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moniliforme, Eurotium, Aspergillus fumigatus, Curvularis,
Aureobasidium pullulans, Trichoderma sp., Chaetomium
globosum and Rhizepus stolonifer (data not shown).

In respect 1o the specific human immune responses to the
E. cuniculi infection, anti-spore wall 1gG was observed 1o
precede anti-PT 1gG (7). Strong antigenicity and immuno-
genicity of E. cuniculi PTP1 have also been reported (20).
However, most of our subjects were negative for anti-spore
wall 1gM and 1gG, as noted previously (10). Moreover,
anti-PT 1gG antibodies were not detectable in most of our
subjects (10). Therefore, these subjects may have been
exposed to E. cuniculi spores, but showed little secondary
immune response to their exposure. There is still the possibility
that such IgM antibodies are cross-reactive antibodies
produced by fungal infections, since the primary response
usually is of low specificity. In these regards, further work
needs to be done.

Apart from some extremely rare situations, it is most
unlikely that microsporidiosis is provoked by E. cumiculi in
immunocompetent persons (2.4,8). Considering that almost
all human encephalitozoonosis cases occurred in immuno-
compromised patients (2,4—6), one can speculate that
protective immunity plays a very important role against
E. cuniculi infection. We previously showed that the rate of
positivity for anti-PT 1gM antibodies was significantly
higher among healthy people than among HIV-positive
persons, such that the CD4 cell level greatly affected
the detection of anti-PT IgM antibodies (10). It should be
emphasized that human microsporidiosis is predominantly
associated with CD4" T cell deficiency (8,22). A recent report
on intraocular microsporidiosis in a patient with idiopathic
CD4* T-lymphocytopenia proves the infectivity of E. cumiculi
for immunodeficient humans (23).

In a model of PT discharge, it has been thought that
unpolymerized PTP is released from the PT core and
polymerizes on the outside of the membrane scaffolding as
it is being everted (20). If circulating anti-PT [gM antibodies
react with these unpolymerized and polymerized PTPs,
resultant antigen—antibody complexes may block the
formation of PTs, thus preventing the PT from penetrating
a host cell. However, as in other human opportunistic
protozoal infections, microsporidian-specific antibodies
alone may not be protective (22). In humans, cell-mediated
immunity is said to be critical for protection against micro-
sporidian organisms (22), More recently, Sak er @/, (24) demon-
strated that humoral antibodies enhance the protective effect
of CD4" T lymphocytes using SCID mice perorally infected
with E cuniculi, suggesting that the humoral part of the
immune system may contribute to the defence against
microsporidial infection. Further studies on human anti-PT
1gM need to be performed from the perspective of protective
immunity.
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Interleukin-4 —Transgenic hu-PBL-SCID Mice:
A Model for the Screening of Antiviral Drugs
and Immunotherapeutic Agents against X4
HIV-1 Viruses

Kazu Okuma,' Reiko Tanaka,' Tomoyuki Ogura? Mamoru Ito, Sei Kumakura,' Mikiro Yanaka,' Masako Nishizaws,*
Wataru Sugiura,* Naoki Yamamoto,* and Yuetsu Tanaka'

"Dapartmant of immunology, Graduate School and Facuity of Madicine, University of tha Fyukyus, Dkinawa. “Central Instinuta for Expenmental
Animals, Kanagawa, and ®wsha Corporation and ‘Natonal Instituss of Infactious Diseases. Tokyo, Japan

CXCR4-tropic {x4) human immunodeficiency virus type 1 (HIV-1) does not efficiently infect and replicate in
severe combi leficiency (SCID) mice reconstituted with human peripheral blood mononuclear cells,
termed “hu-PBL-SCID mice,” due to, at least in part, relatively low levels of expression of the CXCR4 coreceptor.
To overcome this limitation, interleukin (1L)-4 —transgenic hu-PBL-SCID mice were derived that spontaneously
synthesized human IL-4, which has been shown to enhance CXCR4 exp and promote X4 virus infection in
vitro, Experiments reported here show that (1) synthesis of human IL-4 in vivo augmented CXCR4 expression on
human CD4* lymphocytes and importantly led to productive infection of not only X4 HIV-1y,., but also
multidrug-resistant primary clinical isolates and that (2) the in vivo infection could be significantly blocked by the
administration of a CXCR4 antagonist. Altogether, IL-4 —transgenic hu-PBL-SCID mice provide a useful model

for X4 HIV-1 study and testing/screening of anti-Xd viral drugs.

HIV-1 isolates enter target cells primarily after binding
1o the CI4 receptor and via the CXCR4 and CCR5 co-
receptors [ 1-5] and are classified into X4 and R5 strains,
respectively [6]. The X4 isolates are frequently impli-
cated in the decline of peripheral CD4* T cell counts
chamacteristic of the late stage of HIV-1 infection pro-
ceeding to the development of ALDS [7].

hu-PBL-SCID mice have been extensively used as a
small animal model o study HIV-1 pathogenesis
[8~14]. Results from a previous study showed that, al-
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though infection of human peripheral blood mononu-
clear cell (PBMC)-reconstituted hu-PBL-SCID mice
with a predominantly RS HIV-1 caused intensive CD4*
T cell depletion, infection of similarly reconstituted
mice with the same infectious dose of an X4 HIV-1 re-
sulted in little or no CD4* T cell depletion [11]. There-
after, it was noted that this limitation of X4 HIV-1 infec-
tion was due, at least in part, toa decrease in the intensity
of CXCR4 expression on CI4* Teells | 13]. Thus, it was
reasoned that the pathogenic effects of the X4 HIV-1
strains in the hu-PBL-SCID mice might be related wo the
relative levels of the expression of HIV- | coreceptor (the
state of activation/differentiation) on human CD4' T
cells at the time of infection in these mice. This limita-
tion has o date restricted our ability to use this mouse
model for understanding the mechanisms of X4 HIV-1
pathogenesis and for the evaluation of candidate thera-
peutics against X4 viruses. These findings prompted us
1o seek alternative strategies for the development of an
improved hu-PBL-5CID mouse system that is permis-
sive for infection/replication of X4 isolates.

Human interleukin (1L)—4 has been shown to specif-
ically enhance the cell surface expression of CXCR4 on

4 ¢+ JID 2008:197 (1 January) = Okima et al
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resting peripheral blood Teells [ 15]. Furthermore, it has been
reported that human 11-4 plays an important role in render-
ing CD4* T cells susceptible to X4 HIV-1 infection via en-
hanced cell-surface expression of the CXCR4 coreceptor in
vitro [15-17].

In efforts to overcome the limitation inherent with the use of
hu-PBL-SCID mice for the study of X4 HIV-1 as described
above, we developed an IL-4 transgenic immunodeficient
mouse model that consistently secreted readily detectable serum
levels of human IL-4. We show here that X4 isolates readily in-
fect/replicate in this mouse model but not in wild-type (w1}
non-IL-4-transgenic mice and that this model can now be ex-
ploited for the mpid evaluation of the therapeutic efficacy of new
anti-X4 HIV-1 agents in vivo.

METHODS

1L-4-producing mice. Two strains of human [L-4 —transgenic
immunodeficiemt mice were bred on the C.B-17-scd [18] and
BALB/cA-Rag2™'"y, " (dKO) genetic background mice [19,
20] at the Central Institute for Experimental Animals (CIEA) as
follows. PBMCs were isolated from a healthy human volunteer
and activated in vitro with pokeweed mitogen, RNA was pre-
pared from these PBMCs, and then cDNA was synthesized by
reverse-transcriptase polymerase chain reaction (PCR). Human
[1.-4 cDNA was amplified from the ¢DNA using one set of prim-
ers: 5-CCCGGGATCGTTAGCTTCTCCTGATAAAA-3' and
SLGCGGCCGCTATTCAGCTCGAACACTTTGAAT-3.  The
product was inserted into the PCR2.] vector by use of the TA
cloning kit (Invitrogen) and the insert sequenced. After confir-
mation of the sequence, [L-4 cDNA was inserted into pCMVb
with 4 CMV promoter (Invitrogen). To produce transgenic
mice, @ DNA [ragment containing the CMV promoter, 1L-1
cDNA, and Poly(A) regions was excised with Xfiol and Hindlll
sites of pCMVD and microinjected into the pronuclei of fertil-
ized eggs from the 2 strains (C.B-17-scid and BALB/cA-dKO) of
mice, These eggs were subsequently transplanted into oviducts
of pseudopregnant foster recipient mice. The offspring mice
were screened to confirm the insertion of the transgene into the
genome by PCR, and serum from these mice was screened for
levels of human [L-4 by ELISA with a commercial kit (BD). The
IL-4 mransgene—hemizygous mice were maintained by mating
them with wt mice with the same genetic background in the
specific-pathogen-free (SPF) facility of the CIEA. The mice were
transferred to the SPF and biosafety level 3 facilities of the Insti-
tute for Animal Experiments, University of the Ryukyus, and
were used for further experiments. The experimental protocols
were approved by the Institutional Animal Care and Use Com-
mittee on the basis of the Regulation for Animal Experimenta-
tion of the C1EA and University of the Ryukyus before the initi-
ation of the study.

Viruses. X4 HIV- 10 was obtained as described elsewhere
[14]. Fourteen multidrug-resistant (MDR) HIV-1 clinical iso-
lates were obtained from HIV- I-infecied patients who had been
treated with highly active antiretroviral therapy (HAART), The
viruses were propagated in PBMCs stimulated with phytohe-
magglutinin (FHA; Sigma), 1L-2 (National Institutes of Health
AIDS Researchand Reference Reagent Program), and 1L-4 (Pep-
rotec), Three isolates from these MDR isolates that efficiently
grew in the activated cells were selected for further experiments,
The titers of virus stocks were determined by end-point titra-
tion wsing a 2-fold limiting dilution of the stock and in vitro
PHA-activated human PBMCs, and the infectious units (1U)
were calculated.

CXCR4 antagonist. The synthesis and purification of the
CXCR4 antagonist KRH-1636 were performed at Kureha Cor-
poration as described elsewhere [21]. As a control, the carrier
tartrate was used in parallel.

Transplantation and infection. The control (wi) and the
IL-4—transgenic C.B-17-scid mice were depleted of NK cells by
the intraperitonesl (ip) injection of 0.5-1.0 mg of anti-mouse
IL-2R B {TMPB-1) [22] per animal. The IL-4—transgenic and the
contral BALB/¢A-dKO mice do not require TMB-1 treatment
because they lack NK cells [19, 20]. PBMCs were isolated from
healthy human donors. Groups of 2-4-month-old IL-4-trans-
genic mice from each of the 2 background strains and their cor-
responding non-IL-4—transgenic wi mice were injected ip with
PBMCs 3 days later. Groups of mice were challenged 24 hlater ip
with mock, HIV-1y, 5, or MDR isolates (2000 1U/500 pl/ani-
mal). For the experiments using the CXCR4 antagonist, groups
of mice were administered 0.1 mL of 10 mmol/L KRH-1636, the
tartrate carrier or saline ip at 1 h before and 1 day after virus
infection. At 68 days after infection, the mice were killed, their
blood was obrained by cardiocentesis, and human lymphocytes
were collected from the peritoneal lavage fluids. The serum sam-
pleswere assayed for levels of human I1.-4 by use of an ELISA kit
{R&D Systerns). The human lymphocytes were analyzed using
flow cytametry as described below. The remaining cells were
cultured in RPMI 1640 medium (Sigma) supplemented with fe-
tal calf serum and [L-2. The peritoneal lavage fluids, serum sam-
ples, and lymphocyte culture supernatants were examined for
levels of p24 by use of an ELISA kit (Zepto Metrix).

Flow cytometry analysis. Cell samples to be analyzed by
flow cytometry were initially incubated with normal human 1gG
for blocking of the Fe receptors. For cell-surface staining, ali-
quots of cells were then stained with Cy5-labeled anti-CD4
(OKT4) and phycoerythrin-labeled anti.CXCR4 (12G5; Dako)
or with Cy5-labeled anti-CD3 (OKT3). For intracellular stain-
ing, afier CD3 staining the aliquots of cells were fixed, permeab-
lized, and incubated with fluorescein isothiocyanate-labeled
anti-HIV-1 Gag p24 (2C2; Y.T. etal,, unpublished dara), Swined
samples were analyzed on a FACSCalibur flow cytometer, using
Cell Quest software (BD Pharmingen). Aliquots of cells stained
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Table 1. Expression of human CD4, CXCRA, and intracellular HIV-1 p24 in cells from X4 HIV-1-infected
hu-PBL-SCID mice.

X4 HIv-1 Mics, Coa1 CXCR4'CD4* 1 p2at 1
Category infection no cells, % P cells, % P cals, % F
CBA7sdidmice ... e T LT e AR ¥
Contral NL4-3 [ 221 +B3 <000 a5.2 = 4.7 <001 O01=00 NS
L4 transgenic [ (NL4B | B 1 863 £ 9.0 66 B Bl el | <0
BALB/cA-dKO mice
Control OIS L ITEST s s s RGN TTEBET S 00| 02200 <05

L4 transganic NL4-3 3 574 = B3 682+39 32=12

NOTE. Calls in pasitonssl Iavage fluid from control and interleukin (iL}-4-transganke hu-PBL-SCID mice on either the C 5-17-scid o
HALAKAKD background were labelsd with sppropriate manoclonal antibodies and anatyzed by fiow cytomarry. &s described in
Methods Anakyred data e shown as mean = S0 valuas NS, not significant The indicated P valuas for the comparison of control vs
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transgenic mice for #ach cateqory ane based on Student's 1 fest

with or without each of the antibodies described above were used
as controls for the purposes of establishing gates and for the
determination of the frequency of positive cells.

Staristical lysis, Data obtained by How cytometry were

analyzed by Student’s r test with GraphPad Prism (version 4.0c
for Mac OS X; GraphPad Software).

RESULTS

Production of human 1L-4 in IL-4—transgenic mice. Elforts
to construct the [L-4 —transgenic mice constitutively synthesiz-
ing human IL-4 finally led to the establishment of mice on each
of the 2 immunodeficient backgrounds expressing either high or
low serum levels of human IL-4 (data not shown). On the basis
of preliminary data obtained on the efficiency of virus replica-
tion, all subsequent experiments were done using only the 2
strains with high serum IL-4 expression levels. We assayed for
levels of human IL-4 in the serum from the IL-1* bu-PBL-SCID
mice and the wt hu-PBI -SCID mice on either the C.B-17-suid or
BALB/cA-dKO background after infection with X4 HIV- 1,
Serum from each of the TL-4-transgenic mice on either back-
ground contained significant levels of human [L-4 (~ 8001800
pg/mL), whereas serum from the control mice on the same back-
ground showed nondetectable levels of human IL-4. These data
demonstrate that the human IL-4 synthesized by the IL-4 —trans-
genic mice is generated from the transgene but not from the
human PBMCs transplanted in these mice.

Effect of human IL-4 on the levels of human CXCR4 and
CD4 expression by cells transplanted into mice.  Since hu-
man 111 has been previously documented to enhance the ex-
pression of CXCR4 in witro, experiments were done to examine
the expression of human CXCR4 on transplanted CD4" cells in
the peritoneal lavage fluids from HIV-1,, ~infected [L-47 hu-
PBL-SCID mice and control hu-PBL-SCID mice on either the
C.B-17-sad or BALB/cA-dKO background. There did not ap-
pear 1o be any detectable difference in the ubsolute amounts of
cells recovered from the peritoneal lavage fuids from the 1L-4

positive or IL-4-negative hu-PBL-SCID mice on either back-
ground (data not shown). Flow cytometry analysis demon-
strated that the frequency of human CD4" cells from the 1L-4—
transgenic C.B-17-scid or BALB/cA-dKO mice was significantly
higher than that from the control mice (table 1). As expected,
there was a marked increase in the frequency of CXCR4-
expressing CD4 " cells from the IL-4—transgenic mice on either
genetic background relative to that from the control mice (figure
1A and table 1). Thus, these data indicate that human IL-4 pro-
duced endogenously is functional in vivo in terms of its ability to
enhance human CXCR4 expression on CD4 " cells transplanted
into the mice.

Increased frequency of X4 HIV-1-infected cells from 11-4—
transgenic hu-PBL-SCID mice.  Since the constitutive synthe-
sis of human 1L-4 in IL-4-transgenic hu-PBL-SCID mice re-
sulted in the enhanced expression of X4 HIV-1 receptors
(human CXCR4/CD4) on the transplanted cells, we reasoned
that such cells were likely to be more permissive to the infection
and replication of X4 HIV-1. We thus challenged the 11-4—
transgenic hu-PBL-SCID mice and control hu-PBL-SCID mice
bred on the C.B- 17-scid or BALB/¢A-dKO mice with HIV-1,.
Cells obtained from the peritoneal lavage fluids were analyzed
for cell-surface expression of human CD3 (since HIV-1 down-
modulates CD4 expression) and the presence of intracellular
p24. As seen in figure 18 and table 1, although very few if any
D3 cells from the control or 1L-d-transgenic C.B-17-scid
mice showed p24 expression, there was a >10-fold increase in
the frequency of CD3 " T cells that expressed p24 from the 11.-4 -
transgenic BALB/cA-dKO mice relative to the control mice.
These data suggest that, while trunsgene-induced human 11.-4
increases the frequency of CDA"CXCR4" T cells transplanted
into both the C.B-17-sad and the BALB/cA-dKO mice, only the
latter demonstrates increased sensitivity to X4 HIV-1 infection
and replication, at least when this assay 1s used (see below).

High production of X4 HIV-1 in the culture supernatants of
cells from IL-4—transgenic hu-PBL-SCID mice. In an effort
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Figure 1. Enhancamant of the expression of CXCRA coreceptor and facilitation of X4 HIV-1 infection and replication in hu-PBL-SCID mice by n vivo
production of human intertevian (L4 Groups of hu-PBL-SCID mice, generated from IL-4 ~transgenic and nontransgenic (control) mica on either the
C.B-17-scid or BALB/cA-dKO background, were injected intraperitoneally with HIV-1,,, 8t —24 h after peripheral blood mononucleat cell PBMC)
reconstitution. Six 1o eight days later, peritoneal lavage fiuids were harvested from mice in each group, and cells were collected from the fuids by
density-gradient centrifugation. A Cells analyzed for the frequency and mean density of human CXCR4 expression on CO4* cells by Hlow cytometry
Data for analyzed cells are depicted by a thick line, and the background control profile is depicted by a thin Ine and gray shading The nos. above the
bars represent the percentage of positve cells Data shown are representative of mice in each group from 3 indepandent expeniments & HIV-1
infectvity. Calls were subjected to flow cytometry atter cell-surface CD3 and intracellular p24 staining. Analyzed data are depicted as dot plots. The
nes. in the graphs indicate the percentage of CD3*p24* cells. Data displeyed are representative of mice in sach group from 3 independent experiments

1o determine the reason for our failure to detect levels of intra-
cellular p24 in the IL-4-transgenic mice on the C.B-17-scid
background and to further support the above finding, peritoneal
lavage fuids were collected from mock- or HIV-1,, —infected
1L-4" hu-PBL-SCID mice and, for purposes of control, the HIV-
I —infected non-I1-4—transgenic mice on the C.B-17-sad
background. The cells were isolated from the peritoneal lavage
fluids, and an aliquot was analyzed for the frequency and the
relative density of human CXCR4/CD4; the remaining aliquot
was cultured in vitro. In addition, the peritoneal lavage iluids
and the culture supernatants of cells at days 1-3 after culture
were assayed for levels of p24 production. Asdisplayed in table 2,
although the frequency of CXCR4*CD4" cells in the 11-4-
transgenic mice was significantly higher than that in the non-
transgenic mice, the mean fluorescence intensity (MFI) of
CXCR4 expressed by the CD4° T cells from these mice was not

increased compared with the control (because of an increase in
the frequency of CXCRA ' CDA" cells with relatively low MFIL; see
figure 14). Analysis of levels of synthesized p24 demonstrated
marked differences, as shown in figure 2 Thus, although the
amounts of p24 produced were modest in the peritoneal lavage
fluids and the cell-culture supernatants from HIV-1-infected
control mice, the levels of p24 produced by those from HIV-1-
infected [L-4 -transgenic mice were strikingly higher (15,429,
11,844, 1696, and 53 pg/mL in the supernatants on day 3) (mean,
48.9vs, 7255 pg/mL; = 100-fold increase). Although the levels of
p24 produced by one of the 1L-4 ~transgenic mice (mouse 12)
were similar to those in the control mice, this was likely due to
the much lower relatve level of human 11-4 (354 pg/mL in se-
rum) produced by mouse 12 than those from the other 3 [L-4-
transgenic mice (4227, 6313, and 2356 pg/ml in serum). The
present data not only document the fact that the cells from these

Table 2. Effect of the CXCR4 antagonist KRH-1636 on the expression of human CXCR4 by CD&* cells from X4
HIV-1-infected interleukin (IL-4—transgenic hu-PBL-SCID mice.

X4 HIv-1 CXCRa Mice,

na.

CXCR4°CD4" 1

CXCRA on CD4* T

calls, ¥% P celis, MF g

& :’a 5“ £ -'

NOTE. Control o IL-4~transgenic hu-PBL-SCID mice on the © B:17-scid background infected with X4 HIV-1,,, ; ware adrminis-
tered mock KAH-1636 or real KRH-1636 Cells isolated from the portoneal lavegs Huid from e mice in sach group were lebaled with

appropriate monocional antibodies and subjected 1o low cytometry, as described in Meth Dmta analy

are displayed as mean

* 5D wiues MFI, mean fluopacence intensity; NS, not significant The indicated P values are basad on Student's ¢ 1est
* For the comparison batwesn control mice and |L-4-transgenic mice that recenved a mock CXCHA antagoniat

W Eor the comy b L4 gani
recelved KRH-1636

mice that recetved a mock CXCR4

and L4 mice that
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Figure 2. Efficient infection of interleukin {IL}-4~producing hu-PBL-SCID mice with X4 laboratory stan and an inhibitory eftect of the CXCR4
antagonist KRH-1B36 on infection. Twelve IL-4—transgenic and 4 nontransgenic (control) hu-PBL-SCID mice were generated on the C B-17-seid

backgroand Among them, & IL-4—transgenic and 4 control mce were in

tected intrapanitonzally {ip) with the X4 laboratory strain (HIV-1...) and 4

IL-4—transgenic mice were mock-infected at | day atter engraftment. To evaluate the etfect of KRH-1636. this rug was administered ip twice, at 1 b
befare and | day after infection of 4 IL-4—transgenic mice (NL4-3 + KRH-1636) At B days atfter infection, peritongal lavage Nuwds were obtained from

the mice in each group. Cells were isolated from the Huids and cultured in

IL-2—containing medium Levels of HIV-1 p24 in the pentoneal lavage Huids

[A) and culture supernatants at days 1-3 after incubation (B) were quantitated for infectivity and replication efficiency by ELISA With regard to the
data on mock-infected mice, only 2 of 4 representatve data are presented. The nos listed above the bars in the graph indicate levels of HIV-1 p24
when it was detectabla on day 3 (most of the values were <200 pg/ml, and select samples showed values of >2000 pg/ml) Pound signs (#) indicate
mouse nns Results shown are representative of 3 independant experimants

IL-4~transgenic C.B-17-scid mice are susceptible but also dem-
onstrate that the virus from such cells is replication competent.
In addition. these findings suggest that the use of intracellular
24 levels is not a sensitive enough technique and that data using
the intracellular p24 assay need to be carefully evaluated. These
data also indicate that the 1L-4—transgenic hu-PBL-5CID mice
provide a powerful model for the study of X4 HIV-1 infection
independently of the genetic background of the mice.
Inhibitory effect of the CXCR4 antagonist on infection of
IL-4-transgenic hu-PBL-SCID mice with the X4 laboratory
strain.  Inan effort to further validate that the CXCR4 corecep-
tor was indeed used by the X4 HIV-1 virus in the 1L-4—trans-
genic hu-PBL-SCID mice, we used the X4 virus-entry inhibitor,
CXCRA antagonist KRH-1636. Thus, the 1L-4—transgenic hu-
PBL-SCID mice on the C.B-17-seid background were infected
with X4 laboratory strain HIV-1yy 5 and were either mock
treated of treated with KRH-1636, and the peritoneal lavage flu-
ils, cells in fluids. and cell-culture supernatants were examined
as described above, As shown in table 2, the frequency of
CXCRA'CDA" cells in KRH-1636—treated 1L-4 —transgenic
mice was marginally lower than that in mock-treated T1.-4-
transgenic mice. In addition, the MFI of CXCRA expression by
the CD4* T cells was clearly reduced by KRH-1636 administra-
tion. Importantly, treatment with KRH-1636 almost completely
blocked X4 HIV-1 infection in these [L-4 - transgenic mice (fig-
ure 2). These data indicate that X4 HIV. | infection in transgenic
mice is CXCR4 dependent and that our mouse model can be
used 1o develop and test new anti-X4 HIV-1 drugs in vivo.
Therapeutic effect of KRH-1636 on the infection of 1L-4—
transgenic hu-PBL-SCID mice with MDR clinical isolates.
The appearance of MDR HIV-1 clinical isolates has been and
continues to be one af the growing problems in a significant

148+ 1D 2008:197 (1 January) = Okuama etal

number of patients receiving HAART and seriously limits the
use of the antiviral drugs that are currently available. Thus, the
development of novel adjunct or alternative therapeutics is an
urgent need. Since treated patients tend to harbor significantly
higher levels of either dual/mixed or X4 viruses (23] and since
MDR isolates are not usually refractory to new treatment with
drugs from classes that have not been used previously in patients
from which the viruses were derived, we finally wanted to exam-
ine the effect of KRH- 1636 on MDR HIV-1 infection in 1L-4-
transgenic hu-PBL-SCID mice. For this experiment, we used the
IL-4 —transgenic BALB/cA-dKO mice instead of the I1L-4—trans-
genic C.B-17-scid mice, because the former seems more permis-
sive to X4 HIV-1 infection than the latter, as described above.
Befare the in vivo study, we confirmed that the in vitro infection
by 3 MDR clinical isolates could be inhibited with KRH-1636
(more than —90% inhibition at the 5-pmol/l. level). Thus,
groups of 1L-4—transgenic hu-PBL-5CID mice were infected
with a mixture of these selected MDR isolates containing equal
1U of each virus and treated with KRH- 1636 or the tanrate car-
rier control. Thereafter, the cells obtained from the peritoneal
lavage fluids were analyzed for the expression of cell-surface hu-
man €4, CN3, and intracellular p24. The serum, peritoneal
lavage fluids, and supernatants following in vitro culture of the
cells for 24 h were assayed for levels of p24 production. Flow
cytomelry analysis after CDA staining demonst rated a sighificant
decline in CD4 " T cells in 2 (mouse 7 and mouse 8) of 4 control-
treated mice (figure 34; top profile shows data from 1 of these 2
mice ), which was likely due to MDR HIV- | pathogenesis. How-
ever, importantly, no detectable depletion of CDA" T cells was
abserved in any o014 KR 1636 - 1reated mice ( figure 3A: bonom
profile). As summarized in table 3, the difference in the fre-
quency of CDA T cells between the control-treated mice and the
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Figure 3. Prophylactic affect of KRH-1835 on infaction and pathogenesis by multiduig-resistant [MOR) HIV-1 clinical isolates Eight mtexteulon (IL}-a-
transgenic hu-PBL-SCID mice (BALB/cA-dK0) were infected ntraperitoneally (ip) with a mixtura of MOR HIV-1 clinical isolates at 1 day atter human penpheral
bleod mononuclear cell ranster In an effort 1o assess the etfect of KAH-1838 on HIV-1 infaction, this agen o tartrate {control drug) was admimstered 1o 4
mice per group ip twice, at 1 h before infection and 1 day after infection. At 7 days after inlaction, sarum and peritonea! lavage fuids were harvested trom
mice in each group, and cells were collected from the fluids. A Cells examined for human C04 expression by cell-surlace staining and standard flow cytometry
Representative data from a single mouse from the control-treated of the KRH-1636-treated HIV-1-infected mice are shown. The frequency of CO4* T calls
i depicted by a thick line. and the background control 15 depicted by & thin line with gray shading. The nos. above the bers indicate the percentage of positve
cafls B, Aliquot of the pertoneal lavage cells analyzed by How cytomelry for the frequency of CO3* T cells that were positive for the intraceliular presence
ol HIV-1 24 Representative data of cells from the control-treated and the KAH-1836—treated HIV- 1—infected mice are shown The nos in the graphs indicate
the percentage of CO3*p24° cells. €, Concentrations ol p24 in serurm and peritoneal lavage flid. Concentrations were determned by ELISA to quantily MOH
HlV-1 infection and replication efficiency. Pound signs (#) mdicate mouse nos. £, Levels of in vito p24 production. The remaining cells were eyitured in a
microtiter plite containing IL-2* medium for ~-24 h. and the culture supematants obtained were assayed for levels of in vitra p24 production by ELISA. Pound
signs (#) indicate mouse nos. Aesults shown are representative of 3 similar independent experiments

KRH-1636 -treated mice was not significant. However, the MFI  edly inhibited in the KRH-1636 -treated mice, compared with
of CD4 expression was significantly decreased in the control-  that in the carrier-treated control mice (figure 38 and table 3).
treated mice (229.3 vs. 296.3; P < .05). Results of CD3/p24 Furthermore, levels of HIV-1 p24 in the serum samples, perito-
staining showed that the frequency of CD3 " p24* cells was mark- neal lavage fluids, and culture supernatants from the KRH-

Table 3. Effect ol KRH-1636 on infection and pathogenesis by multidrug-resistant (MDR) HIV-1 clinical
isolates in interleukin (IL}-4-transgenic hu-PBL-SCID mice.

BALB/cA-dKD X4 HIV-) CXCR4 Mice, CDa* 1 CDa*1 p2a* 1

mice Infection no. cells, % P calls, MFI [ cells, % P
!; __I\ { o] uld g 2 A o, s el 3300 ?&(Mlﬁw
IL-4 ransgenic MDA KAH-1636 a 313+ 187 2963 =252 DE=07

NOTE.  IL-d-ransgenic hu-PEL-SCID mice on tha BALB/A-AKD background were infected with MOR HIV-1 clinical isolates and
administered tartrate (controll or KRH-1638. Cells in peritoneal livage fhuld from the mice in sach group were stained with nppropriate
monocional antibodees and analyzed by flow cyiometry, as described in Mathods Data shown hem are mesn = 50 velues. MFI,
mean fluorescence infensity; N5, not significant. Tha indicated P walues for the comparison batwesn contrel mice and mice that
received KAH-1636 nra based on Student's 1 test
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1636—treated HIV- I-infected mice were almost completely re-
duced relative 1o those in the control mice (figure 3C and 3D).
Note that the failure 1o detect the in vitro production of p24 in
mouse 7 might result from depletion of CD4 * T cells (figure 3D).
These dara demonstrate that the CXCR4 antagonist KRH- 1636
has a marked degree of prophylactic effect on infection with
pathogenic MDR dlinical isolates n vivo,

DISCUSSION

Humanized mice that have served as valuable small animal mod-
els include the SCID-hu Thy/Liv mouse [24-28]. This mouse
model, generated by implanting human hematopoietic tissues
{human fetal thymus/iver) under the kidney capsule, has been
used for the study of HIV-1 and is known for permissiveness to
X4 HIV-1 infection [26-28]. However, the use of this model is
limited by the fact that the implants are of human fetal organ
arigins that are not easily available, On the other hand, the hu-
PBL-SCID mouse model provides another surrogate in vivo
HIV-1 infection assay system. Although this model has led to a
number of successful studies of HIV-1 |8-14], there was still a
limitation in thar it was difficult to demonstrate X4 HIV-1 infec-
tion and replication in such mice. Thus, to add extra value to the
use of this mouse system for the study of HIV-1, in the present
study we developed novel human 11-4-transgenic hu PBL-
SCID imice that enable CXCR4-using HIV-1 strains to efficiently
infect and replicate in these mice,

Human 1L-4 has low homology with murine 1L-4 both at the
gene and protein levels, accounting for the lack of cross-
reactivity of this cytokine in the 2 species in vitro [29-32]. Re-
sults of the experiments reported here indicate that the high ef-
ficiency of X4 HIV-| infection in the IL-4 - transgenic hu-PRB1.-
SCID mice was, at least in part, secondary to enhanced
expression of viral receptors induced by human |1L-4 synthesized
endogenously. Interestingly, although there was noapparent in-
crease in the number of cells recovered from the engrafted trans-
genic mice, there was a significant increase in the number of
CD4° T cells recovered (11.5-3-fold), It is thus possible that the
other cell lineages migrate from the peritoneal cavity to other
tissues of the mice, resulting in enrichment of the CD4* T cell
lineage. However, further studies of other tissues are needed to
clarify this issue. Furthermore, our preliminary experiments in
dicate that the 11L-4-transgenic hu-PBL-SCID mice remain per-
missive to R5 strain infection (data not shown ).

In this report, we created 2 types of novel hu-PBL-SCIL mice
by transplanting human PBMCs into |L-4—transgenic C.B-17-
scud and BALB/cA-dKO mice. The data obrained show that hu-
PRL-SCID mice using the IL-4-producing BALB/cA-dKO mice
appeared more permissive to X4 HIV-1 infection than did those
using the [L-4-producing C.B-17-scid mice, at least as deter-
mined by the presence of intracellular p24. Although the reasons
for this difference remain o be determined, it should be noted
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that, whereas the BALB/CA-dKO mice were derived by double
mutation with defects in both the recombinase-activating gene 2
(Rag-2) and the gene encoding the ¥, chain of select cytokine
receptors |19, 20], the C.B-17-scid mice have only the Rag-2
mutation [18]. Thus, although the Rag-2 mutation prevents the
normul maturation of T and B lymphocytes, the ¥y, chain muta-
tion abrogates the expression of functional receprors for 1L-2
and other cytokines, preventing the expansion of lymphocytes,
including NK cells, which play an important role in the innate
immune response such as nonspecific rejection of xenogeneic
gralts. Itis thus possible that the C.B-17-scid mice maintain a low
but significant residual level of NK cell function, which may play
a role in the difference noted above even though they were ad-
ministered significant levels of anti-IL-2ZRB antibody. Since the
BALB/cA-dKO mice are completely deficient in NK cell lineage
and funcrion, they are more immunodeficient than the C.B-17-
scid mice, suggesting that the level and type of immunodefi-
ciency in the BALB/cA-dKO mice may facilitate better engrafi-
ment and more efficiert viral infection and propagation within
these mice. These select defects of the BALB/cA-dKO mice might
render the IL-4-transgenic mouse model on this background
more valuable and ideal for studies of X4 HIV-1.
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The elfect of amino acid variability between human immunodeficiency virus type 1 (HIV-1) clades on
structure and the emergence of resistance mutations in HIV-1 protease has become an area of significant
interest in recent years. We determined the first erystal structure of the HIV-1 CRFOI_AE protease in complex
with the pl-p6 substrate to a resolution of 2.8 A. Hydrogen bonding between the flap hinge and the protease
core regions shows significant structural rearrangements in CRFO1_AE protease compared to the clade B

protease structure.

Based on its genomic diversity, the human immunodefi-
ciency virus type | (HIV-1) has been classified into three
groups, M (major), N (nonmajor), and O (other/outlier) (16).
Group M has been further defined into nine clades (clades A
to D, Fto H, and J and K) and a number of subclades and
circulating recombinant forms (CRFs). HIV-1 protease is one
of the major proteins targeted for anti-HIV drug development.
The pol gene, which codes for protease, differs by 10 to 15%
berween clades (7), and sequence diversity within HIV-1 clades
has been an important area of study in recent years due 1o its
possible role in altering resistance pathways within the pro-
tease (1, 10), In particular, the HIV-1 CRAN_AE protease
acquires nelfinavir resistance via an alternative mutational
pathway (1), making the detailed study of non-B proteases
strongly warranted

Structural studies of clade B protease have led to the suc-
cessful development of a number of protease inhibitors (Pls).
However, the majority of HIV-1 infection cases in the world
result from non-clade B variants, and there is limited evidence
that non-clade B variants respond differently to currently avail-
able Pls (3, 23). Although a large number of clade B protease
structures have been solved over the years, to date, very linle
structural information is available for non-B HIV proteases.
The first non-clade B protease structures for clade F were
published recently by Sanches et al. (18), and the crystallization
of elade C P1complexes has been reported by Coman et al. (4).
We present here the crystal structure of an inactive HIV-1
CRFNI_AE protease variant (D25N) in complex with a decam-
cric peptide corresponding to the pl-ph cleavage site within
the Gag and Gag-Pro-Pol polyproteins. CRFO1_AE was one of
the first CRFs 1o be identified and is now the predominant
HIV-1 variant in Southeast Asia (12). The protease was de-
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rived from a Japanese patient isolate and has 10 amino acid
substitutions (R14K, K20R, E35D, M361, R41K, P63L, V64,
HA9K, L8OM, and 193L) compared to that of clade B (Fig. 1A
and B).

Crystallization and structure determination. The CRFO1_AE
prolease was expressed and purified as previously described
(14). The protein was concentrated to 1.8 mg ml™' using a
10-kDa molecular size limit Amicon Ultra-15 centrifugal filter
device. The decameric pl-ph peptide (Arg-Pro-Gly-Asn-Phe-
Leu-Gin-Ser-Arg-Pro; Quality Controlled Biochemicals, Inc.,
Hopkinton, MA) was solubilized in dimethyl sulfoxide and
equilibrated with the protein with a fivefold molar excess for
1 h on ice. Crystals were grown over a reservoir solution con-
sisting of 126 mM phosphate buffer at pH 6.2 and 63 mM
sodium citrate and ammonium sulfate in the range of 18 o
33% (20). A 2:) volume ratio of reservoir solution and sub-
strate-protein solurion were combined to set up hanging drops
with a final volume of 6 jul. The crystals were grown at ambient
temperature.

Crystallographic data were collected under eryogenic condi-
tions using an R-AXIS 1V image plate mounted on o Rigaku
rotating anode X-ray generutor, The data were reduced and
scaled using the programs DENZO and SCALEPACK, re-
spectively (13). Structure determination and refinement were
carried out using programs within the CCP4 software suite as
previously described (15). Model building was carried out,
followed by real space refinement with the COOT molecular
graphics software (5). Refinement of the initial models was
done without the pl-pb substrate, and the peptide was built
into the F,, — F, density within the active site as the refinement
progressed. A truncated pl-ph peptide lacking ArgPS and
ProP4 was modeled into the active site, as the 2Fo~Fe and
Fo — Fe maps indicated weak and discontinuous electron den-
sity at the N terminus of the pepride. The ArgP4” of the pl-pb
peptide was modeled in as alanine, since the electron density
was not well defined 10 model in the arginine side chain. The
stereochemical parameters of the final model were checked
using PROCHECK (11), The CRFO1_AE protease in complex
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CRFO1_AE  PQITLWQRPL VTIKIGGQLR EALLDTGADD TVLEDINLPG KWEPKHIGGI
Clade B PQITLWQRFL VTIRIGGQLK EALLDTGADD TVLEEMNLPG RWEPKMIGGI
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FIG. 1. (A) Amino scid sequence alignment of the CRFOI_AE protease with the clude B protease. Positions where sequences differ are
indicated in red. (B) CRFO1_AE prutease in complex with pl-p6 (green). Amino acid changes in monomer A (cyan) sre indicated in red, and

changes in monumer B (magenta) are indicated in blue

FABLE 1. Crystallographic dutn snd statistics for CRFO1_AE in
complex with substrute pl-pb

Purumeter Value

Resolution 1A_| ; B
Temperature ("C) vuiimiscimmisismsssomimio e - Cryogenic
SPACE BIOUP coucicasmseasasssmrrimrmresmrissmsrssss e Ph,

Cell dimensions

Brssiia 1 opiscsmsiisiareniisizas
Completeness (5e)..

Total no. of reflections....
Mo, of unique reflections
Ia'..

RMSD in"

Bond lengths (A) ........ R R e BRSO | 11
Bond angles (A).. . 12
Ripeivw () ... 19.9
Risea (B 258
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with pl-pb was determined to a resolution of 2.8 A (PDB code
IDAT) (Table 1),

Protease structure comparison. The clade B D25N protease
in complex with pl-pb (PDB code 1KJF) was used for struc-
tural compansons. The terminal regions (residues 1 to 9 and 86
to 99) from both monomers were used (o superimpose the
clade B structure onto the CRFDI_AE complex. The superim-
position was performed in a way that preserved the orientation
of the substrate peptide between the two structures. A double-
difference plot was generated to visualize structural differences
between the two complexes. Distances between all the Ce
atoms within the dimer were caleulated lor each complex, and
then the difference of the difference between the two dimers
was plotted as a contour plot, as previously described (15). The
presence of significamt contour peaks within the plot indicates
regions that differ between the two structures.

Based on the Ca superimposition, the CRFO1_AE and clade
B structures displayed a high level ol structural similarity to
cach other, with a root-mean-square deviation of 1.37 A (Fig.
2A). However, peaks within the double-difference plot show
Lhat the CRFUOI_AE complex has significant structural rear-
rangements al the flap hinge region (residues 33 w 39) and
near the protease core region (residues 16 to 22) (Fig. 2B).
These structural differences are present in both monomers of
the complex. Closer examination of Tle36 shows that its shorter
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FIG. 2 (A} Ribbon disgram superposition of the CRFOL_AE (blue) and the clade B (gray) pl-pé structures, The llap hinge region is indicated
by the red box. (B) Double-difference plot comparing the CRED1_AE and clade B pl-p6 structures. Contours in the plot represent the degrees
of distance between the residues of the structures being compared. Black indicates a distance of <06 A red indicates 059 A und - 0.3 A; blue
indicates 0.3 A und 0.59 A; and vellow indicates =06 AL (C) Stercoview of the rearrangement of the flap hinge region of the € RI0I_AE structure
(ue) compared (o thut of the clade B structure (gray). The Asnd7 side chain in the CREOT_AE structure is disordered and has heen modeled
as dlinine. (1) ploph substete conformation (bluve, CRFOI_AE; gray, clinde B)
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TABLE 2. Substrate-protease hydrogen bonds

Distunce | A} between®;

Substrule gtom Prutease aiom

CRFI_AE Clude B
protesse Profease

GlyP3 N Glydk O 35 a0
GiyP3 O Asp2Y N 30 28
AsnP2 OD-1 Asp29 N 23

AsnP2 OD-1 Asp30 N 8

AsnP2 ND-2 Asp30 OD2 aa

PheP1 N Giy27 O 6 29
PheP1 O Asn25 ND2 28 21
GlnP2' N Gly27' O 29 an
GInP2' OE-1 Asp29" N il 29
GinP2" OE-1 Asp3l’ N 27 2.7
GinP2' NE-2 Asp3)’ OD2 .h 0
GinP2' O Asp29’ N 28 31
Gin P2" OE-1 Asp30" OD2 34 33
SerP3’ OG Asp29' OD2 28 34
SerP3’ OG Argh NH1 31

SerP3" N Glyds' O 1 an
SerP3’ O Glyas" N 32 28
ArgP4’ NE Asp30' ODI1 NA* 32
ArgP4’ NE Asp30)° OD2 NA® an
ArgP4’ NH-2 Gin58" OE1 Na* 34

* Distunces highlighted in bolil are hydmgen bonds that wre observed only o
the CREUI_AE siructure.
¥ Distunces ure not wvailuble (NA) us the ArgPs’ side chuin i disorderod

side chain is stabilized through van der Waals interactions with
the side chains of Asnl8, Leu38, and Arg20, allowing the flap
hinge region to pack closer to the core region when compared
to the longer Met36 side chain in the clade B structure (Fig,
2C). The collapse of the flap hinge toward the core is further
enhanced by the formation of a hydrogen bond betwsen the
carbonyl oxygen of Asp35 and the NE or NH-2 of the Arg2()
side chain. This interaction causes the Asp35 side chain to flip
inward toward the core region. In comparison, the longer
Glu3s5 side chain in clade B is fipped outward into the solvent,
allowing its OE-2 oxygen (0 form a hydrogen bond with the
side chain NH-1 of Arg57. The positioning of the Arg57 side
chain also allows the NH-2 hydrogen to form a hydrogen bond
with the carbonyl oxygen of Met36, The ArgS7 side chain of
the CRF0O1_AE structure is not involved in making any inter-
actions with the flap hinge and packs against Trp42. These
observations suggest that the Nap hinge region of the
CRFO1_AE protease is likely 10 have reduced flexibility as a
result of its tighter packing against the protease core region
than against clade B.

Substrate conformation. The pl-p6 peptide is bound within
the active site in an extended conformation with the Phe-Leu
cleavage site at positions P1 and P1', oriented between the
“catalytic” Asn2S residues. AsnP2 in the CRFOI_AE structure
adopts a conformation different from that of the clade B struc-
ture (Fig. 2D). OG of SerP3" also adopts an orientation that is
different from that seen in the clade B structure. ProP5’ is
rotated by 180", which causes the C terminus of the peptide 1o
kink toward the P4" position, whereas in the clade B complex,
the pl-p6 peptide adopts an extended conformation at the C
terminus. Despite changes in peptide conformation, the pro-
tease-substrate hydrogen bonding patterns show a high degree
of similarity between the two structures, with 13 substrate-
protease hydrogen bonds conserved between the CRFI_AE
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and the clade B structures (Table 2). However, the CRFOI_AE
structure makes four additional substrate-protease hydrogen
bonds that are not seen in the clade B structure, The AsnP2
side chain conformation ullows OD-1 o form a hydrogen bond
with either Asp29 N or Asp30 N, while ND-2 forms a hydrogen
bond with Asp3(i OD-2. Furthermore, the AsnP2 side chain
confirmation allows it to make significant van der Waals inter-
agtions with Asp29 and Asp30. The hydrogen bond formed
between SerP3" OG and Arg8 NH, is a result of SerP3' 0G
adopting an oricntation that is different from that seen in
the clade B structure. Thus, compared to the clade B struc-
ture, the pl-p6 substrate appears to form better interactions
with the CRF01_AE active site,

Conclusions. The structure described in this study is the firsi
CRFOI_AE protease structure, as well as the first non-B
HIV-1 protease-substrate complex structure, to be reported 1o
date. The R20, D35, 136, K69, M89, and L93 seen in the
structure have been implicated as resistance-associated muta-
tions in clade B protease (2, §, V), While no significant struc-
tural changes were observed ar K69, M89, and 1.93, the R20,
235, and 136 substitutions in the CRF01_AE protease resulted
in significant structural rearrangements of the flap hinge and
core regions compared to that in the clade B structure. We
have observed a similar structural rearrangement in a
CRFO1_AE protease structure in an inhibitor complex (un-
published data), which might be an indication that the inter-
actions observed are unique o the CRF0_AE protease.

Movement of the flaps is essential for substrate binding, and
the flap hinge and core regions play key roles in flap dynamics
(17, 19, 21). The close packing observed between these regions
in the CRFD1_AE protease struciure is likely 1o restrict flexi-
bility and thereby affect Nlap dynamics. The protease molecule
isell undergoes large conformational changes in order to fa-
cilitate substrate binding and product release following sub-
strate cleavage (6). Thus, reduced flexibility resulting from the
packing of the flap hinge and core regions may have an effect
on protease activity as well. Previously reported enzyme kinet-
ics data for 1 CRFOI_AE vanant indicate that the active site
specificity and catalytic efficiency are slightly lower for the
CRFDI_AE proteasc than for the clade B protease (3), Fur-
thermore, polymorphisims occurring within these regions are
thought 10 affect binding affinities (or Pls (22). Therefare,
the structural changes observed may influence how the
CRFMN_AE protease interacts with Pls and may thereby alter
levels of resistance 1o currently available inhibitors compared
to that of clade B protease.

We thank Madhavi Nalam and Balaji Bhvravbhatls for sssistance
with structural refinement.

This work was supported by Nutional Institutes of Health grant
ZRO1-GMO64347.06.
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Toll-like receptor 4 (TLR4) is essential for recognizing a
Gram-negative bacterial component, lipopolysaccharide
(LPS). A single amino acid mutation at position 712 of murine
TLR4 leads to hyporesponsiveness to LPS. In this study we
determined that an amino acid, a leucine at position 815 of
human TLR4, is also pivotal for LPS responsiveness and sub-
cellular distribution. By replacing the leucine with alanine,
the mutant TLR4 lost responsiveness to LPS and did not
localize on the plasma membrane. In addition, it does not
coprecipitate with myeloid differentiation-2, an accessory
protein that is necessary for TLR4 to recognize LPS. These
results suggest that the leucine at position 815 is required for
the normal maturation of TLR4 and for formation of the
TLR4-MD-2 complex.

Toll-like receptors (TLRs)? play essential roles in both
innate and adaptive immunity (1). Thirteen members of the
TLR family have been identified in mammals, TLRs have
leucine-rich-repeats in their extracellular domains and a
Toll/Interleukin-1 receptor (TIR) in their cytoplasmic
domains, the latter of which mainly mediates intracellular
signaling. Signaling pathways of TLRs, except tor TLR3,
depend on an adapter protein, MyD88 (myeloid differentia-
tion factor 88), which interacts with the TIR domain of TLRs.
I'his pathway leads to the activation of the transcription fac-
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AL VEN

FEBRUARY 6, 2009 -VOLUME 284-NUMBER 6

tor NF-kB and production of eytokines such as tumor necro-
sis factor-o and interleukin-6. Another important signaling
pathway mediated by TLR3 and TLRA that exploits the TIR
domain is the MyDB8-independent pathway. This pathway
involves different adapter proteins, such as the TIR domain-
containing adaptor inducing interferon- g (TRIF) and TRIF-
related adaptor molecule (2-4), and 15 essential for produc-
tion of type | interferon through activation of interteron
regulatory factor-3,

TLRs recognize as ligands several microbial pathogen-asso-
ciated molecular patterns. One such pathogen-associated
molecular pattern is lipopolysaccharide (LPS), which is recog-
nized by TLR4. LPS triggers severe immunologic reactions by
the host in Gram-negative bacterial infections and has drawn
attention in many clinical situations. TLR4 is the first mamma-
lian TLR to be discovered in the context of immunology. TLR4
was identified in the search for the genes responsible for LPS
hyporesponsiveness (5, 6). T'he defect was found to stem from a
single amino acid mutation, replacement of proline with histi-
dine at position 712, in the cytoplasmic tail of murine TLR4.
The study led to the discovery of the importance of TLR4 in
innate Immunity.

A variety of cells are activated by LPS stimulation through
TLR4. TLR4 forms a receptor complex with an accessory pro-
tein, myeloid differentiation-2 (MD-2). MD-2 first associates
with TLR4 in the endoplasmic reticulum (ER) and cis-Golgi,
and both proteins move together to the plasma membrane (7,
8). Upon recognition of LPS, the TLR4-MD-2 complex receives
LPS on the cell surface and initiates intracellular signaling. The
expression of TLR4 in the absence of MD-2 does not confer full
responsiveness to LPS stimuli in experimental cell lines (9). An
analysis of MD-2 knockout mice revealed that MD-2 is impor-
tant not only for LPS sensing but also for cellular distribution of
TLR4.

In this study we hypothesized that the cytoplasmic tail of
TLR4 contains regions that control both localization and sig-
naling. Using truncation and mutation analysis, and paying par-
ticular attention to the TIR domain, we identified a single
amino acid that is pivotal for both TLR4 signaling and subcel-
lular distribution. The site we found was on the C-terminal
portion of the TIR domain for which no specific function has
been yet determined.
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EXPERIMENTAL PROCEDURES

Reagents and Other Materials—Lipopolysaccharide (LI'S)
from Escherichia coli O55:B5 was purchased from Sigma-Aldrich
and applied without repurification. FLAG- and hexa-histidine
(His,)-tagged human TLR4 expression plasmid (pEFBOS/
humanTLR4flaghis) and FLAG- and His,-tagged human MD-2
expression plasmid (pEFBOS/humanMD-2flaghis) were gener-
ous gifts from Dr. Kensuke Miyake (Institute of Medical Sci-
ence, University of Tokyo, Japan). Human CD14 cDNA plasmid
(pCMV6-XL5/humanCD14) was purchased from OriGene
(Rockville, MD). Fluorescent protein expression vector
pEGFP-N3 was purchased from Clontech (Mountain View,
CA). Anti-TLR4 monoclonal antibody (clone HTA125) was
purchased from Abcam (Cambridge, MA). Anti-FLAG mono-
clonal antibody (clone M2) was purchased from Sigma-Aldrich.
Anti-A.v, (GFP) monoclonal and polyclonal antibodies were
purchased from Clontech. Control immunoglobulins for
immunoprecipitation were purchased from BD Biosciences
(San Jose, CA). Horseradish peroxidase-labeled anti-immuno-
globulins antibodies were purchased from Dako (Glostrup,
Denmark). BlockAce (DS Pharma Biomedical, Osaka, Japan)
solution was used as blocking buffer for Western blotting.

Cell Culture—Human embryonic kidney (HEK) 2937 cells
were maintained in Dulbecco’s modified Eagle's medium (Sig-
ma-Aldrich) containing 10% heat-inactivated fetal bovine
serum supplemented with penicillin-streptomycin solution
(Invitrogen). FuGENE 6 transfection reagent (Roche Applied
Science) was used for transient cotransfection according to the
manufacturer’s instructions, Culture dishes or plates were pre-
pared to 70% confluence prior to transfection. Cells were used
for experiments 36 h later, The transfection conditions were
optimized for microscopic observation of the expressed fluo-
rescent protein and were kept unchanged in other experiments,

Expression Vector Subcloning and Mutagenesis—Wild-type
TLR4 cDNA was excised from pEFBOS/humanTLR4flaghis
and subcloned into pEGFP-N3 so that when expressed
enhanced green fluorescent protein (EGFP) would be fused at
the C terminus of TLR4 (pEGFP-N3/humanTLR4). All muta-
tions were introduced into pEFBOS/humanTLR4flaghis and
pEGFP-N3/humanTLR4 using the QuikChange site-Directed
mutagenesis kit (Stratagene, La Jolla, CA) according to the
manufacturer's instructions and were confirmed by sequenc-
ing. For the truncation analysis, two identical unique restriction
sites were prepared in the TLR4-coding region of pEFBOS/
humanTLR4 using a QuikChange kit, and the DNA fragment to
be removed, which was a part of the C terminus of TLR4, was
excised enzymatically. After agarose gel purification, the linear
double-stranded DNA was ligated to re-form a circular plas-
mid. Restriction sites were designed so as not to cause a frame-
shift between TLR4 and EGFP.

Confocal Laser Scanning Microscopy of Cells—Samples were
fixed in 3% paraformaldehyde-phosphate-buffered saline at
37 °C for 10 min. Fluorescence images of fixed samples were
recorded using a FluoView FV1000 Confocal Microscope (an
inverted confocal laser scanning microscope, Olympus, Tokyo,
Japan).
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Immunoprecipitation—Transfected cells were lysed in lysis
buffer (50 mMm Tris-HCI, pH 7.5, 100 mm NacCl, 0.1% Triton
X-100, 1 ma 1.4-dithiothreitol, and proteinase inhibitor mix-
ture), sonicated, and centrifuged at 4 “C. Antibody was added to
the supernatant, and the sample was rotated 1 hat 4 "C followed
by the addition of protein G-Sepharose (GE Healthcare Life
Sciences, Piscataway, NJ) and an additional 8-h incubation at
4°C. Bound protein was washed three times in lysis buffer. Pro-
teins were cluted by boiling in SDS sample buffer.

Biotinylation and Purtfication of Cell Surface Proteins—Prior
to surface biotinylation, HEK 293T cells plated in a 100-mm
dish were transiently transfected as described above. Surface
biotinylation and subsequent purification of biotinylated pro-
teins were performed using a Cell Surface Protein Biotinylation
and Purification Kit (Pierce) following the manufacturer's
instructions. Briefly, membrane-impermeable sulfosuccinimi-
dyl-2-(biotinamidojethyl-1,3-dithiopropionate  (Sulfo-NHS-
SS-Biotin) was added to cell monolayers in the culture dishes
and covalently bound to amines in proteins exposed on the cell
surface. The affinity resin that binds to the biotin end of Sulfo-
NHS-SS-Biotin was used to collect the biotinylated proteins.
Reduction by 1,4-dithiothreitol causes cleavage of the disulfide
bond in Sulfo-NHS-SS-Biotin, and the elute contains the bio-
tinylated cell surface proteins. Each final sample obtained was
considered to contain proteins from an equal amount of cells,
because all culture plates were treated equally and grown to full
confluence. All samples were sonicated and subjected to SDS-
PAGE and Western blotting. The membrane to which protein
was transferred was blocked in blocking buffer for 1 h. Then the
membrane was incubated with a primary antibody, followed by
incubation with horseradish peroxidase-labeled anti-immuno-
globulins antibody. The protein bands were then visualized by
using a chemiluminescence reagent, [mmobilon Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA),
according to the manufacturer’s instructions.

Cell Stinudation Assays—HEK293T cells were plated and
transiently transfected for assays. Thirty-six hours after the
transfection, LPS was added to fresh culture medium in cach
well of the culture plates at the stated concentration, The dura-
tion of LPS stimulation was 7 h,

Dual Luciferase Reporter Assays for NF-xB Activation—
HEK293T cells were plated in 12-well culture plates (4 % 10*
cells/well), and experimental cDNA plasmids were transiently
transtected 36 h later using the FuGENE 6 transfection reagent
with 0.5 pg of NF-kB reporter plasmid expressing firefly lucif-
erase (pNF-xB-Luc, Stratagene) and 0.05 ug of constitutively
active Renilla luciferase reporter plasmid (pRL-TK, Promega,
Madison, W1) in addition to 0.5 pg each of TLR4-EGFP plasmid
and MD-2 plasmid. Stimulation experiments were performed
36 h later, Firefly luciferase and Renilla luciferase activities were
measured using the Dual-Luciferase Reporter Assay System
(Promega) and the Genelight55 luminometer (Microtech,
Chiba, Japan). Relative luciferase activity (RLA) was obtained as
the ratio of firefly luciferase activity to Renilla luciferase activ-
ity. Results are expressed as the ratio of RLA with LPS stimula-
tion to RLA without LPS stimulation ([RLA LPS+|/[RLA
LPS~—]). This ratio should ideally approach 1 when no response
to LPS stimulation is observed,
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. YK TIR domain o hoth signal transduction and sub-
TLRA(WT) 711 OFIFCVALANNITEEGTHNRSREYIVYY IQORWC ITETRIAQTHQILSSRAGT 1T cellular di_qtributian, first we gener-
TLR4 (B26Tr) DVIFGVAI AAN] INEGFEKSRES IQERNC IYEYRIAQTNOFLEERAGT 1} 3 : s -
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FIGURE 2. LPS resp d by NF-«xB luciferase assay.
HEK293T cells were transfected with plasmids containing the gene for wild-
type TLR4 or a truncated human TLR4-EGFP fusion protein, in addition to a
luciferase reporter and human MD-2 plasmid (A} or unmodified plasmids
(control) (8). After 36 h, cells were stimulated with LPS (10 ng/ml) for 7 b, and
luciferase reporter gene activity was measured. All resuits were expressed as
the ratio of relative luciferase activity with LPS stimulation to that without
stimulation, The data were from three independent experiments. Small bars
indicate 95% confidence intervals of the mean (p values for * are: TLR4 (WT)-
EGFR/MD-2 {+), p = 0.002; TLR4 (826tr)-EGFP/MD-2 (+), p = 0.076).
Statistical Analyses—All quantitative experiments were
repeated three times, and each experiment was done in tripli-
cate, The ratio of relative luciferase activity of LPS+ to LPS—
was calculated as the index of the responsiveness to the stimuli
as explained above. When positive response is observed, the
ratio should significantly exceed one. The means of the ratio
were represented in bar graphs. The 95% confidence interval of
the mean of the ratio was calculated and indicated on each bar
in the graph, and p values were calculated using Student’s ¢
distribution compared with the hypothetical mean, one.

RESULTS

Truncation Analysis of TLR 4—To identify amino acid
sequences in the cytoplasmic tail of TLR4 that are involved in
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ytog of EGFP fusion TLR4 truncation mutants used in this
study. TLR4 (7661r) signifies the mutant truncated at position 766. Others are named in the same manner. The
amino acids are colored based on their physicochemical properties: pink, basic; blue, acidic; green, polar and
neutral; and arange, hydrophobic. The black overline represents the TIR domain, Colored overlines indicate
amino acid sequences identical to known sorting signal motifs except for two LLs, which are dileucine maotif-
Iike sequences in that they consist of solely two consecutive leucines without preceding aspartate or gluta-
mate. Capital letters on the line signify the single-letter code for amino acids: £, glutamic acid; L, leucine; R,
arginine; and Y, tyrosine. X signifies any amino acid, and @ signifies an amino acid residue with a bulky hydro-

amino acid sequences are similar or
identical to known general sorting
signal motifs as shown in Fig 1.
YXXO, a form of tyrosine-based
sorting signal, and EXXXLL, a form
of dileucine (LL)-based sorting sig-
nal, both control protem internal-
ization, lysosomal targeting, and
basolateral targeting (10), where “X™
represents any amino acid, "0
stands for an amino acid residue
with a bulky hydrophobic side
chain, and other letters are single-
letter abbreviations for the amino
acids. "Diacidic” signals such as
DXE mediate export from the ER
(11). RR or RXR is another example
of an ER export signal (12). Trunca-
tion sites were chosen so that some of these amino acid
sequences were deleted in each mutant. Because the TIR
domain, which is essential in TLR4 signaling and possibly sub-
cellular localization (13), spans most of the cytoplasmic domain
of TLR4, four out of five mutants have involvement in the TIR
domain, which we hypothesized could result in impaired signal
transduction and a change in subcellular distribution. Part of
the cytoplasmic portion of the amino acid sequence of the trun-
cation mutants is shown in Fig. 1. The five truncation mutant
proteins lost their C-terminal tails at positions 826, 815, 802,
788, and 766, respectively, and were conjugated with EGFP? in
vitro. Actual truncation and ligation sites of all actual mutants
were confirmed to have the designed DNA alignment by
sequencing.

We utilized the luciferase reporter assay to assess NF-«B
transcription activity as an indicator of TLR4 response to LPS
stimuli. MD-2 is reported to be essential for this response (9).
However, because it is not known whether MID-2 is necessary
for transduction of the truncated TLR4 signal as well, we per-
formed the assays with and without MD-2. The index of cell
responsiveness to the stimulation was measured as the ratio
between RLA with LPS stimulation and RLA without LPS stim-
ulation. Only cells transfected with TLR4 (826tr)-EGFP in com-
bination with MD-2 retained responsiveness ta LPS stimula-
tion. One exception was wild-type TLR4-EGFP (Fig. 2A4).
HEK293T cells transfected with TLR4 but without MD-2 did
not respond to LPS stimuli regardless of the TLR4-EGFP gen-
otype (Fig. 2B).

Next, we compared the localization of wild-type and trun-
cated mutants of TLR4-EGFP in HEK293T by fluorescence
microscopy (Fig. 34). The wild-type TLR4 cotransfected with
MD-2 was expressed on the plasma membrane and also in the
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FIGURE 3. Residues 815-826 of TLR4 contain a region necessary for plasma
membrane localization, A, cells were cultured on coverslips in 12-well plates
and transfected as In Fig. 2. EGFP-tagged TLR4 was visualized by laser confocal

microscopy. Fluorescence from EGFP was observed in green. Each genotype of
TLR4-EGFP was cotransfected with a human MD-2 plasmid or empty vector, Bar,
20 pm. B, TLR4 (826tr)-EGFP with or without coexpression of MD-2 were tagged
by biotinylation of the cell surface proteins and affinity-purified, TLR4 was visual

ized by immunoblotting using an anti-GFP monoclonal antibody. Samples from
both combinations of DNAs were prepared from the same number of cells,
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perinuclear area. These findings were consistent with observa-
tions by others (14, 15). TLR4 is reported to localize in the Golgi
apparatus as well as on the plasma membrane, Our observation
of TLR4-EGFP accumulation in the ;‘.rl'lnm]('.\r area does not
contradict the report that TLR4 partly localizes in the Golgi
apparatus (14)

I'LR4-EGFP truncation mutants, 815tr, 802tr, 788tr, and
766tr apparently did not localize at the plasma membr
particular fluorescence pattern that might be characteristic of

ane. No

localization to intracellular
observed. Only TLR4 (B826tr)-EGFP, which has

truncation, was expressed on the plasma membrane and in the

a specific compartment was

the shortest

perinuclear area, and the fluorescence pattern was similar to

A). No TLR4 genotypes, including wild
arly localized on the plasma membrane in

that of wild-type
type TLR4-EGFP,
the absence of MD-2 (Fig. 34). MD-2 is reported to be neces
sary for localization of wild-type TLR4 at the plasma membrane
(15), which is consistent with our observation. Intracellular dis-
tribution of mutant TLR4 varied depending on the genotype,
but no particular cellular structure was identified as an alterna
tive target site. Furthermore, we examined the plasma mem
brane expression of TLR4 (826tr)-EGFP by cell surface protein
biotinylation. The expression level of TLR4 (826tr)-EGFP was
markedly decreased without coexpression of MD-2 (Fig. 38),
which is compatible with the microscope observation.
Removal of the C-terminal segment of TLR4 at residue 826
does not qualitatively affect LPS responsiveness and subcellular

distribution, However, when more residues, up to position 815,

were removed, both signal transduction and plasma membrane
localization were impaired. These results suggest that residues
B15- 826 of TLR4 contain at least one segment that is critical
for those functions.

Amino Acid Sequence Replacement Analysis—To identify
critical amino acid sequences in this region, we generated an
amino acid replacement mutant of TLR4 instead of truncation
mutants. As shown in Fig. 1, although it is not a canonical
sequence, leucine-leucine at 815-816 partially fits a known
sorting signal motif, a dileucine motif, (D/E)XXXL(L/1) or
DXXLL, which plays an important role in internalization of
plasma membrane protein or sorting from the trans-Golgi net-
work (10). Thus, as has been done in a similar study (16), a
mutant was generated in which alanines were substituted for
both leucines at positions 815 and 816.

We measured the NF-kB activity of TLR4 (LE15ALB16A)-
EGIP, the mutant in which both leucines were replaced with
alanines, under LPS stimulation (Fig. 44). This mutant protein
did not respond to LPS stimuli. Microscopic observation
revealed that TLR4 (L815AL816A)-EGFP was not expressed on
the plasma membrane regardless of whether MD-2 was
cotransfected (Fig. 48). The phenotype of this doubly substi
tuted mutant appeared to be the same as that of the truncation
mutants, These results imply that the leucines in positions 815
and 816 play an important role in TLR4 plasma membrane

localization

Analysis of Single Amino Acid Substitution Mutants—As pre
viously nu'nlmmrd, the aminoe acid séquence leucine-leucine at
positions 815 and 816 does not completely match the dileucine
motif, i.e it lacks a preceding acidic amino acid. Therefore it
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of LPS resp i membrane expression.

A lhe LP5 stimulation assay was done for TLR4 (LB15ALB16A}-EGFP as in Fig.

2. The data were from three independent experiments. Small bars indicate

95% confidence intervals of the mean (p value for * are: TLR4 (WT)-EGFP/MD-2

+], p = 0,002). B, TLR4 (LB15SALB16A)-EGFP expression in HEK293T cells was
observed by laser confoecal microscopy. Bar, 20 pm.
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in of EGFP fusion TLR4 amino acid-replacement mutants
used in this study. TLR4 (LB13A) signifies a mutant with leucine replaced with alanine at position 813. Others
are named in the same manner. The amino acids are colored as in Fig. 1. All amino acids are designated using
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was reasonable to explore whether leucines 815 and 816 need to
be adjacent to each other. We created five genotypes of single
amino acid mutants of TLR4: TLR4 (K813A)-EGFP, TLR4
(L815A)-EGFP, TLR4 (L816A)-EGFP, and TLR4 (D817A)-
EGFP, We excluded the amino acid at position 814 from the
analysls, because the amino acid in position 814 of wild-type
I'LiR4 is alanine. The amino acid sequence alignment of wild-
type TLR4 and the single amino acid replacement mutants is
shownin Fig. 5. DNA sequences were confirmed by sequencing,

As was done with truncation mutants, we measured NF-xB
activity of wild-type TLR4-EGFP, TLR4 (K813A)-EGFP, TLR4
(LB15A}EGFP, TLR4 (L816A)-EGFP, and TLR4 (DS17A)
EGFP in response to LPS stimulation. All mutants except TLR4
(1L815A )-EGFP showed responsiveness to LPS stimulation with
coexpression of MD-2 (Fig. 64 ). Without MD-2, no genotype of
I'LR4-EGFP responded to LIPS stimulation (Fig. 6B). LPS stim-
ulation was performed in an identical manner as with trunca-
hion mutants.

Weanalyzed the subcellular distribution of single amino acid
mutants of TLR4-EGFP with and without MD-2 coexpression
by fluorescence microscopy. TLR4 (K813A)-EGFP and TLR4
(D817A)-EGFP showed a similar fluorescence pattern to the
wild-type, which localized at the plasma membrane when coex-
pressed with MD-2, No genotypes of TLR4-EGFP localized on
the plasma membrane without MD-2 (Fig. 7). The cells trans-
fected with TLR4 (L815A)-EGFP cocxpressed with MD-2 did
not show plasma membrane fluorescent pattern. Also, TLR4

LEI5A)-EGFP showed comparatively weaker fluoresce than
other mutants, possibly due to lower expression of the protein.
Fluorescence of TLR4 (LS16A)-EGFP with MD-2 was ambigu-
ous as for the plasma membrane expression. Some kind of
membranous structure was observed in the cytoplasmic area,
but the intensity of the plasma membrane green fluorescence

was obscure. Together with the

‘: " results from the LPS stimulation

e ATR s
preenyn  experiment, the leucines at posi-
QicidtR  tions 815 and 816 are considered to
: : : play important roles in signal trans-

duction and/or subcellular distribu-
tion of TLR4.

Because EGFP consists of 239
amino acids, which is about one-
third the size of the complete TLR4
protein, the experimental results
obtained using TLR4-EGFP could
have been influenced by the pres-
ence of the EGFP fused at the C ter-
minus of TLR4. To rule out this pos-
sibility, we tested the functional
imtegrity of both TLR4 (L815A) and
I'LR4 (LB1AA) with and without
EGFP at the C terminus. Reporter
assays were performed under the
same conditions except that the
shorter tag, FLAG-Hisg, which has
only 21-amino acid tags at the C ter-
minus, was fused to TLR4 in place
of EGFP. There was no difference
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