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Figure 3. Induction of CD4/CD8 DP monocytes in nontrans-
genic rats. (A) Myocarditis was induced in FW-wi rails by
immunization with porcine cardiac myosin and the adjuvant

containing killed tuberculosis germs at 3 weeks of age (immu-
nized FW-wt). Peripheral blood was obtained from the FW-wit rats
one week after immunization and age-maiched controls and then

PBMCs in region 1 (R1) were gated as in Figure 1. In both types of

rals, the majority of CD4™edum cells did not express CD3, thus
they were considered to be monocytes. In each group, at least 3

rals were examined. Fepresentative data are shown. {B) The
expression of CD8 on peripheral monocytes (practically GD4medium
cells) was examined 1 week and 4 weeks after immunization (4

and 7 weeks of age, respectively). Data were compared with
those of nonimmunized FW-wt (control FW-wt) and FW-pX rals. In
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findings indicate that DP monocytes can be induced in rats without
any influence of the pX transgene and suggest that they may be
induced in an acute inflammatory phase.

To investigate the induction mechanisms of DP monocytes, we next
immunized inbred F344 rats with various combinations of individual
components used for initial immunization. When rats were immunized
with the adjuvant containing killed tuberculosis germs, the percentage of
CD8* population in CD4™medium cells was increased in the largest scale,
though significant differences were observed by addition of any of the
components (incomplete adjuvant only, an increase of 7.7%; adjuvant
plus killed tuberculosis germs, an increase of 21.4%; myosin plus
adjuvant plus killed tuberculosis germs, an increase of 29.9%: Figure
3D). This suggested that immunization with tuberculosis germs might
be critical for the induction of DP monocytes. To test this hypothesis, we
examined whether the cytokines and chemokines known to be induced
by the recombinant Mycobacterium bovis bacillus Calmette-Guerin

Concentration {ng/mL}

are shown. (C) The percentage of CD8* cells in monocyles 1
week and 4 weeks after immunization (4 and 7 weeks of age,
respectively) is shown as mean = 8D, (D) Inbred F344 rats (3
weeks of age) were immunized with various combinations of
components used for the induction of myosin-induced myocardi-
tis. The percentage of CD8* cells in monocytes was examined 1
week after immunization, In each experiment, at least 3 rats were
used. Data are represented as mean * SD. FlAindicales Freund
incomplete adjuvant; Killed G, killed tuberculosis germs. (E) PB-
8 MCs from F344 rats {3 weeks old) were incubated with IL-12,
RANTES, or GM-CSF under indicated concentrations. We chose
these cytokines because they are known to be induced by
BCG.#132 Twenty-four hours later, the percentage of CD8* cells in
monocytes (practically CD4medm cells) was examined. Data are
represented as mean * SD of repeated experiments done in
triplicate. *P < .05.
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(BCG)*?% can induce DP monocytes in vitro. PBMCs from F344 rats
were stimulated with IL-12, RANTES, or GM-CSF for 24 hours and
then the percentage of DP monocytes was measured. Among these
cytokines/chemokines, only GM-CSF could induce' DP monocytes in a
dose-dependent manner (Figure 3E). We also observed that the percent-
age of DP monocytes (CD4medvm CD8* population in PBMCs) was
increased from 7.8% to 11.0% by in vivo administration of GM-CSE.
However, stimulation of bone marrow cells by GM-CSF failed to induce
any significant expansion of CD4*/CD8* cells (data not shown).

Infiltration of CD4*/CD8* cells at the site of myocarditis

In myosin-immunized FW-wt rats, myocarditis occurred 3 to 4
weeks after immunization (Figure 4A). At the site of inflammation,
macrophages (reactive with ED-1, Figure 4B) infiltrated more
abundantly than CD3* T cells (Figure 4C). To determine if

Figure 4. Infiltration of DP macrophages at the site of myocarditis. Myocarditis was induced in FW-wi rats by Immunization with porcine myosin and the adjuvant
containing killed tuberculosls germs at 3 weeks of age. Three weeks later, the heart was extirpated and used for histologic and immunocytochemical examinations.
Experiments were repeated twice. Representative results are shown. (A) Hematoxylin and eosin staining. (B-C) Immunohistochemical staining for CD68 (ED-1) and CD3 (IF4),
respectively. The cardiac tissues were cut into small pieces and digested with 0.16% collagenase type Il. After removal of tissue fragments, cell suspension was incubatedin a
plastic dish at 37°C. One hour laler, adherent cells were harvested and immunofluorescent triple staining was done for CD68 (ED-1, green; D), CD4 (OX-35, red; E), and CD8
(OX-8, blue; F). (G) The merged Image. Arrowheads indicate DP macrophages also stained for CD68. Total magnification: x 40 (A-C), x 80 {D-F), and x 200 (G).
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infiltrating cells contained DP macrophages, adherent cells were
isolated from collagenase-digested cardiac tissues and subjected to
immunocytochemical analysis. Half of macrophages (reactive with
ED-1) expressed both CD4 and CD8 (Figure 4D-G). These DP
macrophages were not reactive with ED-2 (a marker for tissue-
resident macrophages®) or OX-62 (a marker for DCs; data not
shown). Thus, infiltrating DP macrophages are neither Llissue-
resident macrophages nor DCs but are derived from the blood.

Cytokine/chemokine profiles and the cytotoxic phenotype
of CD4/CD8 DP macrophages

We isolated adherent cells from rat cardiac tissues affected with
myocarditis and separated DP macrophages from other, practically
CD8~ macrophages (hereafter referred to as CD8~ macrophages)
using the MACS system (Figure 5A). We then compared expres-
sion profiles of cytokines, chemokines, and cytotoxic factors by
quantitative real-time RT-PCR in DP and CD8~ macrophages. DP
macrophages showed higher expression of IL-18 (5.2-fold), IFN-y
(2.8-fold), and RANTES (4.8-fold) in comparison with CD8~
macrophages (Figure 5B). By contrast, the expression of MCP-1
was lower in DP macrophages than in CD8~ macrophages (1/4.7-
fold). There was no significant difference in the expression of IL-4,
1L-12, monocyte-derived chemokine (MDC), or TGF-B, or TNF-a
between DP and CD8~ macrophages (data not shown). When we
focused on cytotoxic factors, DP macrophages showed signifi-
cantly higher expression of Fas L (8.0-fold), perforin (9.2-fold),
and granzyme B (45.9-fold) compared with CD8~ macrophages
(Figure 5C). Expression of iNOS did not show a significant
difference between DP and CD8~ macrophages (data not shown).
When we examined the expression of Fas L and granzyme B in
_tissue-infiltrating macrophages by immunohistochemistry, colocal-
‘jzation of these molecules and ED-1 (CD68) was observed (Figure
5D left panels). To rule out the possibility that ED-l-positive
(CD68+) cells are overlaid with scattered, secreted granzyme B, we
examined the expression of granzyme B in macrophages isolated
from the cardiac tissue (Figure 5D right panel). These experiments
confirmed that part of ED-1-positive (CD68*) macrophages did
express Fas L and granzyme B.

DP monocytes are precursors of DP macrophages

To determine if DP monocytes in the blood migrated into sites of
inflammation and differentiated to DP macrophages, transfer of
GFP-positive spleen cells was made into nontransgenic rats
immunized with myosin. GFP-positive macrophages were found in
cardiac tissues with myocarditis (Figure G6A), and some GFP-
positive macrophages expressed both CD4 and CD8 (Figure 6B).
Furthermore, when the profiles of DP monocytes and DP macro-
phages were compared by RT-PCR, the expression patterns of Fas
L, perforin, and granzyme B were similar (Figure 6C). On the other
hand, the expression of NKR-P2 (rat orthologue of human
NKG2D*), known to play an important role in killing by NK cells
and cytotoxic T lymphocytes (CTLs), %37 was higher only in DP
macrophages. These findings suggest that DP monocytes are
precursors of tissue-infiltrating DP macrophages with a cytotoxic
phenotype. In our experiments, evaluation of contaminated CD8*
CTLs was critical. As previously described, the purity of macro-
phages in the cells recovered from the cardiac tissues with
myocarditis was 94% (see “Isolation of macrophages from cardiac
tissues, with myocarditis™). We therefore used a mixed cDNA
sample (a mixture of CD8* T cells and fibroblasts in a ratio

CD4+/CD8* DP MONOCYTE/MACROPHAGE 2009
A B
A
: 5
o ko
@ 4 e
5 g
52 3
E

o 1
8 )
gzl 5
© &
K 174 { g,;
“ t
§ e - » 5
] N D!
NS A & < 8
a ) )
N & F oy

8l ™

]

Elw

H b g
4|

$is -

2 .

2| o ;

o Pertorin

Histochomiatry

Cytochemistry

Gronzyme B
& &

8 8

Figure 5. Expression profiles of cytokines/chemokines and cytotoxic factors in
DP macrophages. Infiltrating macrophages were Isolated from the cardiac tissues by
collagenase digestion foliowed by adhesion to the plastic dish. DP macrophages
were separated from other macrophages by MACS based on the presence or
absence of CD8. Prior to the MACS sorting, we confirmed by light microscopy that
macrophages detached from the plastic dish were in a single-cell suspension (data
not shown). (A) Macrophages collecied from the cardiac tissues were reacted with
FITC-conjugated anti-CD4 {(OX-35) and PE-conjugated anti-CD8 (OX-8) Abs. MACS
was conducted using anti-PE microbeads. The cells selected posltively and nega-
tively are shown in the top and bottorn panels, respectively. Experiments were
repeated at least twice, and representative results are shown. (B) The expression of
cytokines/chemokines (iL-18, IFN-y, RANTES, and MCP-1) in DP macrophages was
analyzed by quantitative real-time RT-PCR. The data were compared with those of
CD8~ macrophages. Results are represented as a fold (mean = SD of repeated
experiments done in triplicate) against control macrophages. {C)} The expression
patterns of cytotoxic factors (Fas L, perforin, and granzyme B) in DP macrophages
(right columns) were compared with those in CD8™ macrophages (left columns). Data
are represented as mean = SD of repeated experiments done in triplicate. (D)
Immunofluorescent double staining for CD68 (ED-1, green) and Fas L {N-20, red), or
CDe68 (ED-1, green) and granzyme B (N-19, red) in the cardiac tissue section (left
panels). Infiltrating macrophages isolated from the tissues were stained for CD68
(ED-1, green) and granzyme B (N-19, red; right panel). Total magnification: X 80.
*P < .05.

of 1:9) as a negative control. In this negative control, the expression
of CD3, NKR-P2, Fas L, perforin, and granzyme B was hardly
detectable, whereas the expression level of the Gapdh gene was
comparable to that of other samples. Although these experiments
do not provide information as to the identity of CD4*/CDg8* DP
cells or assure the absence of contamination of T cells in the
samples, they indicate that NKR-P2, Fas L, perforin, and
granzyme B are produced by DP monocytes/macrophages.
Moreover, immunocytochemistry demonstrated the existence of
granzyme B-containing granules in CD8* CD68* adherent
splenocytes regarded as DP monocytes (Figure 6D).
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had been Immunized with porcine myosin. EGFP transgenic rats and nontransgenic Wistar rats (all rats were 4 weeks old) were immunized with myosin as described in
“Immunization of rats with porcine heart myocin and induction of myocarditis.” Mononuclear cells were isolated from the spleen of EGFP transgenic rats 1 week afler
immunization and transferred into Wistar rats intravenously 2 weeks after immunization (1 x 107 cells per animal). Five days later, the hearts of recipients were extirpated, and
then tissue-infiltrating macrophages were isolaled and used. Experiments were repeated twice, and representative results are shown. Arrowheads indicate cells expressing
both GFP and CD68 (ED-1, red). Total magnification: X 100. (B) The cells Isolated from the cardiac tissues were cultured in chamber slides at 37°C for 1 hour. Resultant
adherent cells were fixed using cold acetone for 5 minutes and then stained for CD4 (OX-35, red) and CD8 (OX-8, blue}. The merged image shows that the cell expressing both
CD4 and CD8 is also positive for GFP. Total magnification: X 600. (C) FW-wi rals were immunized with myosin and the adjuvant containing killed tuberculosis germs.
Mononuclear cells separated from the spleen or cardiac tissues 1 week or 8 weeks afterimmunization, respectively, were cultured in plastic dishes at 87°C for 1 hour, and then
the adherent cells were divided into CD8~ and CD8* populations, using the MACS system. Expression profiles of CD3, NKR-P2, Fas L, perforin, and granzyme B were
compared by RT-PCR. The cDNA from CD8* T cells served as a positive control. The negative control was the ¢cDNA derived from the 1:9 mixture of CD8* T cells and
fibroblasts. {D) Six-week-old Wistar rats were immunized with adjuvants containing killed tuberculosis germs. One week later, mononuciear cells were separated from the
spleen and then cultured in chamber slides at 37°C for 1 hour. Resultant adherent cells were fixed using cold acetone for 5 minutes, followed by staining for CD68 (ED-1,
green), granzyme B (red), and CD8 (OX-8, blue). The merged image shows the cells stained with 3 colors. Total magnification: X 200. (E) Cytoloxic assay in vitro. Six-week-old
Wistar rats were immunized with adjuvants containing killed tuberculosis germs. One week later, mononuclear cells were separated from the spleen and incubated in plastic
dishes for 20 minutes at 37°C. Resultant adherent cells were collected and divided into CD8~ and CD8 cells using the MACS system. These cells were added to the culture of
allogenic epithelial thymoma celis with E/T ratios of 30, 10, 1, and 0.1 (4 X 10° target cells per well in 24-well plates). After incubation for 18 hours, cytotoxicity was measured
using the CytoTox 96 test kil, Data are represented as mean * SD of experiments done In tripficate. * P < .05. (F) Phagocylosis assay. Yellow-green carboxylate-modified 1.0
1m latex beads were mixed with peripheral blood from Wistar rats thal had been immunized with adjuvants containing killed tuberculosis germs one week before (1.5 x 107
beads/300 pL blood). After incubation for 2 hours at 37°C, PE-conjugated anti-CD4 (OX-35) and PerCP-conjugated anti-CD8 (OX-8) Abs were added to the mixture, followed
by depietion of erythrocytes. After 3 times wash with cold PBS, CD4+/CD8* cells were gated to determine uptake of the flucrescence-labeled beads using FACScan.
Experiments were done in triplicate. Representative results are shown. The filled and gray histograms represent the profiles of CD4*/CD8* and CD4*/CD8~ monocytes,
respectively.

Cytotoxic function of DP monocytes peripheral blood from Wistar rats that had been immunized with

adjuvants containing killed tuberculosis germs one week before
(1.5 X 107 beads/300 pL blood). After incubation for 2 hours at
37°C, uptake of fluorescence-labeled beads in DP monocytes was
assayed using FACScan (Figure 6F). The black histogram indicates
that the majority of DP monocytes (71.1% = 4.4%) engulfed the

In order to evaluate the function of DP monocytes, we carried
out in vitro cytotoxic assays against allogenic tumor cells. As a
source of DP monocytes, we used CD8% adherent splenocytes
obtained from Wistar rats that had been immunjzed with
adjuvants containing killed tuberculosis germs. These cells

effectively killed epithelial thymoma cells originated from F344
rats carrying the HTLV-] pX transgene'? in a dose-dependent
manner (Figure 6E). When the E/T ratio was 30, percent specific
lysis was 70.8 = 6.8. By contrast, CD8~ monocytes hardly
killed the tumor cells. These findings clearly indicate that DP
monocyles possess a cytotoxic function and that these cells can
kill tumor cells without major histocompatibility complex
(MHC) restriction.

Phagocytic ability of DP monocytes

To determine the phagocytic ability of DP monocytes, yellow-
areen carboxylate-modified 1.0-um Jatex beads were mixed with

beads during the experimental period. Phagocytic efficiency of DP
monocytes was almost equivalent to that of CD4*/CD8~ mono-
cytes (67.4% = 8.8%; Figure 6F gray histogram).

DP monocytes in the human peripheral blood

To examine whether humans also have DP monocytes, we analyzed
PBMC:s from 12 healthy volunteers by 3-color FCM. CD4*/CD8+
cells were identified in CD14* monocytes in all samples examined
(Figure 7). The percentage of CD4*/CD8* cells in CDI4*
monocytes showed considerable individual variations ranging from
17.3% to0 1.0%.
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Figure 7. CD4/CD8 DP monocytes in human peripheral blood. Human peripheral
blood was obtained from 12 healthy volunteers. The cells were stained with
FITC-conjugated anti-CD4 (M-T466), PE-conjugated anti-CD8 (HIT8a), and PerCP-
conjugated anti-CD14 (MpP9) Abs, followed by depletion of erythrocytes, and then
monocytes in region 1 (R1) were galed. The bottom panels show expression of CD4
and CD8 on CD14* cells in region 2 (R2). The percentage of CD4*/CD8* cells in
CD14* monocytes is shown in each panel.

Discussion

“In the present study, we have identified a population of monocytes/

" macrophages characterized by coexpression of CD4 and CD8. This
population was originally identified in FW-pX rats carrying the
HTLV-I pX transgene (Figures 1-2) but later found to be present in
wild-type rats (Figure 3). The number of DP monocytes showed a
dramatic increase in rats with myosin-induced myocarditis (Figure
3), and the DP macrophages were predominant infiltrating cells at
the cardiac lesion (Figure 4). The most notable feature characteriz-
ing this population of macrophages is that they express high levels
of Fas L, perforin, granzyme B (Figure 5C-D), and NKR-P2
(Figure 6C). In particular, granzyme B was expressed at an
extremely high level (45.9-fold) in DP macrophages compared
with CD8~ macrophages (Figure 5C). NKG2D is the receptor
previously shown to be expressed on NK cells, CTLs, and activated
macrophages.? It binds to stress-inducible MHC class I molecules,
MICA/B, and ULBP/RAETI in humans and RAE-1 (retinoic acid
early inducible-1) in mice.*37 NK cells and CTLs bind to the target
cells through NKG2D and destroy them through coordinated
actions of perforin and cytotoxic factors such as granzyme B. Thus,
the collective evidence clearly indicates that tissue-infiltrating DP
macrophages exhibit a cytotoxic phenotype. They may therefore
contribute 1o tissue damage by adhering to target cells via their
NKR-P2 and secreting perforin and granzyme B.

Another notable feature of CD4/CD8 DP macrophages is that
they express 1L-18, IFN-y, and RANTES at higher levels and
MCP-1 at a lower level than CD8~ macrophages (Figure 5B).
IL-18, IFN-vy, and RANTES induce the T-helper 1 (Thl)-type
immune response,®3%%0 whereas MCP-1 induces the Th2-type
immune response.’! Although we were unable to detect Cd3
mRNA by RT-PCR in our macrophage samples (Figure 6C),

CD4+/CD8* DP MONOCYTE/MACROPHAGE 2011

contamination of a small number of T/NK cells cannot be ruled out.
Therefore, we should keep in mind the possibility that the cytokine
production profiles (Figure 5B) may have been affected by
contaminating T/NK cells; this reservation applies especially to
IFN-v, a cytokine typically produced by T/NK cells. However, we
can say that tissue-infiltrating DP macrophages are prone to induce
1L-18 and Thi-type immune responses at the site of inflammation.
Okura et al*? reported that Th1 cytokines were the major cytokines
detected in the early phase of myosin-induced experimental
myocarditis in rats. Our present study indicates that DP macro-
phages infiltrating in the cardiac lesion may enhance the Thl-type
immune response observed in the early phase of myosin-induced
myocarditis.

The number of DP monocytes showed a dramatic increase by
immunization with myosin (Figure 3B-C). When we examined
which component in the immunogen was critical for increasing
the population of DP monocytes, we found that the killed
tuberculosis germs were the most effective factors (Figure 3D).
BCG containing killed tuberculosis germs works synergistically
with IL-18 for induction of IFN-y and GM-CSF and induces the
Thi-type immune response.3® GM-CSF increased the number of
DP monocytes in a dose-dependent manner in vitro (Figure 3E).
These findings suggested that the secretion of GM-CSF induced
by immunization with the killed tuberculosis germs triggered
the expansion of DP monocytes in peripheral blood. The kinetics
of expansion suggest that an increase in the number of DP
monocytes occurs in the early phase of inflammation.

To examine whether CD4+/CD8* cells are derived from DP
monocytes in blood or are generated in situ from resident
macrophages, we transferred GFP-positive spleen cells into
GFP-negative recipients that had been immunized with myosin
in advance (Figure 6A-B). This adoptive transfer experiment
clearly indicates that tissue-infiltrating DP macrophages are of
hematogenous origin. Consistent with this observation, DP
macrophages in situ did not express ED-2 (a marker for
tissue-resident macrophages) or OX-62 (a marker for DCs).
Thus, overall data indicate that certain stimuli that induce the
release of GM-CSF trigger the expansion of DP monocytes in
peripheral blood and that these cells migrate to the site of
inflammation and differentiate into macrophages displaying the
Thl-type immune response and a cytotoxic phenotype. In line
with these findings, DP monocytes could kill allogenic tumor
cells in vitro (Figure 6E). This killing is unlikely to be mediated
by the CTLs contaminated in the effector cells because CTLs
can kill only MHC-matched targets. In addition, we demon-
strated that DP monocytes were equipped with phagocytic
activities comparable to those of CD4+/CD8~ monocytes (Fig-
ure 6F).

Interestingly, human peripheral blood also contains CDI14*
monocyles expressing both CD4 and CD8 (Figure 7). In this
regard, it is notable that DP macrophage/dendritic cells, which
express Fas L more abundantly than other macrophages, have been
identified in the thyroid glands of patients with autoimmune
thyroid diseases.”> Although the information available on their
surface markers and cytokine profiles precludes us from drawing
any conclusions, it is possible that they are derived from the DP
monocytes identified in this study.

All volunteers who participated in this study were healthy
donors. None of the donors apparently suffered from inflammatory,
autoimmune, or neoplastic disorders. It is of great interest to
examine whether a population of DP monocyles is increased in



2012

blood under infectious or other disease conditions. Studies along
this line are ongoing using clinical samples. Whereas rat DP
monocytes displayed cytotoxicity against allogenic tumor cells

BABAet al

(Figure 6E), we have thus far been unable to demonstrate cytotoxic
activities for human DP monocytes. This may be related to the fact

that human DP monocytes were isolated from healthy volunteers,
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and human DP monocytes/macrophages have any specialized roles
in host defense against infection or cancer and in the pathogenesis
of autoimmune disorders.

whereas rat DP monocytes were isolated from animals whose

immune systems were activated by the transgene or artificial
immunization. Studies are in progress to understand whether the rat
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Role of Neuronal Interferon-y in the Development of
Myelopathy in Rats Infected with Human T-Cell
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Human T-cell leukemia vixrus type 1 (HILV-1) is the
causative agent of not only adult T-cell lenkemia but also
HTLV-1-associated myelopathy/tropical spastic parapa-
resis (HAM/TSP). Among the rat strains infected with
HTLV-1, chronic progressive myelopathy, named HAM
rat disease, occurs exclusively in WKAH rats. In the
present study, we found that HILV-1 infection induces
“interferon (JFN)-y production in the spinal cords of
HAM-resistant strains but not in those of WKAH rats.
Neurons were the major cells that produced IFN-y in
HTLV-1-infected, HAM-resistant strains. Administration
of IEN-y suppressed expression of pX, the gene criti-
cally involved in the onset of HAM rat disease, in an
HTLV-1l-dmmortalized rat T-cell line, indicating that
IFN-y protects against the development of HAM rat dis-
ease. The inability of WKAH spinal cord neurons to
produce IFN-y after infection appeared to stem from
defects in signaling through the interleukin (IL)-12 re-
ceptor. Specifically, WKAH-derived spinal cord cells
were unable to up-regulate the IL-12 receptor 32 gene in
response to IL-12 stimulation. We suggest that the fail-
ure of spinal cord neurons to produce IFN-y through
the IL-12 pathway is involved in the development of
HAM rat disease. (4m J Patbol 2006, 169:189-199; DOIL
10.2353/ajpath.2006.051225)

Human T-cell leukemia virus type 1 (HTLV-1) is the caus-
ative agent of adult T-cell leukemia (ATL)"-? and so-called
HTLV-1-associated diseases such as HTLV-1-associated
myelopathyftropical spastic paraparesis (HAM/T Sp),34
HTLV-1 uveitis (HU),® HTLV-1-associated arthropathy
(HAAP),® T-cell alveolitis,” Sjdgren’s syndrome,® polymy-

ositis,® and infective dermatitis.’ Only a small proportion
(<5%) of HTLV-1-infected individuals develop ATL or
HTLV-1-associated diseases, whereas more than 95% of
carriers remain asymptomatic for life.!? Little is known
about the factors that govern susceptibility to diseases
caused by HTLV-1.

We previously established a rat model of HAM/TSP in
which chronic progressive myelopathy with paraparesis
of lower limbs occurred in WKAH rats 15 to 22 months
after HTLV-1 infection.'® Although the provirus was de-
tected in the systemic organs of all HTLV-1-infected
strains examined, myelopathy, hereafter referred to as
HAM rat disease, occurred exclusively in WKAH rats.
Histopathological alterations were limited to the thoracic
spinal cord in HAM rat disease. The most crucial finding
was apoptotic cell death of oligodendrocytes in the an-
terior and lateral funiculi of the upper thoracic cord, which
became manifest 7 months after inoculation with HTLV-
1.'® Subsequently, demyelination occurred with infiltra-
tion of activated macrophages, and at the end stage of
the disease, proliferation of astrocytes was observed in
the affected region.™ Interestingly, lymphocytic infiltra-
tion into the spinal cord, which is characteristic of human
HAM/TSP,'® was absent throughout the disease process
in the HAM rat model. Although the significance of this
finding is not clear, lymphocytic infiltration in human
HAM/TSP may represents a cellular response to tissue
damage.

The HTLV-1 provirus, which predominantly localizes in
microglia and macrophages, becomes detectable in the
spinal cord of both HAM-resistant and -susceptible rats 3
months after infection.’® Selective expression of the
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HTLV-1 pX gene peaks 7 months after infection, accom-
panied by an increase in tumor necrosis factor-a levels in
the spinal cord and down-regulation of the anti-apoptotic
bcl-2 gene in oligodendrocytes.’” '8 Thus, we reasoned
that the most crucial molecular events occurred ~7
months after HTLV-1 infection in our rat model.

The proinflammatory cytokine interferon (IFN)-vy, se-
creted from activated T and NK cells, increases MHC
class | and 1l expression on a wide variety of cells and
then induces a Thi-type immune response. Uniil re-
cently, IFN-y had been considered a deleterious factor
for central nervous system (CNS) disorders such as mul-
tiple sclerosis and experimental autoimmune encephalo-
myelitis.’®-2° However, several lines of evidence indicate
that, in some instances, IFN-y exerts protective effects
against CNS disorders, First, inactivation of the IFN-y
gene by gene knockout converts an otherwise experi-
mental autoimmune encephalomyelitis-resistant mouse
strain to experimental autoimmune encephalomyelitis-
susceptible.?! Second, a low level of IFN-y expression in
the CNS plays a protective role in cuprizone-induced
demyelination.?? Third, BALB/c mice treated with an anti-
IFN-vy antibody become susceptible to measles virus en-
cephalitis, and viral clearance from the CNS is im-
paired.?® Fourth, treatment with IFN-y results in inhibition
of viral replication in primary cultured nerve cells infected
with measles virus.?4 Fifth, IFN-y protects neurons from
apoptosis during destructive encephalitis induced by
herpes simplex virus type 1.5 In these reports,?*2° the
authors assumed that IFN-y was derived from mononu-
clear cells, including T and NK cells, infiltrating into the
CNS.

We show here that IFN-vy levels in the spinal cord are
significantly increased in HAM-resistant ACI and LEW
rats 7 months after HTLV-1 infection, whereas no such
increase occurs in HAM-susceptible WKAH rats. Infiltra-
tion of mononuclear cells was never seen in the CNS of
HTLV-1-infected rats, indicating that IFN-y was produced
by resident cells of the CNS. By confocal laser-scanning
microscopy, we identified IFN-y-producing cells in the
spinal cord of HAM-resistant rats as neurons. We suggest
that IFN-y produced by neurons in response to HTLV-1
infection has a protective role against the development of
myelopathy.

Materials and Methods

Rats and HTLV-1 Infection

inbred ACH, LEW, and WKAH rats were obtained from the
Institute for Animal Experimentation, Hokkaido University
Graduate School of Medicine. HTLV-1 infection was
achieved as described.' Briefly, HTLV-1-immortalized
MT-22° was injected into the peritoneal cavity of newborn
rats (1 X 107 cellsfrat). All HTLV-1-infected rats were
maintained in the P3 room. At least three rats were used
in each experiment. All rats used in this study were anes-
thetized with sodium pentobarbital and then intravascu-
larly perfused with ice-cold saline. All animal experiments
were done in accordance with the Guide for Care and

Use of Laboratory Animals in Hokkaido University Grad-
uate School of Medicine.

Tissue Sampling for mRNA Extraction

After perfusion with ice-cold saline, the spinal cord, ce-
rebrum, and spleen were harvested, flash-frozen in liquid
nitrogen, and served as samples for mRNA extraction.
Microglia- and neuron-rich populations were prepared
from the spinal cord as follows: the harvested spinal cord
was dissected and then incubated in RPM! 1640 medium
(Sigma-Aldrich, St. Louis, MO) containing 0.25% collage-
nase (Worthington Biochemical Corp., Freehold, NJ) and
700 U DNase | (Takara, Otsu, Japan) for 30 minutes at
37°C. Microglia-rich populations were separated from the
solution by Percoll-gradient centrifugation as described
by Tomaru and colleagues’ and Jiang and cok-
leagues.’® For separation of neuron-rich populations, my-
elin residues were removed from the solution by centrif-
ugation at 6 X g for 1 minute, and then neurons in the
supernatant were collected by centrifugation at 36 X g for
7 minutes. All samples were stored at —80°C until use.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) and Quantitative Real-Time
RT-PCR

Total RNAs were extracted using Isogen (Nippon Gene,
Tokyo, Japan) and purified using the RNeasy mini kit
(Qiagen, Alameda, CA). The purified total RNAs were
reverse-transcribed using the Super Script Il first-strand
synthesis system for RT-PCR (Invitrogen, Carlsbad, CA).
Quantitative real-time RT-PCR was done with the cDNAs,
SYBR Green | dye (SYBR Green PCR Master Mix; Qia-
gen), and the primer set for IFN-y (sense: 5'-GATCCA-
GCACAAAGCTGTCA-3', anti-sense: 5'-GACTCCTTT-
TCCGCTTCCTT-3"), interferon reguiatory factor 1 (IRF-1)
(sense: 5'-TGAAGCTGCAACAGATGAGG-3', anti-sense:
5'-AGCAAGTATCCCTTGCCATC-3"), IL-12p040 (sense:
5'-AGGTGCGTTCCTCGTAGAGA-3', anti-sense: 5'-CC-
ATTTGCTGCATGATGAAT-3"), IL-12 receptor B1 (/L-
12RB1) (sense: 5'-AGGTGCAGATTTCCCGTTTA-3,
anti-sense: 5'-CAGCCCTGTTTAAGCCAATG-3"), IL-12
receptor B2 (IL-12RB2) (sense: 5'-TGCCACCAATCCA-
CAAACTA-3', anti-sense: 5-CCTGCTTCCTAGCACCT-
TGT-3"), IL-23p19 (sense: 5-CACCACTGGGAGACT-
CAACA-3’, anti-sense: 5'-AGGATCTTGGAACGGAGA-
AGA-3"), IL-23 receptor (IL-23R) (sense: 5'-TTGATG-
AATTGTGCCTCGTT-3', anti-sense: 5'-GTCTGCGCTG-
GGATAGTTTC-3'), IL-27 (sense: 5'-ACTCTGCTTCCT-
CGCTACCA-3’, anti-sense: 5-GGAGATCCAGCCTCA-
TTGC-3"), IL-27 receptor {IL-27R, WSX-1) (sense: 5'-
AGCCCAGGGATAAAGGTGAC-3', anti-sense: 5-AGA-
CGGGTCCAGTTGAGCTT-3'), or GAPDH (sense: 5'-
ATGGGAGTTGCTGTTGAAGTCA-3', anti-sense: 5'-CC-
GAGGGCCCACTAAAGG-3"). PCR was performed in a
two-step reaction (95°C for 30 seconds, 60°C for 30
seconds) for 45 cycles after initial denaturation (95°C, 15
minutes), using the AB! Prism 7000 sequence detector



system (Applied Biosystems, Foster City, CA). Relative
expression of target genes was analyzed using the
AACT-method.?” The amount of specific mRNA was
quantified at the point where the system detected uptake
in the exponential phase of PCR accumulation and nor-
malized to GAPDH mRNA levels.

Emzyme-Linked Immunosorbent Assay (ELISA)

ELISA for rat IFN-y was performed using a kit (BioSource,
Camarillo, CA). In brief, after perfusion with ice-cold sa-
line, harvested spinal cords were homogenized with 1 ml
of phosphate-buffered saline (PBS) containing 10 ug/m!
aprotinin, 1 pg/ml leupeptin, and 1 ug/ml phenylmethyl
sulfony! fluoride. Duplicate samples {100 ul) of spinal
cord homogenates were subjected to ELISA according to
the manufacturer's instructions. The detection limit of the
kit was 13 pg/ml.

Primary Culture of Rat Spinal Cord Cells

Saline-perfused spinal cords were obtained from rats 7
months after HTLV-1 infection and from age-matched
control rats. Harvested spinal cords were dissected and
digested as described above. Cell suspensions were
centrifuged, and then the pellet was resuspended in 30%
Percoll (Amersham Biosciences, Uppsala, Sweden) di-
juted with Hanks' balanced salt solution (Invitrogen,
Carlsbad, CA). The cell suspension was laid gently on
80% Percoll solution. The gradient solution was centri-
fuged at 1800 X g for 40 minutes. Cells in the 30% Percoll
layer were dissociated, washed, and then plated
sparsely on poly-L-lysine-coated dishes in Dulbecco’s
modified Eagle’s medium/Ham's F12 medium (Invitro-
gen) supplemented with 10% fetal caif serum and 50
ng/mi of nerve growth factor 2.58 (Invitrogen) at 37°Cin
an atmosphere of 5% COs,.

Recombinant Cytokines

Recombinant rat IFN-y was purchased from PeproTech
EC (London, UK). Recombinant mouse interleukin (IL)-
12, previously shown to functionin rats,?® was purchased
from R&D Systems (Minneapolis, MN).

Immunofluorescent Staining

Cells cultured on poly-L-lysine/laminin-coated glasses for
5 days were fixed with 4% paraformaldehyde for 15 min-
utes. For intracellular staining, cells were treated with
PBS containing 0.1% Triton-X and 0.05% bovine serum
albumin for 4 minutes and then fixed with ice-cold 70%
methanol for 4 minutes. Nonspecific binding was blocked
with PBT (0.05% Tween-20/0.1% bovine serum albumin
in PBS) containing 0.1% goat serum for 10 minutes. Pri-
mary antibodies used were mouse monoclonal anti-rat
IFN-y (DB1; PBL Biomedical Laboratories, Piscataway,
NJ), mouse monoclonal anti-rat CD68 (ED-1; Serotec,
Oxford, UK), rabbit polyclonal anti-neurofilament (NF)
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150-kd molecule (AB1981; Chemicon International, Te-
mecula, CA), and rabbit polyclonal anti-glial fibrillary
acidic protein (GFAP) (Dakocytomation, Glostrup, Den-
mark). For double staining, cells were labeled with DB
and AB1981, DB1 and anti-GFAP, or ED-1 and AB1981
followed by labeling with Alexa Fluor 488-conjugated
goat polyclonal antibody to mouse IgG and Alexa Fluor
568-conjugated goat polycional antibody to rabbit 1gG.
Confocal images were acquired with a laser-scanning
microscope (MRC-1024; Bio-Rad Laboratories, Hercules,
CA).

Effects of IFN-y on HTLV-1 Gene Expression

LEW-S1,'2 an HTLV-1-immortalized rat T-cell line, was
incubated with 100 or 1000 U/ml recombinant rat IFN-y
for 3 hours, and the relative expression of the HTLV-1 pX
gene to the structural gag gene was calculated using the
quantitative real-time RT-PCR method. Primer sets used
were 5'-ATCCCGTGGAGACTCCTCAA-3' (sense} and
5'.CCAAACACGTAGACTGGGTATCC-3' (anti-sense) for
pX and 5'-CCAATGCAAACAAAGAATGC-3' (sense) and
5'-AGCCCGCAACATATCTCCTA-3' (anti-sense) for gag.

Sequencing of the &'-Flanking Region of the
Rat IL-12RB2 Gene

Genomic DNA was extracted from the tails of ACI, LEW,
and WKAH rats using the DNeasy tissue kit (Qiagen). The
5'-flanking region of the IL-12RB2 gene (1.8 kb) was
amplified by nested PCR (outer primers, 5-ACCACA-
CCTCTTGCCATTTT-3' and 5'-CGAATCGGAGTACACT-
GCTG-3'; inner primers, 5-CCCAGAGGCACTTTAAG-
CA-3' and 5-ACCGATGGACAATGGGTATC-3'). After
gel electrophoresis, the PCR products were purified with
Freeze 'N Squeeze DNA gel extraction spin columns
(Bio-Rad Laboratories) and subjected to direct sequenc-
ing with the CEQ 2000XL DNA analysis systermn (Beck-
man-Coulter, Fullerton, CA). Sequences were aligned
using the online ClustalW service (htip://www.ddbj.nig.
ac.jo/search/clustalw-j.htmf) and potential binding sites of
transcription factors were identified using the Transfec
database (http://motif.genome.jo/).

Statistical Analysis

Data were analyzed with either Student's #-test or re-.
peated measures analysis of variance, appropriately. P
values less than 0.05 were considered to be significant.

Results

HTLV-1 Infection Induces IFN-y Production in
the Spinal Cord of HAM-Resistant but Not
HAM-Susceptible Rats

In view of the fact that IFN-vy exeris protective effects
against CNS disease,?"®® we compared the expres-
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Tigure 1. A: The amount of ZEV-y mRNA in the spinal cord and cerebrum was quantified by real-time RT-PCR. Samples were obtained from rats 7 months after HTLV-1
infection (black columns) and from age-matched uninficted controls (white columns), Results of experiments done in triplicate were evaluated as relative expression
levels to the GAPDH gene. Data are represented as mean £ 8D values of experiments done independently three times. Representative photos of gel electrophoresis of
RI-PCR products are shown beneath the graph. B: The amount of IFN-y protein in the spinal cord was quantified using the ELISA kit. Samples were obtained from rats
7 months after HTLV-1 infection and from age-matched uninfected controls, Data sre represented as mean = SID values of experiments done independently three times.
C: The amount of IR mRNA in the spinal cord was quantified by real-time R1-PCR, Samples were obtained from rats 7 months after 1TLV-1 infection (black columns)
and from age-matched uninfected controls (white columns), Results of experiments done in triplicate were evaluated as relative expression kevels to the GAPDH gene.

Data are represented as mean £ 8D values of experiments done independently three times. Representative photos of gel electropharesis of RT-PCR products are shown
beneath the graph. In cach group of all experiments, at least three rats were used. *P < 0.05.

sion levels of IFN-y mRNA between HAM-susceptible
and -resistant rats 7 months after inoculation with
HTLV-1 (Figure 1). Expression of /FN-y was quantified
by real-time RT-PCR in the spinal cord, cerebrum, and
spleen. We used tissue samples obtained 7 months
after infection because our previous work indicated
that critical molecular events leading to the develop-
ment of HAM rat disease occurred at this time
period.17'18‘29

The expression of [FN-v in the spinal cord, an organ
affected in HAM rat disease, was significantly elevated
in HAM-resistant ACl and LEW rats compared with
age-matched, uninfected controls, whereas the ex-
pression levels of IFN-y in the spinal cord of HAM-
susceptible WKAH rats were almost the same as those
in uninfected controls (Figure 1A, left). The expression
of IFN-v in the cerebrum, an organ never affected in
HAM rat disease, was remarkably increased in infected
rats regardless of whether they were HAM-resistant or
-susceptible (Figure 1A, right). In spleen cells, the
mRNA level of IFN-y did not change by infection; how-
ever, even in the absence of infection, /FN-y was ex-
pressed more abundantly than in the cerebrum of in-
fected rats (data not shown). Increased expression of
IFN-y mRNA was not evident in the spinal cord of
HAM-resistant rats 3 months after infection, when the
provirus was barely detected (data not shown).

To evaluate expression of IFN-y at the protein level, spi-
nal cords were harvested from infected and age-matched
uninfected rats and the tissue extracts subjected to assay
using an ELISA kit. Consistent with the results obtained at
the mRNA level, the amount of IFN-y proteins in the spinal
cord was increased in HAM-resistant ACI and LEW rats but
not in HAM-susceptible WKAH rats when measured 7
months after HTLV-1 infection (Figure 1B).

We next examined expression of the IRF-1 gene. IRF-1
is known as a downstream molecule induced by IFN-y.3°
Like IFN-vy, expression of IRF-7 was significantly in-
creased in the spinal cord of ACl and LEW rats 7 months
after infection, whereas no such increase was seen in the
spinal cord of WKAH rats (Figure 1C). Thus, collective
evidence clearly indicated that IFN-y was induced by
HTLV-1 infection only in the spinal cords of HAM-resistant
strains.

IFN-v Suppresses pX Gene Expression in
Cultured HTLV-1-Immortalized Rat Cells

IFN-y was recently shown to have a negative regulatory
role against HTLV-1 gene expression.®' To examine
whether IFN-y can suppress expression of the pX
gene, previously shown to play a critical role in the
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Figure 2. ‘The HITLV-T-immortalized rat T-cell line, LEW-81, was incu-
bated with 100 or 1000 U/ml of recombinant rut 1FN-y for 3 hours, and
then expression of the pX gene was quantified using the real-time RT-PCR
method. Results of experiments done in triplicate were evaluated as
relative expression levels 1o the structural gag gene. Data are represented
as mean ® S values of experiments done independently three times.
s P < 0,000,
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Figure 3. Spinal cord cells were isolated from 1ITLV-1-infected rats and from age-
matched uninfected rats, Infected rats were sacrificed 7 months after inoculation with
FITLV-1. A: Phase-contrast photos of cultured cells, B: Cells cultured on poly-1-lysine/
Taminin-coated glasses for 5 days were fixed and then vsed for double-immunofluo-
rescent staining for NF (aomarker for neurons) and ED-1 (a marker for microglhia), The
proportion of cach cell population in the culture was calculated. € and Ds Spinal cord
cells derived from uninfected (C) and HTLV-T-infected rats (D) were stained for NF
(red) and 1FN-y (green), Arrowheads indicate the expression of IFN-y in synupses. E:
Ratios of 1EN-y* cells in neurons (NF? cells) and astrocytes (GFAP™ cells) in the spinal
cord. Cells were isolated from the spinal cord of rats 7 months after HTLV-1 infection
(black columns) and from age-mitched uninfected controls (white columns), After
double staining for IFN-y and NF, or IFN-y and GFAP, 106} cells were counted in three
independent high-power views, respectively, under a fluorescence microscope. In
each group, at least three rats were used, Results are represented as mean = SD values
of experiments done independently three times, **P < 0.001, Original magnifications:
X200 (A); X620 (C, D).
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onset of HAM rat disease,””*"® we treated the HTLV-1-
immortalized rat T-cell line LEW-S1'2 with IFN-y for 3
hours in vitro and then monitored expression of the pX
gene by real-time RT-PCR (Figure 2). Expression of the
pX gene relative to that of the structural gag gene was
decreased in response to IFN-y in a dose-dependent

manner, These resulis suggest that IFN-y is likely to
protect against the development of HAM rat disease by
down-regulating pX gene expression. Thus, WKAH rats
presumably develop HAM rat disease because their
spinal cord cells cannot produce IFN-vy in response to
HTLV-1 infection.
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Figure 4. A: Expression of the JI-12p40 gene in the spinal cord and cerebrum. Samples were obtained from rats 7 months after MTLV-1 infection and from
age-matched uninfected controls. Experiments were repeated independently at least three times. Representative photos of gel electrophoresis of RT-PCR products
are shown, B: The amount of IZ-72p40 mRNA in microglia- or neuron-rich populations prepared [rom the spinal cord was quantified by real-time RT-PCR. Samples
were obtained from rats 7 months after FITLV-1 infection (black columns) and from age-matched uninfected controls (white columns). Data (relative
expression levels to the GAPDH gene) are represented as mean ® SE values obtained from experiments performed in triplicate and repeated three times. In each

group, at least three rats were used, **P < 0.001,

Cells that Produce IFN-v in the Spinal Cord of
HTLV-1-Infected HAM-Resistant Rats Are
Neurons

To identify IFN-y-producing cells, we established pri-
mary cultures of rat spinal cord cells from both LEW
and WKAH strains (Figure 3A). These cells were ob-
served under a confocal laser-scanning microscope
after immunofluorescent double staining for NF and
ED-1. The cuitured cells prepared from both strains,
infected and uninfected, contained a nearly equivalent
proportion of NF* neurons, ED-1* microglia, and other
glial cells (Figure 3B), thus ensuring that the samples
subjected to comparison were not substantially differ-
ent in terms of cell populations.

We stained the cells with antibodies for NF and
IFN-v, or for GFAP and IFN-v, and focused our analysis
on neurons and astrocytes because they are known to
express IFN-vy in the CNS.%32-34 Weak expression of
IFN-y was seen in the perinuclear cytoplasm of NF*
neurons derived from uninfected LEW and WKAH rats
(Figure 3C). The neurons obtained from LEW rats in-
fected with HTLV-1 showed intense immunoreactivity
to IFN-v not only in the perinuclear cytoplasm but also
in the dendrites, whereas HTLV-1 infection did not
cause any significant alteration in the staining pattern
or morphology in the neurons of WKAH rats as com-
pared with those of uninfected control rats (Figure 3D).
Neurite outgrowth was markedly induced by HTLV-1
infection in LEW but not WKAH rats. I[FN-+y treatment is
known to induce differentiation of neurons and an out-
growth of dendrites.® Thus, the morphological alter-
ations seen in Figure 3, C and D, are consistent with
the observation that HTLV-1 infection induced IFN-y
expression in the spinal cord of HAM-resistant but not
HAM-susceptible rats (Figure 1). We presume that
IFN-y produced by neurons of LEW rats acts in an
autocrine and/or paracrine manner and promotes their
differentiation and neurite outgrowth. Interestingly,

IFN-v induced in the neurons of HTLV-1-infected LEW
rats appeared to accumulate in synaptic junctions (Fig-
ure 3D, arrowheads). This is in line with the observation
that the receptors for IFN-y are expressed at synapses
in the superficial dorsal horn and lateral spinal nucle-
us®® and suggests that IFN-y produced in neurons
might function as a neurotransmitter in the CNS. On the
other hand, the expression of IFN-y in GFAP™* astro-
cytes was weak regardiess of whether they originated
from infected or uninfected animals or from HAM-sus-
ceptible or -resistant strains (data not shown). Quanti-
tative analysis based on cell counting confirmed that
neurons rather than astrocytes were the major {FN-v-
producing cells in the spinal cord of infected rats
(Figure 3E).

Spinal Cord Cells of HAM-Susceptible Rats Do
Not Produce IFN-+ in Response to IL-12

Certain infections induce production of I1L-12, which in
turn promotes production of IFN-v.2” Our RT-PCR exper-
iments showed that HTLV-1 infection induced expression
of IL-12p40 mRNA in the cerebrum of both HAM-resistant
and -susceptible strains (Figure 4A, right). Induction of
IL-12p40 was not obvious when the whole spinal cord
samples were subjected to analysis (Figure 4A, left);
however, when they were fractionated into microglia- and
neuron-rich populations, we could clearly see elevated
expression of IL-72p40 in the former, but not in the latter,
populations (Figure 4B). These findings are consistent
with our previous observation that the HTLV-1 provirus
was localized to microglia and macrophages.'® Basal
IL-12p40 mRBNA levels in the microglia-rich population
were lower in WKAH than in AC! rats. However, in both
strains, HTLV-1 infection almost doubled the expression
levels of IL-12p40 in microglia-rich populations (Figure
4B). We thus reasoned that the failure of WKAH spinal
cord cells to produce IFN-v is unlikely to be caused by
defective induction of IL-12.
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Figure 5. A: The amount of JFN-y mRNA in the cells isolated from the spinal cord of uninfected rats was quantified by real-time RT-PCR. Samples were obtained
from the cells after tremment with recombinant 11-12 (100 ng/mi) for 18 hours (black colummns). Results of experiments done in triplicate and repeated three
{imes were evaluated as mean = SE values of the fold increase to the data without 11-12 treatment (white columns). *P < 0.05. B: Cells isolated from the spinal

cord of uninfected rats were cultured on poly-1-lysine/laminin-coated glasses. Afte

r incubation with recombinant 11-12 (100 ng/ml) for 5 days, immunofluorescent

double staining was performed using anti-[FN-y ( green) and anti-NF (red) antibodies. Representative merged images are shown, Experiments were performed
independently three times, C: The amount of ZL-12RB1 and JL-12RB2mRNAs in the cells isolated from the spinal cord of uninfected rats was quantified by real-time
RT-PCR. Samples were obtained from the cells after treatment with recombinant 11212 (100 ng/ml) for 18 hours (black columns). Results of experiments done
in triplicate and repeated three times were evaluated as mean = SE values of the fold increase to the data without IL-12 treatment (white columns). *£ < 0.05.
For all experiments, at least three rats were used in each group, Original magnifications, %620 (B).

We then tested the possibility that the inability of
WKAH rats to produce IFN-y in their spinal cords is
caused by defective response to [L-12. To this end,
primary culture cells from the spinal cord of uninfected
rats were treated with iL-12 in vitro, and then expres-
sion of JFN-y was examined. By exposure to IL-12 for
18 hours, expression levels of IFN-y were markedly
increased in tissue-cultured spinal cord cells from
HAM-resistant ACl and LEW rats, whereas no alteration
was seen in the celis from HAM-susceptible WKAH rats
(Figure 5A).

We confirmed by immunofluorescent staining that
treatment with 1.-12 induced IFN-vy only in the neurons of
HAM-resistant rats (Figure 5B). IL-12 also induced neu-
rite outgrowth in neurons prepared from LEW rats, pre-
sumably through the actions of IFN-v. By contrast, similar
treatment did not induce neurite outgrowth in WKAH rats.
Thus, the unresponsiveness of WKAH-derived neurons to
iL-12 in vitro closely mirrored the inability of WKAH-de-
rived neurons to produce IFN-y and undergo neurite
outgrowth in response to HTLV-1 infection (Figures 1
and 3).

Spinal Cord Cells from HAM-Susceptible Rats
Do Not Show Elevated IL-12Rp2 Expression in
Response to IL-12

To understand why WKAH neurons do not respond to
IL-12, we examined expression of [L-12 receptors
in tissue-cultured spinal cord cells obtained from HAM-
resistant and -susceptible strains. IL-12 receptors
are composed of 1 and B2 subunits.®® Although
IL-12RB1 is expressed constitutively, expression of
IL-12RB2 is up-regulated by IL-12. Expression levels

of IL-12RBT mRNA were not altered by IL-12 treatment

in HAM-resistant or -susceptible strains (Figure 5C,
left). By contrast, treatment with IL-12 markedly in-
creased /L-12RB2 mRNA in spinal cord cells from ACI
and LEW but not from WKAH rats (Figure 5C, right).
These resulis indicate that the absence of IFN-y pro-

duction in the spinal cord of WKAH rats results from the
inability of the IL-12RB2 gene to respond to IL-12
signals.
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Figure 7. The amount of JL-72RB2 mRNA in the spinal cord and cerebrum
was quantified by realtime RT-PCR. Samples were obtained from rats 7
months after IITLV-1 infection (black columns) and from age-matched
uninfected controls (white columns). Results of experiments performed in
wiplicate were evaluated as relative expression levels to the GAPDH gene.
For cach strain, the expression level of JZ-12RB2 mRNA in the cerchbrum of
uninfected control rats was set as 1, Relative expression levels (mean ® SD
values) were determined from the experiments done independently three
times. In each group, at least three rats were used. *P < 0.05.

The &'-Flanking Region of the Rat IL-12RB2
Gene Is Polymorphic

To examine whether the defect is in the IL-72RB2 gene
itself, we compared its 5'-flanking sequence between
HAM-resistant and -susceptible strains. Although HAM-
resistant AC! and LEW rats had an identical sequence,
the sequence of HAM-susceptible WKAH rats differed
from that of AC! and LEW rats by 5 bp in the region
spanning — 1079 to —1 (Figure 8). We focused our anal-
ysis on SP-1 and GATA-3 binding sites because expres-
sion of the IL-12RB2 gene has been shown to be regu-
lated positively and negatively by SP-1 and GATA-3
transcription factors, respectively,®° None of the 5-bp
substitutions affects potential SP-1 binding sites; how-
ever, the substitution from A to C at nucleotide position
—239 generates an additional potential GATA-3 binding
site in the WKAH sequence. As a result, there are three
potential GATA-3 binding sites in WKAH, whereas ACI
and LEW have only two such sites. Because GATA-3 is
known to repress /L-12RB2 gene expression strongly,*©
the single nucleotide polymorphism at nucleotide posi-
tion —239 may be related to the defective induction of
IL-12RB2 transcription in WKAH rats. :

In HAM-Susceptible Rats, HTLV-1 Infection
Elevates mRNA Expression of IL-23, IL-27, and
Their Receptors in the Cerebrum but Not in the
Spinal Cord -

in line with the in vitro studies, HTLV-1 infection did not
induce IL-12RB2 mRNA in the spinal cord or the cere-
brum in WKAH rats (Figure 7). By contrast, HTLV-1 infec-
tion elevated /L-72RB2 mRNA in both the spinal cord and
cerebrum in HAM-resistant ACI and LEW rats. In WKAH
rats, defective induction of /L-72RB2 mRBRNA was ob-
served not only in the spinal cord, but also in the cere-
brum (Figure 7). This raised the question of why {FN-y
was induced in the cerebrum of WKAH rats 7 months
after HTLV-1 infection (Figure 1A). To answer this ques-
tion, we focused our analysis on IL-23 and IL-27 because
these cytokines are known to induce IFN-y.47 IL-23 is
composed of p19 and p40 subunits,*? and the p40 sub-
unit is shared by IL-12. IL-23 receptors are made up of
IL-12RB1 and the specific subunit, IL-23R. Expression
levels of IL-23p19, IL-12RB7, IL-23R, IL-27, and IL-27R
(WSX-1) genes were significantly increased in the cere-
brum but not in the spinal cord of WKAH rats 7 months
after HTLV-1 infection (Figure 8). These observations in-
dicate that IFN-y was induced in the cerebrum of WKAH
rats through the [L-23 and/or IL-27 pathways.

Discussion

In the present study, we have demonstrated that expres-
sion of the proinflammatory cytokine IFN-v is significantly
elevated in the spinal cord of HAM-resistant rats 7
months after HTLV-1 infection (Figure 1). The increased
expression of IFN-v in the spinal cord was seen only in
HAM-resistant strains. Importantly, we found that |FN-vy
could suppress expression of the pX gene in vitro (Figure
2), the gene previously shown to be critically involved in
the development of myelopathy in WKAH rats.’”1® Thus,
combined evidence argues strongly that IFN-y prevents
the development of myelopathy by down-regulating pX
gene expression in the spinal cord. However, there may
be other mechanisms through which IFN-vy exerts protec-
tive effects against HAM rat disease. For example, IFN-vy
is known to protect cord blood mononuclear cells from
HTLV-1 infection when they are co-cultured with an
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Figure 8. The amaounts of IL-23p19, IL-12RB1, IL-23R, 1L-27, and JL-27R ( WSX-1) mRNAs in the spinal cord and cerebrum were quantified by real-time RT-PCR.
Samples were obtained from WKAH rats 7 months after HTLV-1 infection (black columns) and from age-matched uninfected controls (white columns). In cach
group, at least three mts were used, Results of experiments done in iplicate were evaluated as relative expression levels to the GAPDH gene. Data from
experiments done independently three times are represented as the fold increase (mean & 8D values) to the data without infection (white columns), 2 < 0.05.



HTLV-1-immortalized T-cell line MT-2, without altering the
provirus load in the culture.®*’ Thus, IFN-y may protect
against the development of myelopathy through multiple
mechanisms.

The CNS including the spinal cord has been consid-
ered as an absolute immunologically privileged site be-
cause of multiple anatomical and biochemical barriers
known as blood-brain barriers. However, throughout the
past decade, this view has been challenged by a number
of observations showing that resident cells of the CNS
produce cytokines and that such cytokines affect both
protiferation and differentiation of cells in the CNS even
under physiological conditions.*® In the 1990s, it was
suggested that endogenous IFN-y exists in the CNS.**
Endogenous IFN-y was detected in the CNS of mice
infected with Theiler's virus,*® and Kiefer and col-
leagues® showed that IFN-y was produced by rat neu-
rons. Because there was no inflammatory cell infiltration
in the CNS of HTLV-1i-infected rats, our present study
makes a strong case for the production of cytokines by
CNS-resident cells. Neurons are not the sole source of
IFN-y in the CNS. Astrocytes in primary culture are known
to produce and release IFN-v after the mechanical and
ischemic injuries.” It is also known that cultured rat as-
trocytes secrete IFN-y in response to tumor necrosis
factor-a in a dose-dependent manner.’® We therefore
asked which population of cells produced IFN-y in the
CNS of HTLV-1-infected, HAM-resistant rats. The obser-
vation made under a confocal microscope provided con-
vincing evidence that neurons were the major cells that
produced IFN-y in our rat model of myelopathy (Figure 3).
This is the first report demonstrating that HTLV-1 infection
induces production of IFN-y by neurons.

To understand why HTLV-1 infection failed to induce
production of neuronal IFN-v in the spinal cord of WKAH
rats (Figures 1 and 3), we initially turned our attention to
{L-12, an innate cytokine induced early during certain
viral infections and a potent stimulator of IFN-y.7 This
cytokine is secreted mainly from microglia in the CNS,*®
and in HTLV-1-infected rats, the provirus is predomi-
nantly localized in microglia and macrophages.’® We
therefore assumed that infected microglia and/or macro-
phages in the CNS were the most likely source of IL-12.
Consistent with this assumption, we detected /L-72p40
mRNA in microglia-rich populations (Figure 4B). To ex-
amine whether poor induction of IL-12 after infection is
responsible for the failure of WKAH rats to produce IFN-y
in their spinal cord neurons, we compared induction ki-
netics of IL-72040 mRNA between HAM-resistant and
-susceptible strains (Figure 4B). In both ACI and WKAH
strains, HTLV-1 infection elevated the amount of IL-72p40
mRNA almost twofold in the microglia-rich population.
Thus, the ability to produce IL-12 in response to infection
is apparently not impaired in WKAH rats.

We then examined the possibility that WKAH rats might
have a defect in its ability to respond to IL-12, To this end,
cultured spinal cord cells from uninfected rats were
treated with IL-12 in vitro, and then expression of FN-vy
was evaluated by real-time RT-PCR and by immuncfluo-
rescent staining (Figure 5). These experiments showed
that IFN-y induction by IL-12 occurs only in neurons
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obtained from the spinal cords of HAM-resistant strains
(Figure 5), indicating that signaling through the IL-12
receptor is defective in WKAH.

To examine whether the defect lies in the IL-12Rp2
gene itself, we compared its 5'-flanking sequence be-
tween HAM-resistant and -susceptible strains. The two
HAM-resistant strains, ACl and LEW, had an identical
sequence; however, the sequence of WKAH rats differed
from that of ACl and LEW by 5 bp (Figure 6). Interestingly,
the A to C substitution at nucleotide position —239 gen-
erates an additional potential GATA-3 binding site in
WKAH rats. Although the mechanism regulating the ex-
pression of the IL-712RB2 gene is only poorly understood,
GATA-3 is known to repress its expression strongly.*®
Thus, the single nucleotide polymorphism at nucleotide
position —239 may be involved in the defective induction
of the IL-12RB2 gene in WKAH rats. However, functional
studies are required to understand whether this polymor-
phism is biclogically significant.

In WKAH rats, HTLV-1 infection did not up-regulate
IL-12RB2 gene expression in the cerebrum (Figure 7).
This observation was initially puzzling because the cere-
brum of WKAH rats was able to produce IFN-vy in re-
sponse to HTLV-1 infection (Figure 1A). A solution to this
apparent paradox came from the fact that production of
IFN-y is regulated not only by IL-12 but also by 1L-23 and
IL-27.%" We observed that HTLV-1 infection increased the
amount of mRNA for IL-23, 1L-27, and their receptors in
the cerebrum but not in the spinal cord of WKAH rats
(Figure 8). Thus, alternative pathways of IFN-+y induction
are active in the cerebrum of WKAH rats. We suggest that
induction of |FN-y via IL-12-independent pathways ex-
plains at least in part why the cerebrum is never affected
in HAM rat disease.

In conclusion, this study is the first to indicate that
neuronal IFN-y protects the CNS from tissue damage
caused by HTLV-1 infection. Although IL-12RB2 is a
prime candidate for the gene that controls susceptibility
to HAM rat disease, genes involved in the regulation of
IL-12RB2 are also potential candidates. We envision that
IL-12/1L-12 receptor-mediated, neuronal IFN-y responses
are also critically involved in the pathogenesis of human
HAM/TSP. Hence, the dissection of the molecular mech-
anisms leading to the development of HAM rat disease
should help us understand the factors that govern sus-
ceptibility to human HAM/TSP.
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Abstract

Although many human molecules have been suggested to affect replication of human immunodeficiency virus type 1 (HI1V-1), the distribution
of such cofactors in human cell types is not well understood. Rat W31/D4R4 fibroblasts expressing human CD4 and CXCR4 receptors were
infected with HIV-1. The provirus was integrated in the host genome, but only a limited amount of p24 Gag protein was produced in the cells and
culture supernatants. Here we found that p24 production was significantly increased by fusing HIV-1-infected W31/D4R4 cells with uninfected
human cell lines of T-cell, B-cell, or macrophage lineages. These findings suggest that human cellular factors supporting HIV-1 replication are
distributed widely in cells of lymphocyte and macrophage lineages. We also examined whether the amount of p24 produced by rat~human hybrid
cells was correlated with expression levels of specific human genes. The results suggested that HP68 and MHC class 11 transactivator (CIITA)
might up- and down-regulate p24 production, respectively. It was also suggested that HIV-1 replication is affected by molecules other than those

examined in this study, namely, cyclin T1, cyclin-dependent kinase 9, CRM1, HP68, and CIITA.

© 2006 Elsevier Inc. All rights reserved.

Keywords: HIV-1; Rat model; Cell fusion; Cyclin T1; CDK9; CRM1; HP68; CIITA

Introduction

Replication of human immunodeficiency virus type 1
(HIV-1) is initiated by binding of the viral envelope to the
specific surface receptors on target cells. The viral envelope
gp120 glycoprotein binds to a human CD4 molecule ex-
pressed on T cells and macrophages. A chemokine receptor
CXCR4 on T cells or CCRS on macrophages is also required
for virus entry into cells (Kozak et al., 1997). CD4 molecules
and chemokine receptors of rodents, which are naturally
resistant to HIV-1 infection, do not bind to gp120; therefore, a
major barrier to HIV-infection exists at the level of virus entry
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(Pleskoff et al., 1997). Recent studies showed that rat-derived
cells expressing human CD4 and CXCR4 or CD4 and CCR5
became susceptible to HIV-1 viruses (Xeppler et al., 2001).
However, the rat cell lines produced infectious virus particles
still at much lower levels than in human cells, suggesting the
existence of additional human factors important for HIV-1
replication.

Over the past couple of decades, several critical steps in
HIV-1 replication have been identified. HIV-1 gene expres-
sion relies upon complex machinery controlled by two viral
regulatory proteins, Tat and Rev. Tat activates the transcrip-
tion of the viral genome and requires the cellular protein
kinase activity termed TAK/P-TEFb, composed of cyclin T1
and cyclin-dependent kinase 9 (CDK9), for its transactiva-
tion function (Herrmann and Rice, 1995; Chen et al., 1999).
It is reported that the host MHC class II transactivator
(CIITA) is recruited instead of Tat during an early phase of
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infection (Saifuddin et al., 2000). Rev is necessary for the
accumulation of incompletely spliced HIV-1 RNAs in the
nucleus and exports them to the cytoplasm cooperating with the
cellular exportin 1/CRM1 molecule (Cmarko et al., 2002).
During HIV-1 assembly, Gag polypeptides multimerize into
immature HIV-1 capsids. The cellular ATP-binding protein,
HP68, is required for this process (Zimmenman et al., 2002;
Lingappa et al., 2006).

Although many human molecules have been suggested to
affect HIV-1 infection and replication, the distribution of such
cofactors in human cell types is not well understood. Here we
infected rat fibroblasts coexpressing human CD4 and CXCR4
with HIV-1, fused them with uninfected human cell lines of
T-cell, B-cell, or macrophage lineages, and then examined
virus production and expression profiles of human genes in
the fused cells.

Materials and methods
Cells

Rat W31 fibroblasts (Ianki et al., 2000) were transfected with plasmids
carrying the human CD4 gene and those carrying the CXCR4 gene. The
expression plasmid of the human CD4 gene (Yamamura et al,, 1991) was
kindly provided by Dr. Karasuyama (Tokyo Medical and Dental University,
Tokyo, Japan). The CXCR4 ¢cDNA was amplified using total RNAs extracted
from human peripheral blood mononuclear cells and then subcloned into the
pcDNA3.1/Zeo vector (Invitrogen, Carlsbad, CA). Transfection was carried
out using Lipofectamine (Invitrogen) according to the manufacturer’s
protocol, The transfectant, designated as W31/D4R4 cells, was maintained
in DMEM supplemented with 10% fetal calf serum (FCS), 400 pg/ml of
G418 (GIBCO-BRL, Rockville, MD), and 40 pg/ml of Zeocine (Invitrogen).
Several weeks later, cloned W31/D4R4 cells were obtained with limiting
dilution.

Human cell lines, including Hut78 and Jurkat (T-cell lymphoma), U937
(macrophage-like cell line), and GI, Raji, Swei, and WT46 (B-cell
lymphoma), were cultured in RPMI 1640 medium supplemented with 10%
ECS.

HIV-1 infection

W31/D4R4 cells (5% 10°) were pretreated with 2 pg/ml of polybrene for
30 min and then the T-tropic HIV-1 strain, SF33 (Tateno and Levy, 1988), was
applied to the cells (equivalent to 200 ng of p24 Gag protein) followed by
incubation for 3 h at 37 °C. The supematants were then removed, and cells were
washed 3 times with PBS and digested by trypsin to remove viruses that had not
entered the cells. The cells were resuspended in the selection medium and
cultured at 37 °C,

PCR and RT-PCR for HiV-] genes

Genomic DNAs were extracted from the HIV-1-infected W31/D4R4 cells by
the standard method. Total RNAs were extracted from the cells with TRizol
Reagent (Invitrogen). The RNAs were subjected to DNase [ treatment to remove
contaminating DNAs, cDNAs were synthesized with 4 1g of the DNase-treated
RNAs using the SuperScript I kit (Invitrogen). PCR for HIV-1 genes was
performed using primer sets described previously (York-Higgins et al., 1990;
Brandt et al,, 1992).

ELISA for p24 Gag protein

HIV-1 p24 Gag protein was quantified using the p24 assay ELISA kit
(Zeptometrix, Buffalo, NY). Culture supernatants and cell lysates were

subjected to this assay. Tissue culture medium was changed with a fresh one
24 h prior to the assay. The supematants were centrifuged to remove cel]
debris; 450 pl of the solution was taken and then mixed with 50 pl of the
lysis buffer appended to the kit, The resultant mixture served as culture
supernatant samples. For cell lysate samples, 1% 107 cells were resuspended
in 450 pl of fresh medium and then mixed well with 50 pl of the lysis buffer,
After centrifugation for removal of the pellets, the supematants were used as
cell lysate samples.

Cell fusion

HIV-1-infected W31/D4R4 cells were maintained for 3 months. Cells

(5% 10% were then washed extensively with PBS, digested by trypsin, and
mixed with an equal number of human cells. The mixed cell pellets were
overlaid with 1 mi of a 50% solution of polyethylene glycol and stirred gently.
After incubation at 37 °C for 1 min, PBS was added slowly followed by
centrifugation (500xg for 5 min) to remove supematants. The pellets were
resuspended in the selection medium and incubated at 37 °C. The medium was
changed with 2 fresh onc every 3 or 4 days. Three weeks later, p24 con-
centrations were determined in the fused cells and culture supernatants, and the
expression of human genes in the rat—human hybrid cells was examined by RT-
PCR (see RT-PCR for human genes).
" To evaluate the efficiency of cell fusion, human cells were labeled with
PKH26 Red Fluorescent Cell Linker Kit (Sigma-Aldrich, St. Louis, MO),
according to the manufacturer’s protocol, prior to cell fusion. The labeled cells
were then fused with uninfected W31/D4R4 cells as described above. Fused
cells were incubated in the selection medium at 37 °C for 1 week. The
percentage of fused cells was calculated by dividing the number of fluorescence-
labeled cells by that of living cells.

RT-PCR for human genes

Expression of human genes, including cyclin T1, CDK9, CRM1, HP68, and
CIITA, was examined by RT-PCR. Hybrid cells were harvested 21 days after
fusion, and total RNAs were extracted and then subjected to cDNA synthesis,
cDNAs were also prepared from parental human cells that were not subjected to
fusion with W31/D4R4 cells. The first round of PCR was run for 15 cycles
(95 °C for 30 s, annealing for 30 s, 72 °C for 30 s) with sense 1 and antisense 1
primers. The second round of PCR was run for 35 cycles (95 °C for 30 s,
annealing for 30 s, 72° for 30 s) with sense 2 and-antisense 2 primers. Primer
sequences and the annealing temperature are shown in Table 1. These primer
sets were specific for the human genes and did not amplify the corresponding rat
genes,

Table 1
Primers used for RT-PCR

Name of genes Sequences {5’ to 3') Annealing

temperature
Cyclin T1 Sense 1 (2)" agclggaaaatageccalce 60 °C
Antisense 1 aggaggtictgatggcagag
Antisense 2 ctgctggagecacagaatit
CDK9 Sense 1 gecaagatcggecaaggeacettegg 56 °C
Sense 2 ggtgttcaaggccaggeaccgea
Antisense 1 (2)° cccatcacgagtgataagcacatta
CRMI Sense 1 {glipgagcangtaggaccag 55°C
Sense 2 geaatgeatgaagaggacga
Antisense 1 (2)* cctgaacctgaacgaaalge
HP68 Sense 1 gagliglcctglagitegaate 55°C
Sense 2 gtacgatgatecteotgacigge
Antisense | aaclctectectgaaagatetica
Antisense 2 teglictittaggtpggtiaaatca
ClITA Sense 1 (2)° clgggattcctacacaatgeg 60 °C

Antisense 1
Antisense 2

cigggatcatctcaggetga
tcageatcgetgttaagaagete

* The same primer was used for the first and second rounds of PCR.
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Fig. 1. Integration of the provirus (A) and expression of viral mRNAs (B), W31/
D4R4 cells were infected with HIV-1. Genomic DNAs and total RNAs were
extracted from the cells 3 months afier infection, and then integration of the
provirus and expression of viral mRNAs were examined by PCR and RT-PCR,
respectively. Ovals indicate specific PCR products. Product size: gag, 213 bp;
pol, 307 bp; vif, 321 bp; tat, 159 bp; and env, 321 bp. M, 100-bp ladder marker.

Statistics

Data were analyzed with Student’s r-test. P-values less than 0.05 were
considered to be significant.

Results

Integration and expression of viral genes in W31/D4R4 cells
infected with HIV-1

W31/D4R4 cells were infected with the T-tropic HIV-1
strain, SF33. Three months later, genomic DNAs and total
RNAs were extracted from the HIV-1-infected cells, and then
integration of provirus and expression of viral mRNAs were
examined by PCR and RT-PCR, respectively.

Integration of HIV-1 provirus was confirmed by PCR with 5
pairs of primers, each specific for the gag, pol, vif, tat, or env
region of the HIV-1 genome (Fig. 1A). Expression of viral
mRNAs, including gag, pol, vif, tat, and env, was detected by
RT-PCR (Fig. 1B). By contrast, RNAs without reverse trans-
cription did not generate visible PCR products, indicating
minimal contamination of genomic DNAs in the RNA sample
(data not shown). These findings suggested that W31/D4R4
cells were infected with HIV-1 and that integration of provirus
was accomplished and viral mRNAs were expressed in the rat
cells.

Production of p24 Gag protein in W31/D4R4 cells infected
with HIV-]

We examined the production of viral proteins in HIV-1-
infected W31/D4R4 cells by measuring p24 Gag concentrations

in the cell lysates and culture supernatants. Samples were
collected at days 2, 4, 7, 14, 21, and 28 post-infection, and the
amount of HIV-1 Gag protein was measured using the p24
ELISA kit. p24 in the cell lysates showed a peak concentration
of >10,000 pg/ml at day 4 post-infection and decreased to
84 pg/ml at day 28 post-infection (Fig. 2). Even 3 months later,
p24 in the cell lysates retained a concentration of 12 pg/mi (data
not shown). On the other hand, p24 in the supernatants showed
a peak concentration of > 1000 pg/ml at day 4 post-infection, but
decreased rapidly, and fell below the detection limit at day 28
post-infection.

Production of p24 Gag protein in fused cells

Three months after HIV-1 infection, the infected W31/D4R4
cells were fused with human cell lines. Cell lysates and culture
supernatants were subjected to ELISA at day 21 after cell
fusion. p24 concentration in the cell lysates showed a 4- to 10-
fold increase when the HIV-1-infected W31/D4R4 cells were
fused with an uninfected human T-cell lymphoma line Hut 78, a
macrophage-like cell line U937, and B-cell lymphoma lines GI,
Swei, and WT 46 (Fig. 3A). Although there was no statistically
significant difference, fusion with the B-cell lymphoma line
Raji also increased the concentration of p24 in the cell lysates.
On the other hand, no significant increase was seen when HIV-
1-infected W31/D4R4 cells were fused with the human T-cell
lymphoma line Jurkat.

Fusion with human cells generally failed to increase p24
concentration in the culture supernatants (Fig. 3B). However,
p24 concentration showed a slight but statistically significant
increase (10 pg/ml) when the HIV-1-infected W31/D4R4 cells
were fused with the B-cell lymphoma line WT46.

Alteration of human gene expression after cell fusion

Expression of human cyclin T1, CDK9, CRM1, HP68, and
CIITA genes was examined by RT-PCR in both parental

p24 (pg/mi)
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Fig. 2. Produclion of p24 in HIV-1-infected W31/D4R4 cells. W31/D4R4 cells
were infected with HIV-1. Cell lysates and culture supernatants were collected at
days 2, 4, 7, 14, 21, and 28 post-infection, and the amount of HIV-] p24 Gag
protein was measured using the ELISA kit,




4
A
1,000
Ed Lo
ES K
S
g 100} T T
3 I T
o,
.
1ol
B
30 .
A
£
= 20t
g
<
o~
o
10}
T T T
0..
© 0w N ® 5 B O =
E £ 8 ° & g g s
r 3 ° k)
T

Fig. 3. Production of p24 in HIV-l-infected W31/D4R4 cells fused with
uninfected human celis. HIV-l-infected W31/D4R4 cells were fused with
indicated human cells. Cell lysates (A) and culture supernatants (B) were
subjected to ELISA at day 21 after fusion (*p <0.05).

human cell lines and rat~-human hybrid cells. For this
analysis, we used the same batch of hybrid cells as used in
Fig. 3. Cyclin T1, CDK9, CRMI1, &nd HP68 genes were
expressed in all the human cell lines examined (Fig. 4, left
panels). Notably, expression of CIITA was not detected in
Jurkat (see asterisk).

After cell fusion, expression of human genes was largely
extinguished (Fig. 4, right panels). None of the hybrid cells
expressed human CDK9 or CRM1. Expression of cyclin T1 was
seen exclusively in W31/D4R4 cells fused with Raji, and HP68
was expressed only in W31/D4R4 cells fused with WT46. The
human CIITA gene, expressed in Hut78, U937, and the B-cell
lymphoma lines, lost its expression after fusion. On the
contrary, expression of CHITA was induced in W31/D4R4—
Jurkat hybrid cells.

Discussion

Development of a small animal model of HIV-1 infection
would greatly facilitate studies of virus transmission, patho-
genesis, host immune responses, and antiviral strategies. Mice
and rats are attractive models for HIV-1 study because they can
be genetically manipulated. However, the development of a
permissive model has been hampered by the inability of HIV-1
to infect primary rodent cells.

Rodent CD4 and CXCR4/CCRS5 (receptors for HIV-1) do
not bind to the viral envelope gpl120 (Pleskoff et al., 1997).
Transgenic mouse and rat cells, expressing human CD4 and
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CXCR4 or CD4 and CCRS, became susceptible to HIV-1
infection, and the provirus could be integrated in the host
genome (Sawada et al., 1998; Keppler et al., 2001). However,
replication of the infectious virus remained at much lower levels
in these rodent cells than in human cells, thus suggesting the
involvement of additional human genes in virus replication
(Freed, 2004; Trkola, 2004). Indeed, it has been reported that
human but not rodent cyclin T1 supports the function of viral
Tat protein (Keppler et al., 2001). One of the effective ways to
identify human molecules contributing to HIV-1 replication is to
conduct cell fusion experiments using human and rodent cells.
Identification of such molecules and subsequent introduction
into rodents should help us establish animal models of HIV-1
infection. o

Although several human molecules have been suggested to
affect HIV-1 replication, the distribution of such cofactors in
human cell types is'not well understood. In the present study,
rat fibroblasts transgenic for human CD4 and CXCR4 genes,
W31/D4R4, were infected with HIV-1. These cells were fused
with uninfected human cell lines of T-cell, B-cell, or
macrophage origin followed by the assessment of associations
between viral production and human gene expression.

As expected, rat W31/D4R4 cells could be infected with

" HIV-1, and the provirus was integrated in the host genome (Fig.

1A). Expression of virus genes was detectable by RT-PCR even
3 months after infection (Fig. 1B), but the concentration of p24
Gag protein was very low in the cell lysates (12 pg/ml) and was
below the detection limit in the culture supernatants (Fig. 2).
Poor production of p24 may have occurred because rat cells
infected with HIV-1 died or were unable to proliferate like their
uninfected counterparts and/or because host factors supporting
viral replication were deficient in rat cells. Since we observed
no significant difference in the viability and proliferation of
W31/D4R4 cells before and after HIV-1 infection, the first
possibility appeared unlikely. Thus, we conducted cell fusion
experiments using HIV-1-infected W31/D4R4 cells and unin-
fected human cell lines.’

We found significant recovery of the expression of p24 Gag
protein in the HIV-1-infected W31/D4R4 cells upon fusion with
the human T-cell lymphoma line Hut78, macrophage-like cell
line U937, and B-cell lymphoma lines GI, Swei, and WT46
(Fig. 3A). These findings indicate that human factors that
support HIV-1 replication are distributed widely in cells of
lymphocyte and macrophage lineages.

To examine whether the amount of p24 produced by hybrid
cells is correlated with expression levels of specific human
genes, we analyzed expression of cyclin T1, CDK9, CRM1,
HP68, and CIITA genes in the fused cells. We chose these genes
for study because they have been suggested to affect HIV-1
replication (Herrmann and Rice, 1995; Chen et al., 1999;
Saifuddin et al., 2000; Cmarko et al., 2002; Zinunerman et al.,
2002; Lingappa et al., 2006). As shown in Fig. 4, expression of
most human genes was lost or down-regulated after cell fusion.
By contrast, expression of rat genes coding for cyclin TI,
CDK9, CRMI, HP68, and CIITA was not altered (data not
shown). These observations indicate that human genes are
preferentially lost or inactivated by cell fusion. Some hybrid






