in peripheral blood
and tissue lymphocytes and aberrant cytokine and chemokine
production. An increase in apoptotic cells in the spleen and
lung tissue is identified as a possible cause of lymphocyte
death. We conclude that viral depletion of leukocytes may
contribute to the highly pathogenic nature of the H5N1 viruses
in mammals.

MATERIALS AND METHODS

Virus. The influenza viruses used in this study were: the H5N1 viruses (HK/483
and HK/486), the H5N3 virus A/Duck/Singapore-Q/F119-3/97 (Dk/Sing) (origi-
nally isolated by Yueh Lee-Lin, Veterinary Laboratory Branch, Animal Health
and Inspection Division, Singapore, Singapore, and obtained by Dennis Alex-
ander, Central Veterinary Laboratory, Surrey, United Kingdom), the H1N1 virus
A/Puerto Rico/8/34 (PR/8), and the reassortant human influenza A virus, X-31,
which possesses the surface glycoprotein genes of A/Aichi/2/68 (H3N2) and the
internal protein genes of PR/8 virus. Virus stocks were propagated in the allan-
toic cavity of 10-day-old embryonated hens’ eggs at 37°C (H5N1 viruses) or 34°C
(Dk/Sing, PR/8, and X-31 viruses). The allantoic fluids were harvested 24 h
(H5N1 viruses) or 48 h (Dk/Sing, PR/8, and X-31 viruses) postinoculation.
Infectious allantoic fluid was aliquoted and stored at 270°C until use. Neither
the HK/483 or HK/486 virus stocks were passaged in mice for adaptation in this
species. Fifty percent tissue culture infectious dose (TCID50) and 50% egg
infectious dose (EID50) titers were determined by serial titration of viruses in
MDCK cells and eggs, respectively. Titers were calculated by the method of
Reed and Muench (35). Both HK/483 and HK/486 had high infectivity titers in
MDCK cells (108.5 to 108.7 log10 TCID50/ml) and eggs (109.0 log10 EID50/ml).

Laboratory facility. Because of the potential risk to humans and poultry, all
experiments using infectious pathogenic avian H5N1 viruses, including work with
animals, were conducted using biosafety level-31 containment procedures (36).
Investigators were required to wear appropriate respirator equipment (RACAL
Health and Safety Inc., Frederick, Md.). Work performed with the nonpatho-
genic virus Dk/Sing was conducted under biosafety level-2 conditions. A U.S.
Department of Agriculture permit was obtained before working with avian in-
fluenza viruses.

Mice and virus infection. Female BALB/c mice, 6 to 8 weeks old (Charles
River Laboratories, Wilmington, Mass.), were used in all experiments. For the
X-31 and H5 virus infections, mice were anesthetized with CO2 and received
intranasal (i.n.) inoculations with 100 50% mouse infectious doses (MID50) of
virus stocks diluted in phosphate-buffered saline (PBS) in a 50 ml volume. Mice
infected with PR/8 were anesthetized with an intraperitoneal injection of 0.2 ml
of 2,2,2,-tribromoethanal in tert-amyl alcohol (Avertin; Aldrich Chemical Co.,
Milwaukee, Wis.) and were infected i.n. with 1,000 MID50 to induce a lethal
infection. MID50 titers were determined by inoculating groups of mice i.n. with
serial 10-fold dilutions of virus. Four days later, three mice from each group were
euthanatized and lungs were collected and homogenized in 1 ml of cold PBS. The
homogenate was frozen and thawed once, and solid debris was pelleted by brief
centrifugation before homogenates were titrated for virus infectivity in eggs.
MID50 titers were calculated by the method of Reed and Muench and are
expressed as mean log10 EID50/ml 6 standard error (SE) (35). For determina-
tion of morbidity (measured by weight loss) and mortality, 11 mice/group were
infected with 100 MID50 of the indicated viruses. Individual body weights were
recorded for each group on days 0, 3, 5, 7, and 9 postinfection (p.i.) and
monitored daily for disease signs and death for 14 days p.i. In a separate
experiment, 36 mice were infected with 100 MID50 (HK/483, HK/486, or Dk/
Sing) or 1,000 MID50 (PR/8) and lung, brain, spleen, and blood samples from
four to five mice were collected on days 1, 3, 5, 6, 7, and 9 p.i. These samples were
immediately stored at 270°C for subsequent determination of infectious virus
and cytokine protein levels (see below). The clarified homogenates were titrated
for virus infectivity in eggs from initial dilutions of 1:10 (lung) or 1:2 (other
tissues). The limit of virus detection was 101.2 EID50/ml for lung and 100.8

EID50/ml for other organs and blood. The H5N1 viruses replicated in mouse
lungs to high titers without the prior adaptation that is required for human
influenza A viruses, such as PR/8 and X-31 (22). The seven remaining mice in
each group from this experiment were monitored daily for weight loss and death.

Peripheral blood leukocyte counts. Blood samples (20 to 40 ml) were collected
from the orbital plexus on days 0 to 7 following virus infection with 100 MID50.
An additional group of mice served as mock-infected controls and received 50 ml
of PBS i.n. in place of virus. Absolute leukocyte counts were performed with
heparinized blood diluted 1:10 with Turks solution (2% acetic acid, 0.01%
methylene blue). The cell numbers for two individual mice were determined in
triplicate by counting in a hemocytometer. For differential counts, peripheral
blood was obtained from two or three mice on the days indicated. Two blood
smears from each mouse were stained with Hema-3 stain (Fisher Diagnostics,
Orangeburg, N.Y.), and the numbers of monocytes, polymorphonuclear neutro-
phils, and lymphocytes were determined. At least 100 cells were counted for each
slide at a magnification of 31,000.

Cytokine and chemokine quantitation. To determine the in vivo levels of
cytokines or chemokine proteins, clarified homogenates from the lung, spleen,
and brain tissues were thawed and centrifuged at 150 3 g for 5 min. With the use
of the enzyme-linked immunosorbent assay (ELISA) kits purchased from R & D
Systems (Minneapolis, Minn.) the clarified cell lysates were assayed for inter-
leukin-2 (IL-2) (assay sensitivity, 3 pg/ml), gamma interferon (IFN-g) (assay
sensitivity, 2 pg/ml), IL-1b (assay sensitivity, 3 pg/ml), tumor necrosis factor
alpha (TNF-a) (assay sensitivity, 3 pg/ml), macrophage inflammatory protein-
1alpha (MIP-1a) (assay sensitivity, 1.5 pg/ml) and MIP-2 (assay sensitivity, 1.5
pg/ml).

Flow cytometric analysis. Two to three mice were sacrificed 6 days after
infection, and spleen, lungs, thymus, and mediastinal lymph nodes (MLN) were
removed. Lungs from groups of mice were homogenized individually in 2 ml of
collagenase B (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) at a
concentration of 2 mg/ml in RPMI 1640 (Gibco BRL, Grand Island, N.Y.) and
incubated for 30 min in a 37°C water bath. Subsequently, the enzyme-digested
lung tissues were washed in PBS and erythrocytes were lysed by treatment with
0.83% of NH4Cl-Tris buffer. Spleen, thymus, and MLN were gently passed
through a nylon screen, lysed with NH4Cl-Tris buffer, and single-cell suspensions
isolated from each tissue were washed in fluorescence-activated cell sorting
diluent (PBS with 0.1% sodium azide and 2.0% fetal bovine serum). Next, 1 ml
of cell suspensions containing 106 cells was incubated on ice for 40 min with
combinations of fluorescein isothiocyanate (FITC)- and phycoerythrin (PE)-
labeled antibodies (PharMingen, San Diego, Calif.). Accordingly, lymphocyte
populations were dual stained with either FITC anti-mouse CD4 (RM4-5) and
PE anti-mouse CD8a (53-6.7) or FITC anti-mouse CD3 (17A2) and PE anti-
mouse CD45R/B220 (RA3-6B2). The cells were then washed, resuspended in 1
ml of 2% paraformaldehyde, and analyzed on a FACScan with CellQUEST
software (Becton Dickinson, Mountain View, Calif.). A total of 10,000 events,
gated for lymphocytes were performed in three independent experiments.

Histochemical and immunohistochemical analysis. Two to three mice were
euthanatized on days 1, 2, 3, and 6 p.i., and spleen and lung tissues were removed.
Individual tissues from each time point from each experimental group were fixed
in formalin, routinely processed, and embedded in paraffin. Routine hematoxy-
lin-and-eosin-stained sections were examined. For antigen staining, sections were
processed for immunohistochemistry using a two-step biotin-streptavidin method
essentially as previously described (59) and a goat antiserum to A/Tern/South
Africa/61(H5N3) (NIAID, Bethesda, Md.) as the primary antibody which rec-
ognizes both surface glycoproteins and internal proteins of the virus.

TUNEL assay. Apoptotic cells with DNA strand breaks were identified in
histological paraffin sections using the in situ terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) kit (R & D Systems).
A total of six to eight paraffin spleen sections from two mice, sacrificed at 2, 3,
and 6 days p.i., were prepared according to the manufacturer’s instructions. Two
to three of the paraffin sections from each mouse were used for counting
TUNEL-positive cells. In a coded fashion in which the reader was unaware of the
treatment groups, TUNEL-positive cells were visually counted in a random
fashion throughout the whole spleen section using a 403 objective (magnifica-
tion, 3400). A total of 10 high power fields (HPF) were counted from each
stained section.

Statistical analysis. Statistical significance of the data was determined by using
analysis of variance (ANOVA) or Student’s t test.

RESULTS

Differential morbidity and mortality produced by HK/483
and HK/486. We previously demonstrated that four of the
H5N1 viruses isolated from humans in Hong Kong replicated
in the lungs of BALB/c mice on days 4 and 6 p.i. without prior
adaption to this host (28). To better understand the differences
in pathogenicity among H5 viruses in the present study, we first
examined the kinetics of virus replication, morbidity (mea-
sured by weight loss), and mortality in BALB/c mice infected
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with HK/483 and HK/486. For comparison, groups of mice
were also infected with the nonpathogenic avian H5N3 virus,
Dk/Sing. Individual mice infected i.n. with 100 MID50 of virus
were sacrificed on days 1, 3, 5, 7, and 9 p.i. to determine lung
virus titers (Fig. 1A). Although virus titers recovered from the
lungs of HK/486-infected mice were slightly lower the first day
compared with those from the HK/483-infected mice, equally
high titers were observed on days 3 and 5 p.i. Infectious virus
was also recovered from the blood and brains of mice infected
with HK/483 on days 3 and 5 p.i.; however, mice infected with
HK/486 or Dk/Sing virus had undetectable virus (#100.8

EID50/ml) on either day p.i. (data not shown). HK/483-in-
fected mice also showed signs of illness such as ruffled fur and
hunched posture and began to lose weight (Fig. 1B) 3 days
after infection. Weight loss continued in HK/483-infected
mice, and mortality reached 100% by day 9 (Fig. 1C). In con-
trast, all HK/486- and Dk/Sing-infected mice survived the in-
fection and displayed only slight weight reduction on days 4 to
7 p.i.

Infection with the highly pathogenic HK/483 causes lym-
phopenia in mice. We next evaluated whether infection with
the highly pathogenic HK/483 resulted in alteration in periph-
eral blood leukocyte counts. Groups of mice infected i.n. with

100 MID50 of HK/483 or HK/486 were bled every day during
the first week of infection, and the total number of leukocytes
and differential blood counts was determined. For comparison,
an additional control group of mice was infected with 1,000
MID50 of A/PR/8/34 (PR/8) virus, a mouse-adapted influenza
A virus commonly used to induce lethal infections in the
mouse model. Figure 2A shows a progressive reduction in the
number of leukocytes in mice infected with HK/483 but not
HK/486 or control mice. Leukopenia in HK/483-infected mice
was detected from day 2 p.i. and was statistically significant on
days 3 to 6 relative to the leukocyte counts of mice from the
HK/486-, PR/8-, or mock-infected groups. Furthermore, dif-
ferential blood counts revealed that lymphocyte numbers in
HK/483-infected mice dropped up to 80% by day 4 p.i. and
remained low until the death of these mice (Fig. 2B). In con-
trast, HK/486-infected mice displayed only a transient drop (20
to 30%) in lymphocyte numbers on days 4 and 5 p.i., with
recovery to normal levels by day 6 (Fig. 2C).

Because of the observed depletion of lymphocytes in the
peripheral blood of HK/483-infected mice, it was also of inter-
est to determine whether a reduction of lymphocytes could be
detected in primary and secondary lymphoid organs. Accord-

FIG. 1. Comparison of lung virus titers (A), weight loss (B), and lethality (C)
of BALB/c mice infected with 100 MID50 of HK/483 (F), HK/486 (Œ), or
Dk/Sing (■). Four to five mice from each virus-infected group were euthanatized
on the indicated days p.i., and titers of individual lungs were determined in
embryonated chicken eggs. The limit of virus detection was 101.2 EID50/ml
(dotted line). The remaining seven mice from each group were observed for
weight loss and mortality through a 9-day observation period.

FIG. 2. Kinetic analysis of circulating leukocytes (A) and blood differential
counts (B and C) following H5N1 infection. Two to three mice were infected i.n.
with 100 MID50 of HK/483 (F) or HK/486 (Œ) or were mock infected (}). An
additional group was infected i.n. with 1,000 MID50 of PR/8 (■) to induce a
lethal infection. Total white blood cell counts were determined by microscopic
counting of leukocytes in heparinized whole blood samples diluted with Turks
solution. Blood smears were stained with Hema-3 differential stain, and the
percentages of monocytes (Monos), polymorphonuclear neutrophils (PMNs),
and lymphocytes (Lymphs) were determined in HK/483-infected mice (B) and
HK/486-infected mice (C).
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ingly, single-cell suspensions of the harvested thymus, spleen,
MLN, and lung tissue were prepared on day 6 p.i. and the
percentages of CD31, CD41, CD81, and CD45R (B220)1

cells were analyzed by flow cytometry (Table 1). Following
HK/483 infection, a significant decrease in the mean percent-
age of CD41 and CD81 T cells in the MLN and lung tissue was
observed compared with the percentage of these lymphocytes
in HK/486- or PR/8-infected mice. However, only small de-
creases in the mean percentage of CD41 and CD81 T cells
were observed in the spleen. The reduction of B2201 B cells
was not significantly different (P $ 0.07) in any tissue examined
from HK/483-infected mice compared with HK/486-infected
mice. However, analysis of six mice from three independent
experiments revealed a small decrease in the percentage of
lung B2201 B cells, varying from 22 to 47%, while in HK/486-
infected mice the lung B2201 B cells accounted for 33 to 53%
of all leukocytes. The difference between the two H5N1 viruses
was also apparent with regard to the total number of cells
harvested from individual tissues (Table 1). The spleen, lung,
and MLN from HK/483-infected mice exhibited reduced cel-
lularity on day 6 p.i. compared with HK/486-infected mice.
This was most evident in the lung tissue, in which a 2.3-fold
reduction in the mean number of inflammatory cells compared
with the HK/486-infected lungs was observed.

Flow cytometry was also used to analyze the frequency of
thymocyte subpopulations in H5N1-infected mice. The major-
ity of thymocytes (77 to 81%) from normal or HK/486-infected
mice expressed both CD4 and CD8 surface markers, whereas
the percentage of single positive T cells was considerably lower
(Table 1). Interestingly, at 6 days p.i., HK/483-infected mice
displayed a dramatic reduction in the CD4-CD8 double-posi-
tive thymocyte population (14%) and an increase in the CD41/
CD81 ratio relative to HK/486-infected mouse thymocytes. In
addition, the number of cells harvested from HK/483-infected
thymus tissue was significantly lower (3.9-fold) than the num-
ber of thymocytes from HK/486-infected mice. Collectively,
these data indicate that the highly lethal HK/483 virus targets

lymphocytes, resulting in the systemic destruction of these cells
in the blood and tissues of infected mice.

Infection with HK/483 results in diminished cytokine and
chemokine production. Following primary infection of mice
with mouse-adapted strains of influenza A viruses, many cyto-
kines are produced in the lung, including IL-1b, IFN-g, and
TNF-a (19, 27, 39). These cytokines are believed to contribute
to the recruitment and activation of virus-specific T cells (14,
19, 39). Since the previous experiments established that HK/
483 infection resulted in a depletion of T cells, we next wanted
to determine whether critical cytokine and chemokine re-
sponses might also be limiting in the lung and spleen following
infection with HK/483. Individual tissues were excised and
homogenized, and lysates were assayed for cytokines or che-
mokines by ELISA. Determination of IL-1b, IFN-g, and
TNF-a levels in lung tissue demonstrated that all cytokines
were produced well above the constitutive levels 5 days after
infection with each of the viruses (Fig. 3). However, the IL-1b
and IFN-g protein levels were strikingly reduced on days 5 to
7 p.i. in the lungs of HK/483-infected mice, compared with
levels found in HK/486- and PR/8-infected lung tissue. Fur-
thermore, HK/483 infection also resulted in diminished IL-1b
and IFN-g levels in the spleen (Fig. 3A and B). Interestingly,
the spleen tissue from HK/483-infected mice failed to maintain
constitutive IL-1b levels on days 5 to 7 p.i., further demon-
strating the destructive effect of this virus on lymphoid tissue.
However, not all cytokines were suppressed by HK/483 infec-
tion, as the levels of TNF-a did not differ significantly from the
levels detected from HK/486- or PR/8-infected lung and spleen
tissue (Fig. 3C). IL-2 was not detected in the lung or spleen
tissue of mice infected with any of these viruses during the first
week of infection. However, IL-2 was detected at relatively low
levels (79 to 125 pg/ml) in the lungs of mice infected with
HK/486 10 days p.i. (data not shown).

To assess whether virus-induced chemokine responses were
also altered by HK/483 infection, tissues were analyzed for the
beta chemokine MIP-1a and the alpha chemokine MIP-2.

TABLE 1. Cytofluorimetric analysis of murine leukocyte populations 6 days following infection with HK/483, HK/486, or PR/8

Tissue Virusa Total no. of
cellb/tissue

Mean % of cells 6 SEc

CD41 CD81 CD31 CD45R/B2201

Lung PR/8 1.1 3 107 32.4 6 0.9 13.0 6 0.6 41.2 6 3.9 40.1 6 1.9
HK/486 1.2 3 107 25.8 6 1.6 10.5 6 0.4 39.4 6 2.6 44.0 6 2.4
HK/483 5.3 3 106d 19.0 6 0.6e 6.6 6 0.6e 30.9 6 1.7e 34.0 6 3.8

Spleen None 4.6 3 107 25.3 6 1.6 12.6 6 0.4 35.9 6 1.3 53.0 6 0.6
PR/8 4.8 3 107 25.7 6 2.1 14.8 6 0.3 42.5 6 2.7 53.1 6 3.4
HK/486 4.9 3 107 25.4 6 2.4 13.3 6 1.2 35.8 6 5.1 57.4 6 4.7
HK/483 3.4 3 107e 22.6 6 2.2 10.2 6 1.7 34.6 6 2.6 60.8 6 2.7

MLN None 8.1 3 105 35.5 6 0.5 10.8 6 0.6 51.3 6 0.6 47.1 6 0.3
HK/486 2.1 3 106 38.2 6 0.9 14.2 6 1.0 45.8 6 0.7 52.4 6 0.1
HK/483 1.1 3 106 28.4 6 2.7e 8.9 6 1.4e 35.1 6 3.5e 68.4 6 0.7

Thymus None 4.5 3 107 12.8 6 1.0 4.9 6 0.9 (81.7) 20.6 6 1.6 ND
HK/486 5.4 3 107 13.2 6 2.5 6.9 6 1.2 (77.6) 19.8 6 1.1 ND
HK/483 1.4 3 107d 37.0 6 4.7d 17.2 6 2.7e (14.1)d 64.4 6 2.4d ND

a BALB/c mice were infected i.n. with 100 MID50 of the indicated viruses.
b Mice from each group were euthanized on day 6 p.i., and individual tissues were treated with collagenase. The total cell numbers in each of the tissues were

determined by staining with Turks solution and microscopic examination.
c Single-cell suspensions were analyzed by flow cytometry for percent of CD31, CD41, or CD81 T cells and CD45R (B220)1 B cells. Values are representative of

three independent experiments and are the mean 6 SE of two to three mice from each group. Values in parentheses represent the percentages of CD4-CD8
double-positive thymocytes.

d P , 0.005 compared with HK/486-infected group.
e P , 0.05 compared with HK/486-infected group.
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Each virus induced significant chemokine production in the
lungs of mice 3–7 days after infection; however, very little or no
induction of chemokine expression was detected in the spleen
(Fig. 4). Although the lung MIP-2 levels were similar for each
of the virus-infected groups (Fig. 4A), MIP-1a was detected at
significantly lower levels in mice infected with HK/483 than in
HK/486-infected mice (Fig. 4B).

Because infectious virus could be detected in the brain tissue
of HK/483-infected mice but not in Dk/Sing- or HK/486-in-
fected mice, we tested the possibility that a lethal influenza A
virus could induce cytokine or chemokine expression in brain
tissue. No significant production of any of the cytokines or
chemokines tested was found in brain homogenates from na-
ive, PR/8-, or HK/486-infected mice. However, in the brain
tissues of HK/483-infected mice, there was a marked increase
of each of the cytokines and chemokines tested at the time
points (days 5 to 7) preceding the death of these mice (Fig. 3
and 4).

HK/483 virus infection induces apoptosis in spleen and lung
tissue. Since previous studies indicated that H5-induced apo-
ptosis in avian lymphocytes may be the cause of lymphoid
depletion in chickens (20), we next examined whether HK/483
could induce a greater level of apoptosis of leukocytes com-

FIG. 3. Reduction of the cytokines IL-1b (A), IFN-g (B), and TNF-a (C) in
HK/483-infected mice. At the indicated times after infection, five individual lung,
brain, and spleen tissues were removed and frozen at 270°C. Samples were
thawed and homogenized in 1 ml of PBS, after which, the clarified cell lysates
were assayed by ELISA. In addition, the constitutive cytokine levels (horizontal
dotted-line) present in each tissue were determined by harvesting individual
tissues from four uninfected 6-week-old BALB/c mice. The samples were pre-
pared as described above, and the mean cytokine levels 6 SE (error bars) for
each tissue were determined. An asterisk indicates the HK/483-infected group
was significantly (P , 0.05) different from the HK/486-infected group by
ANOVA.
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pared with HK/486 or control viruses (X-31, PR/8, and Dk/
Sing). In situ detection of cells with DNA strand breaks in
paraffin-embedded spleen and lung sections was achieved by
the TUNEL method. The average number of TUNEL-positive
cells in each HPF was determined for each sample, as an
indicator of the level of apoptotic cells (Table 2). The level of
apoptosis observed in spleen sections taken on day 2 p.i. was
similar for HK/483- and HK/486-infected mice and was com-
parable to that observed in spleens collected from uninfected
mice (1.8 6 0.1 TUNEL-positive cells/HPF). On day 3 p.i.,
significant apoptosis above the baseline level occurred in the
spleens of HK/483-infected mice, but not HK/486-infected
mice. HK/483-infected spleen sections showed more than 12
TUNEL-positive cells per HPF, whereas spleen sections from
HK/486-infected or control virus-infected mice had levels sim-
ilar to that observed in uninfected mice (Table 2). This in-
crease in apoptosis in splenic tissue from day 3 p.i., HK/483-
infected mice as detected by TUNEL assay was associated with
the appearance of multiple secondary germinal centers at the
periphery of lymphoid follicles (Fig. 5A and B). These germi-
nal centers showed abundant nuclear fragmentation and
condensation consistent with apoptosis. TUNEL-positive
cells, although seen throughout the spleen, were primarily
concentrated in the germinal centers (Fig. 5C). Similarly,
viral antigen-positive cells were primarily seen in those ar-
eas (Fig. 5D). The TUNEL assay also revealed increased
numbers of apoptotic cells in the lung tissue of HK/483-
infected mice (Fig. 6A) compared with HK/486-infected
mice (Fig. 6B). In HK/483-infected lung tissue, the TUNEL-

positive cells were present primarily in the bronchial epi-
thelial and subepithelial layers.

DISCUSSION

In 1997, the highly pathogenic avian influenza A (H5N1)
subtype crossed the species barrier and infected 18 healthy
humans, resulting in clinical outcomes ranging from mild re-

FIG. 4. Determination of the inflammatory chemokines MIP-2 (A) and MIP-1a (B) in H5-infected lung tissue. Samples were prepared as described in the legend
to Fig. 3. An asterisk indicates the HK/483-infected group was significantly (P , 0.05) different from the HK/486-infected group by ANOVA.

TABLE 2. Induction of apoptosis in the spleen following
infection with HK/483

Virusa
Mean no. of TUNEL-positive cells/HPF 6 SEb

Day 2 Day 3 Day 6

X-31 ND 1.3 6 0.1 2.0 6 0.3
Dk/Sing ND 1.3 6 0.3 1.8 6 0.2
PR/8 ND 2.0 6 0.2 2.4 6 0.3
HK/486 1.2 6 0.3 2.5 6 0.2 2.1 6 0.2
HK/483 2.1 6 0.4 12.6 6 1.1c 16.8 6 1.3c

a BALB/c mice were i.n. infected with 100 MID50 of HK/483, HK/486, Dk/
Sing, or X-31. An additional group was infected with 1,000 MID50 of PR/8 to
induce a lethal infection.

b Mice were euthanized on the indicated days p.i., and apoptotic cells were
identified in histological spleen sections using the TUNEL assay. Two spleens
from uninfected mice were included and served as naive controls (mean 5 1.8 6
0.1 TUNEL-positive cells/HPF). The number of TUNEL-positive cells was de-
termined in a coded fashion by visually counting 10 HPF of each stained section.
Values represent means 6 SE of two to three mice per group.

cP , 0.005 compared with HK/486-infected group.
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spiratory illness to death (8–11, 13, 47, 58). This was the first
time that an avian influenza A virus was found to cause respi-
ratory disease in humans. This fact, together with the severity
of disease observed in some H5N1-infected individuals and the
relatively high mortality rate, particularly among adults,
prompted our investigation into the pathogenesis of H5N1
viruses in a mammalian system. To this end, we and others (18)
used the BALB/c mouse model which established a differential
induction of lethality by two prototype viruses: the highly lethal
HK/483 virus and the non-lethal HK/486 virus (28). Both HK/
483 and HK/486 grew to high titers in embryonated chicken
eggs, MDCK cells, and mouse lungs; however, a prominent
feature of the lethal HK/483 infection was the detection of
virus in the blood and nonrespiratory organs until the death of
these mice on days 6 to 8 p.i. (28). More recently we have
determined the lethality of the remaining 14 H5N1 viruses in
BALB/c mice, and a total of 9 were HK/483-like (lethal), 4
were HK/486-like (nonlethal), and one was of an intermediate
phenotype (unpublished data).

The question is why some H5N1 isolates are lethal, whereas
others are not. Evidence that a highly lethal H5 influenza virus
Ty/Ont can induce severe systemic lymphoid depletion in ex-
perimentally infected chickens has provided some insight into
the mechanism(s) of pathogenicity of these viruses in chickens
(20, 21, 51, 52). Furthermore, it is noteworthy that the case
patient from whom HK/483 was isolated had a reduced total
peripheral leukocyte count at hospital admission and ulti-
mately succumbed to infection. In contrast, the HK/486 case
patient recovered and did not display leukopenia (58). To
obtain further insight into the possible mechanisms that con-
tribute to the lethality of H5N1 infection in mammals, our
studies focused on the hematopathology caused by H5N1 in-
fection. The numbers of circulating leukocytes, lymphocytes
isolated from the lung and lymphoid tissue, and the extent of
cytokine production all indicated that depletion of immune
cells occurred in HK/483-infected mice but not in HK/486-
infected mice. Leukopenia has been demonstrated following
infection with a number of viruses (2, 37, 42, 48), and in
humans a transient leukopenia may occur following infection
with human influenza subtypes (25). Interestingly, a transient
leukopenia was observed in mice infected with PR/8 or HK/
486, but unlike the sustained loss of circulating lymphocytes in
HK/483-infected mice, the leukocyte numbers in these mice
rebounded by the end of the infectious period. The severe
peripheral leukopenia could be the result of cell death in the
bone-marrow, thymus, draining lymph node and/or the spleen.
In fact, replication of HK/483 virus, but not HK/486 virus was
detected in the MLN, thymus, and the spleen 5 days p.i. (data
not shown, and reference 28). The bone marrow from these
animals has not been tested for infectious virus. Examining the
percentages of lymphocytes in the blood and lymphoid tissue
suggested that depletion of circulating lymphocytes is greater
than that of lymphocytes in the secondary lymphoid tissues.
Circulating lymphocytes were reduced by 80% on day 5 p.i.,
whereas only a 24 to 36% and 4 to 23% T-cell reduction was
observed in the MLN and spleen, respectively. Our observa-
tions are consistent with the analysis of CD41 T-cell depletion
of simian immunodeficiency virus-infected macaques and hu-
man immunodeficiency (HIV)-infected humans, where the
dramatic reduction of CD41 T cells in the peripheral blood is
not reflected in the lymphoid organs (23, 37).

Another feature of HK/483 virus infection was the reduction
in the absolute number of inflammatory cells harvested from
infected mouse lungs 6 days p.i. This could be the result of the
sustained lymphopenia, the active depletion of lymphocytes in
lung tissue, or a combination of both. Although the paucity of

lung inflammatory cells may be the result of fewer cells mi-
grating into the tissue, our results demonstrate a greater level
of apoptosis in HK/483-infected lung tissue compared with that
observed in the lungs of HK/486-infected mice. It is not clear
whether the TUNEL-positive cells present in this tissue are
lymphocytes. Nevertheless, the reduced numbers of inflamma-
tory cells in the lung may in part explain why HK/483 virus is
never cleared from the tissue. With regard to the thymus,
HK/483 infection was associated with a depletion of CD4-CD8
double-positive thymocytes (81 to 14%) and a decrease in the
total number of cells harvested from that tissue on day 6 p.i.
compared with that observed in uninfected 6-week-old mice
(Table 1). In fact, this has also been observed in SCID-hu mice
infected with HIV. In those studies, the CD4-CD8 double-
positive thymocytes were reduced from 87 to 10% by 3.5 weeks
post-HIV infection (5). Whether HK/483 viral infection is kill-
ing the double-positive thymocytes by an apoptotic mechanism
is unclear, but the inability of the thymus to regenerate the
peripheral T-lymphocyte compartment may represent one
mechanism of pathogenicity of this virus.

In addition to finding evidence of lymphocyte destruction,
we found that the expression of cytokines was reduced in the
lung and spleen tissue of HK/483-infected mice compared to
the levels detected in tissues of HK/486- or PR8-infected mice.
We focused on IFN-g, IL-1b, and TNF-a since these cytokines
are produced in substantial amounts in the infected lung (Fig.
3) (14, 19, 27, 39) and mice deficient in either cytokine dis-
played a higher mortality rate due to influenza virus infection
compared with wild-type control mice (6, 27). The chemokines
MIP-1a, and MIP-2 were also produced in substantial amounts
in the infected lung. MIP-2 is a chemokine which chemo-
attracts and activates neutrophils, whereas MIP-1a has been
shown to activate and exert chemotactic effects on lympho-
cytes, macrophages, and neutrophils (55, 56). Experiments us-
ing mice carrying a disrupted MIP-1a(2/2) gene and infected
with influenza virus showed that these mice had reduced in-
flammation and delayed clearance of the virus compared with
infected wild-type (1/1) mice (12). Thus, the reduced levels of
MIP-1a demonstrated in the lungs of HK/483-infected mice
may explain the reduced number of leukocytes migrating into
the tissue. Infection with HK/483 does not result in reduced
production of all inflammatory mediators, as TNF-a and
MIP-2 levels were not suppressed. This observation supports
the argument for different cellular source(s) for these immune
mediators, which are not affected by HK/483 infection. Mono-
nuclear phagocytes or other resident lung cells are potential
sources of IL-1b and TNF-a, whereas CD41 CD81 T cells and
NK cells are likely sources of IFN-g (14).

In contrast to the diminution of the inflammatory response
in the lungs, there was significant production of cytokines and
chemokines in the brains of HK/483-infected mice on days 5 to
7 p.i. These results suggest that an inflammatory response to
HK/483 virus replication occurred in the brain; the highest
cytokine levels were found just before death of the mice. The
apparent lack of immune suppression in this organ may be a
factor of the blood-brain barrier or a consequence of the lim-
ited replication of the virus at this site, compared with that in
the lung. Infiltrating inflammatory cells are potential sources of
the cytokines produced or may provide the stimuli to induce
microglia or other resident brain cells to synthesize cytokines
(16). Although HK/483-infected mice showed no evidence of
virus-induced encephalitis, the local synthesis of TNF-a or
IL-1 within the brain can lead to anorexia, weight loss, and
death (38) and may contribute to HK/483 virus pathogenesis.

To understand the quantitative defects in the lymphocyte
populations caused by HK/483 virus infection, we addressed
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FIG. 5. Representative light photomicrographs showing pathology, apoptosis, and viral antigen staining in the spleen. Mice were infected i.n. with 100 MID50 of
HK/483, and 3 days later spleen tissues were removed and processed for hematoxylin and eosin staining (A and B) and determination of TUNEL activity (C) and viral
antigen expression (D). (A) Low-power photomicrograph showing lymphoid hyperplasia with formation of well-circumscribed loose-appearing secondary germinal
centers at periphery of follicles (arrow). Magnification, 350. (B) Higher-power magnification of secondary germinal centers showing pleomorphic mononuclear cells
and multiple foci of nuclear condensation and fragmentation consistent with apoptosis (arrows). Magnification, 3158. (C) Same area showing abundant TUNEL-
positive cells indicative of apoptosis. Magnification, 3158. (D) Same area showing immunostaining of viral antigens present in a few mononuclear cells (arrows).
Magnification, 3158.
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whether HK/483 was inducing a greater level of apoptosis in
lung and lymphoid tissue. Apoptosis, or programmed cell
death, is a cellular process that results in chromosomal con-
densation and DNA degradation and is regarded as a defense

mechanism against virus infections that works by removing
foreign nucleic acids from the infected host (17, 41, 57). Al-
though many influenza virus strains can induce apoptosis in
established cell lines, such as HeLa cells and MDCK cells, the

FIG. 5—Continued.
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FIG. 6. Increased apoptosis in lung tissue of HK/483-infected mice. Representative light photomicrographs showing in situ detection of apoptosis in lung tissue by
TUNEL histology. Mice were infected i.n. with 100 MID50 of HK/483 (A) or HK/486 (B), and 6 days later lung tissues were prepared for paraffin histology and
developed for TUNEL activity. (A) TUNEL-positive cells can be seen primarily in association with the bronchial epithelial and subepithelial layers of HK/483-infected
lung tissue. Magnification, 3158. (B) However, few or no TUNEL-positive cells were detected in HK/486-infected lung tissue.
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ability to induce apoptosis of lymphocytes appears to be
unique among avian influenza viruses (20, 21). A virus that
targets the lymphocyte to induce apoptosis may result in im-
munologic defects or dysfunctions and potentially greater virus
replication and host range. In this study, apoptosis was readily
detected in vivo in the spleen and lung tissue of HK/483-
infected mice, but significantly less in HK/486-infected mice.
These findings suggest that the reduction in tissue cellularity
and cytokine production observed in HK/483-infected mice is
the result of increased apoptosis. Whether HK/483 induces
apoptosis directly or indirectly is currently under investigation.
It is conceivable that a viral component or product of HK/483
is responsible for the induction of apoptosis. In studies with
other influenza A viruses, UV-irradiated viruses induce little
apoptotic activity in established cell lines, suggesting that bind-
ing of a virus to cell receptors is not sufficient to induce apo-
ptosis (20, 32, 34). Thus, viral replication and viral protein
production appear to be necessary. Several influenza proteins
have been implicated in virus-induced apoptotic death of cells,
including neuraminidase (32) and the nonstructural protein
NS1 (41). Whether HK/483 replication in the lymphocyte is
responsible for the induction of apoptosis of these cells re-
mains unknown. Clearly, further experiments are needed to
determine if a given apoptotic cell is also positive for influenza
mRNA or antigen. Alternatively, HK/483 may induce apopto-
sis not directly but by an indirect mechanism. For example,
cytokines produced by other cells such as transforming growth
factor-b may induce apoptosis of bystander lymphocytes (40,
41). Indeed, increasing evidence has indicated that HIV infec-
tion causes depletion of CD41 cells by an indirect mechanism,
as many apoptotic cells of AIDS patients do not produce HIV
mRNA and are considered bystander cells (53).

In conclusion, the HK/483 virus appears to possess the ca-
pacity to limit the induction of immune responses by targeting
lymphocytes and destroying these cells. The consequence is an
altered number of inflammatory cells and aberrant production
of cytokines in tissues. Furthermore, the induction of apoptosis
in HK/483-infected lymphoid tissue may explain the depletion
of CD41 and CD81 lymphocytes from the peripheral blood
and tissues. The differential induction of apoptosis between the
highly lethal HK/483 and the nonlethal HK/486 provides a
reliable model system to further study the mechanism(s) of
apoptosis. We are currently examining the amino acid se-
quence differences between HK/483 and HK/486, which may
determine phenotypic differences between the two viruses.
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