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Synthesis of protein kinase C5 Ci1b
domain by native chemical ligation
methodology and characterization of its
folding and ligand binding*

Nami Ohashi,® Wataru Nomura,®* Mai Kato,? Tetsuo Narumi,?
Nancy E. Lewin,” Peter M. Blumberg® and Hirokazu Tamamura®*

The C1b domain of protein kinase C§ (PKCS), a potent receptor for ligands such as diacylglycerol and phorbol esters, was
synthesized by utilizing native chemical ligation. With this synthetic strategy, the domain was efficiently constructed and shown
to have high affinity ligand binding and correct folding. The C1b domain has been utilized for the development of novel ligands
for the control of phosphorylation by PKC family members. This strategy will pave the way for the efficient construction of C1b
domains modified with fluorescent dyes, biotin, etc. Copyright (€ 2009 European Peptide Society and John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article
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Introduction

Protein kinase C (PKC) isoforms are serine/threonine protein
kinases which play a pivotal role in physiological responses to
growth factors, oxidative stress, and tumor promoters. These
responses regulate numerous cellular processes [1,2}, including
proliferation (3], differentiation [4], migration [5], and apoptosis
[6,71. Under physiological conditions, signal transduction through
PKC is triggered by the interaction between diacylglycerol (DAG),
a lipid second messenger, and the C1 domains of PKC. The C1
domain is well conserved within the PKC superfamily, forming
a zinc finger structure into which the DAG or phorbol ester
inserts. Ten PKC isoforms have been described, among which
PKC), amember of the novel PKC subfamily, is DAG/phorbol ester-
dependent but calcium-insensitive. Development of ligands with
high specificity for PKC isozymes has been a critical issue {8 -10].
Considerable attention has been directed at the development
of inhibitors of PKC isoforms; however, for PKCy, activators have
a therapeutic rationale. For example, PKCS is growth-inhibitory
in NIH3T3 cells, whereas PKCw and PKC+ are growth-stimulatory
[10}]. Thus, complementary therapeutic strategies are to inhibit a
specific PKC isoform or to stimulate an antagonistic isoform. For
this latter approach, activators selective for different isoforms are
needed.

For the development of isozyme-specific ligands, the Clb
domain provides a robust platform for binding analyses. Although
bacterial expression of cloned C1b domain affords ample material,
preparation of the C1b domain by synthetic methods would greatly
enhance its ability to be manipulated, such as by labeling with
fluorescent dyes or biotin. However, synthesis of the C1b domain
by standard SPPS is problematic on account of its size { ~50 amino
acids), although its synthesis by a stepwise condensation method
has proven possible {11]. In this study, we applied native chemical
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ligation {NCL) methodology [12,13] to an efficient synthesis of the
PKCs C1b (3C1b) domain (Scheme 1).

Materials and Methods

Preparation of amino acid-loaded 2-chlorotrityl resin

2-Chlorotrityl chloride resin (100-200 mesh polystyrene, 1% DVB,
1.4 meg/g, 1.4 mmol) (Novabiochem) was treated with Fmoc-
His(Trt)}-OH (0.63 mmol) and N,N-diisopropylethylamine (DIPEA)
{2.25 mmol) in dry DCM (10 ml) for 1 h. The resin was dried in
vacuo after washing with dry DCM. The loading was determined
by measuring UV absorption at 301 nm of the piperidine-treated
Fmoc-His(Trt)-(2-Cl)Trt-resin (0.32 meq/g). Unreacted chloride was
capped by treatment with MeOH (1 mi), DCM (10 ml), and DIPEA
(574 ul, 3.3 mmol) for 15 min.

Synthesis of peptide thioester §C1bh(231-246)

The peptide chain was manually constructed using Fmoc-based
solid-phase synthesis on Fmoc-His(Trt)-(2- Cl)Trt-resin with capping
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Scheme 1. Process of NCL methodology and the sequence of synthesized § C1b domain. The amino acid residues involved in chelation of zinc ions are

grouped by lines.

(0.05 mmol scale). Fmoc-protected amino acid derivatives (5 equiv)
were successively condensed using 1,3-diisopropylcarbodiimide
(DIPCH{5equiv)inthe presence of HOBt-H, O (5 equiv)in DMF (2 mi)
(90 min treatment). The following side-chain protecting groups
were used: Boc for Lys, Pbf for Arg, OBu' for Asp, Trt for Asn, Cys,
and His, Bu' for Ser, Thr, and Tyr. The Fmoc group was deprotected
with 20% piperidine in DMF (2 ml) for 15 min. After the final
Fmoc deprotection, the peptide was acetylated in the mixture of

Ac;O-DMF - pyridine (1:4:1, v/v, 3 ml). The yield of the resulting .

protected peptide resin was 335 mg. The resulting protected
3C1h(231-246) was cleaved from the resin with TFE- AcOH-DCM
(1:1:3, v/v, 15ml) (2h treatment), and thioesterified with
ethyl mercaptopropionate (20 equiv), HOBt-H,O (10 equiv),
and 1-(3-dimethylaminopropyl)-3-ethylcarboiimide (EDCH-HCI (10
equiv) in DMF (1 ml) (0 C, 2 h). Subsequently, the peptide was
deprotected with TFA-thioanisole - m-cresol-triisopropylsilane
(TIS) (89:7.5:2.5:1, v/v, 5 ml) (90 min treatment). After cleavage
and deprotection, the crude product was precipitated and washed
three times with cold diethyl ether, then purified by RP-HPLC
(column: COSMOSIL 5Cig AR-IL 10 x 250 mm).

Synthesis of peptide fragment §C1b{247-281)

The peptide chain was manually constructed using Fmoc-based
solid-phase synthesis on NovaSyn TGR-resin (0.26 meg/g, 0.1 mmol
scale). Fmoc-protected amino acid derivatives (5 equiv) were
successively condensed using DIPCI (5 equiv) in the presence
of HOBt-H,O (5 equiv) in DMF (4 mi) (90 min treatment). The
side-chain protecting groups were used as for the synthesis of
AC1b(231-246). Additionally, Trt and OBu' were used for Gin and
Glu, respectively. The yield of the resulting protected peptide
resin was 920 mg. Protected sC1b(247 -281) was cleavaged and
deprotected with TFA - thiocanisole -m-cresol-TIS (89:7.5:2.5:1,
v/v, 10 ml) (90 min treatment). The purification procedure was the
same as in the synthesis of 8C1b(231 - 246).

Native chemical ligation

The thioester peptide (§C1b(231-246): 2.9 mg, 1.3 umol), the N-
terminal Cys peptide (§C1b(247 - 281):4.9 mg, 1.3 pmol), and tris{2-
carboxyethyl)phosphine hydrochloride (3 mg, 13 umol) were
dissolved in 1.5 ml of 6 m guanidine hydrochloride, 2 mm EDTA,
and 0.1 M sodium phosphate at pH 8.5. The addition of 4%
thiophenol promoted the conversion of the less reactive 2-
mercaplopropionate thioester to the more reactive phenyl-o-
thioester and started the ligation reaction [13,14]. After incubation

SRR = SRS
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at 37 "Cunder N, atmosphere, the reaction mixture was analyzed
by analytical RP-HPLC (column: COSMOSIL sCig AR-1I,4.6 x 250 mm,
a linear gradient of 25-45% acetonitrile, 30 min). The eluent was
monitored at 220 nm and characterized by ESI-MS. The product
was gel filtrated with Sephadex G-10 and purified by RP-HPLC
under the same condition as for peptide fragments.

ESI-MS sample preparation of the folded domain with zincion

The synthetic §C1b domain in ultra pure water was treated with 3
molar equivalents of ZnCl,. After incubation at 4 "C for 10 min, the
solution was neutralized with 10 mm of pyridinium acetate buffer
(pH 6.8). The peptide concentration was adjusted to 50 pm.

Expression and purification of recombinant §C1b domain

The recombinant 5Ctb domain was expressed as a GST fusion
domain. The protein was purified by GSTrap (GE Healthcare)
following the manufacturer instruction, then the GST domain was
cleaved by treatment with thrombin at 4 C for 12 h. The sC1b
domain was further purified by size-exclusion chromatography.
The purity of the domain was confirmed as :-90% by SDS-PAGE
f171.

CD spectroscopy

UV CD spectra were recorded on a Jasco J-720 spectropolarimeter
at 25 C. The measurements were performed using a 0.1 ¢m path
length cuvette at a 0.1 nm spectral resolution. Each spectrum
represents the average of ten scans, and the scan rate was
50 nm/min. The initial measurement solution contained 50 um
peptide, 50 mm Tris-HCI {pH 7.5}, and 1 mm DTT. ZnCl, was added
to the mixture at 100 um. To measure the unfolded state of
synthetic §Cib domain, EDTA was added to the folded peptide
mixture at 100 um.

(3H]-phorbol 12, 13-dibutylate binding

[*H]-phorbol 12, 13-dibutyrate (PDBu) binding to PKC was
measured by the polyethylene glycol precipitation assay as
described in Refs. 15,16 with minor modification. To determine
the dissociation constant {Ky) for the synthetic AC1b, saturation
curves with increasing concentrations of the [*HJPDBu were
obtained in triplicate. The 250 ul of assay mixture contained
50 mm Tris-HCl {pH 7.4}, 1 mm ethyleneglycol-bis{fi-aminoethyl)-
NNN N tetraacetic acid (EGTA), 0.1 mg/ml phosphatidylserine,

www.interscience.com/journal/psc

— 188 —




Journal of

Peptide

2 mg/ml bovine immunoglobulin G, variable concentrations of
[HIPDBu and nonspecific line containing the excessive amount
of nonradioactive PDBu against [PHIPDBu. After the addition of
peptides stored in 0.015% Triton X-100, binding was carried out
at 18 “C for 10 min. Samples were incubated on ice for 10 min. To
precipitate peptides, 200 il of 35% polyethylene glycol in 50 mm
Tris-HCl (pH 7.4) was added, then vortexed, and the samples were
further incubated on ice for 10 min. The tubes were centrifuged at
4°C {12,200 rpm, 15 min), then 100 yl aliquot of each supernatant
was transferred to scintillation vials for the determination of
free PHIPDBu. Remaining supernatant was aspirated off, and the
bottom of centrifuge tube was cut off just above the pellet and
transferred to a scintillation vial for the determination of total
bound PHIPDBu.

Results and Discussion

In the synthesis of the 4Cib domain, the N-terminal
(6C1b(231-246)) and C-terminal (3C1b{247-281)) peptide
fragments were synthesized separately. In this case, an unpro-
tected peptide §C1b(231-246) «-carboxythioester was reacted
with another peptide containing an N-terminal cysteine residue,
8C1b(247-281) [17]. The 8C1b{231-246) and 5C1bh(247-281)
fragment peptides were synthesized by Fmoc-based SPPS on
a 2-chlorotrityl resin and on a Rink amide resin (NovaSyn TGR),
respectively, as described in Materials and Methods Section. The
fragment peptides were purified by RP HPLC and characterized
by electrospray ionization time-of-flight mass spectrometry
(ESI-TOFMS) using a DALTONICS (BRUKER): sCib(231-246)
u-carboxythioester m/z [M+H ] calcd: 2203.5, observed: 2203.8;
8§C1b(247-281) m/z [M+H'] calcd: 3829.6, observed: 3829.3.
The purification by HPLC (column: COSMOSIL 5C18 AR-ll,
20 x 250 mm, a linear gradient of 25-30% acetonitrile in water
for 8C1b(231-246) w-carboxythioester and a 29% acetonitrile
isocratic elution for 5C1b{247~-281), 30 min) gave pure fragment
peptides aC1b(231 - 246) w-carboxythioester and sC1b{247-281)
in overall yields of 35% and 8%, respectively. The purified peptides
were lyophilized and dissolved in buffer before the ligation
reaction. Charts {(A-C) in Figure 1 show the progress of the
ligation reaction at 0, 6.5 and 18 h incubation, respectively. The
labeled peak ¢ shows thiophenol. The other peaks were identified
by ESI'MS; a, 8C1b{231 -246) (2-mercaptopropionate thioester);
b, sC1b(247-281); d, sC1b(231-281) m/z IM+H'] calcd: 5898.8,
observed: 5899.0. Purification by RP HPLC (column: COSMOSIL
5C18 AR-lI, 10 x 250 mm, a linear gradient of 30-45% acetonitrile,
30 min) gave pure §C1b(231-281} in 45% overall yield. Aithough
the 4C1b domain contains six cysteine residues, the synthesis

OHASHI ETAL.

of this peptide was efficiently achieved using the ligation
technique. Formerly, Futaki et al. [18] performed the synthesis of
a Cys;His,-type zinc finger peptide by applying the NCL method.
They showed that this method could apply to the synthesis
of more than 90 amino acid peptide and that the synthetic
peptide shows correct domain folding and zinc ion chelating as a
recombinant protein. In their synthesis, the ligation junction was
between methionine and cysteine at the linker residues of the zinc
finger peptide. For the §C1b domain, we first attempted ligation
at Phe243 and Cys244 junction because of slight possibility of
epimerization in thioesterification. After confirmation of low
reactivity at this junction, His246 and Cys247 junction was
adopted as NCL junction. His-Cys junction has been indicated
as very fast kinetics (less than 4 h to complete ligation, when
compared to Phe-Cys junction which showed approximately 20%
reaction after 48 h) residues for NCL reaction. {19]. However, the
thioesterification at the C-terminal histidine residue could cause
epimerization. To avoid epimerization, the reaction was performed
under acidic conditions and low temperature (~0 C) {17]. After
NCL reaction, the epimerization of 3C1b domain was investigated
by isocratic HPLC. To identify the isomer of §C1b domain, D-His
incorporated fragment of 4C1b{231-246) was synthesized and
utilized for NCL, The retention time of D-His §C1b(231-281) was
compared with those of L-His domains ligated under —20 and
0 'C. The eluent peaks were identified by ESI-MS. The resuits
indicate that the synthetic 5C1b(231-281) contains undetectable
level of the isomer form (see Figure S1, Supporting Information).
Folding properties of the peptide were assessed by CD spec-
tra [11]. X-ray crystallography analysis of the §C1b domain has
revealed that the domain is a cysteine-rich zinc finger structure
with two zinc ions as cofactors [20]. Upon the addition of 2 molar
equivalents of zinc ion to the peptide solution, a red-shift at the
absorption minimum of the spectrum was observed (Figure 2). The
spectrum for the folded §Ctb domain was similar to that of the
native §C1b domain obtained as a recombinant protein domain.
The recombinant 8C1b domain was expressed in Escherichia coli
and purified by GST-affinity chromatography. On the basis of the
result that the recombinant domain showed equal ligand bind-
ing affinity and folding property as previously described [11], the
spectrum was referred as correctly folded state of the domain. To
further assess the state of folding of the synthetic SC1b domain,
a molar equivalent of EDTA to zinc ion was added. The minimum
absorption showed a blue-shift, indicating that the zinc ion plays
an important role in the folding of the domain. Furthermore, the
molecular weight of the folded domain with zinc ions was char
acterized by ESI-MS [11]. The charge states of 4+ and 5+ (m/z
1506.6 and 1205.5, respectively) were observed and their recon-
structed mass {6023.4) was consistent with the calculated mass of

(» B (©)
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Figure 1. HPLC charts of the NCL reaction solution. Charts (A)-{C) show the reaction progress at 0, 6.5, and 18h incubation, respectively, after
the thiophenol addition. Numbers under each chart indicate the elution time (minutes). Peaks (a)-(d) show as follows: a, AC1b(231-246) (2-
mercaptopropionate thioester); b, SC11(247  281); ¢, thiophenol; d, 3Q1H(231 281).
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Figure 3. Representative saturation curves with increasing concentrations
of [*HIPDBu. [*HIPDBu scatchard plots for the synthetic »C1b domain
are shown in the panel. Binding was measured using the polyethylene
glycol precipitation assay. Each point represents the mean of triplicate
determinations, generally with a standard error of 2%, Similar results were
obtained in two additional experiments,

3CIb{(231-281) 4 2Zn — 4H(6022.6)[21]. The ligand binding of the
synthetic AC1b domain was assessed by binding assays utilizing
{*HIPDBu. The K, for PDBu was determined to be 0.34 L 0.08 nM
(mean L SEM, n = 3 experiments) (Figure 3). This value shows
that the synthetic §C1b domain is comparable to the recombinant
proteindomain{(Ky = 0.8 1 0.1 nm)in ligand binding analyses {22].

Conclusions

Insummary, a Cys-rich peptide, PKCs C1b domain, was successfully
synthesized by NCL methodology. In the synthesis of C1b domains
by a stepwise condensation method, special reagents and resins
suchasHATU and PEG-PSresin were utilized on account of difficulty
in coupling [11]. The fragment condensation by NCL would be

1. Pept. Sci. 2009; 15: 642 646

an advantageous alternative method since normal reagents can
be used for the synthesis of each fragment. Proper zinc-finger
structure folding was determined by CD spectra. The binding of
PDBu was assessed by polyethyleneglycol precipitation assays and
the result indicated that the synthetic sC1b domain is suitable for
use in ligand binding analyses. This methodology makes feasible
the efficient preparation of modified C1b domains, which might be
useful for the establishment of new binding assay methods or for
the characterization of newly synthetic isozyme-specific ligands.
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A structure-activity relationship study was conducted of several CD4 mimicking small molecules which
block the interaction between HIV-1 gp120 and CD4. These CD4 mimics induce a conformational change
in gp120, exposing its co-receptor-binding site. This induces a highly synergistic interaction in the use in
combination with a co-receptor CXCR4 antagonist and reveals a pronounced effect on the dynamic supra-

molecular mechanism of HIV-1 entry.
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Recently, remarkable success has attended the clinical treat-
ment of HIV-infected and AIDS patients, with ‘highly active anti-
retroviral therapy (HAARTY)'". This approach involves a combination
of two or three agents from two categories: reverse transcriptase
inhibitors and protease inhibitors.’ In addition, the molecular
mechanism involved in HiV-entry and -fusion into host cells has
been described in detail.” The complex interactions of surface pro-
teins on cellular and viral membranes, which are designated as a
dynamic supramolecular mechanism of HIV entry, are reported
to be crucial to the viral infection. In a first step, an HIV envelope
protein, gp120 interacts with a cell surface protein, CD4, leading
to a conformational change in gp120 followed by subsequent bind-
ing of gp120 to a co-receptor CCRS® or CXCR4.* CCR5 and CXCR4
are the major co-receptors for the entry of macrophage-tropic
(RS5-) and T cell line-tropic (X4-) HIV-1, respectively. The interac-
tion of gp120 with CCRS or CXCR4 triggers entry of another enve-
lope protein, gp41 to the cell membrane and formation of a gp41
trimer-of-hairpins structure, which causes fusion of HIV/cell-mem-
branes and completes the infection.

Informed by this mechanism, a fusion inhibitor, enfuvirtide (fuz-
eon, Trimers & Roche)® and a CCRS antagonist, maraviroc (Pfizer)® in
addition to an integrase inhibitor, raltegravir (Merck)’ have been
used clinically. However, serious problems with chemotherapy still
persist, including the emergence of viral strains with multi-drug
resistance {(MDR), considerable adverse effects and high costs. Con-
sequently, development of novel drugs possessing mechanisms of
action different from those of the above inhibitors is currently re-

* Carresponding author,
E-mail address: tamamura.mr@timd.ac,jp (H. Tamanwura).

0960-894X/$ - sce front matter «» 2009 Elsevier Ltd. All rights reserved,
doi; 10.1016/j.bmci.2009.10.098

quired. We have previously developed selective CXCR4 antagonists®
and fusion inhibitors.® Furthermore, N-(4-Bromophenyl)-N'-
(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (1) and N-(4-chloro-
pheny!)-N'-(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide (2) were
previously found using chemical library screening to inhibit syncy-
tium formation by other researchers.’® 1 and 2 bind to gp120 with
binding affinities of K4 = 2.2 tM and 3.7 puM, respectively, blocking
the interaction of gp120 with CD4 in the first step of an HIV-1 entry.
Thus, in the present study we focus on the development of CD4 mim-
ics that can block the interaction between gp120 and CD4. We have
investigated the effect of CD4 mimics on conformational changes of
gp120 and on their use in combination use with a CXCR4 antagonist.

Initially, molecular modeling of compound 2 docked into gp120
was carried out using docking simulations performed by the Flex-
SIS module of SYBYL 7.1 (Tripos, St. Louis) (Fig. 1)."" The atomic
coordinates of the crystal structure of gp120 with soluble CD4
(sCD4) were retrieved from Protein Data Bank (PDB) (entry 1RZJ)
(Fig. 1a) and it was observed that Phe** and Arg®® of the CD4 have
multiple contacts with Asp*®®, Glu®7® and Trp**? of gp120, which
are all conserved residues. An inspection of the environment of
compound 2 docked in gp120 revealed the presence of a large cav-
ity around the p-position of the phenyl ring of compound 2, which
could interact with the viral surface protein gp120 (Fig. tb and ¢).
Several analogs of 2 with substituents on the phenyi ring were
therefore synthesized.

All compounds except 12 were synthesized by previously
published methods (Scheme 1).'®'2'3 Aniline derivatives (3) were
coupled with ethyl oxalyl chloride to yield the corresponding ethyl
oxalamates 4. Saponification of the above oxalamates to the
corresponding free acids and the subsequent coupling with 4-ami-
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gpi120+componund 2

Figure 1. (a) The crystal structure of gp120 with solubie CD4 (sCD4) retrieved from
the PDB (entry 1RZ}); {b) docking structure of compound 2 and gp120; (c) a focused
figure of (b) shown by space-filling model.
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3 4 5-9 (see Table 1)

Scheme 1. Reagents and conditions: (i) cthyl oxalyl chloride, EtyN; (ii) 1 M NaOH;
4-amino-2,2,6,6-tetramethylpiperidine, 1-(3-dimethylaminopropyl)-3-cthylcarbo-
diimide hydrochloride, t-hydroxybenzotriazole, EtyN.

no-2,2,6,6-tetramethylpiperidine using 1-ethyl-3-(3-dimethylami-
nopropyl jcarbodiimide hydrochloride (EDC) and 1-hydroxybenzotri-
azole (HOBt) yielded compounds 5-9. In the case of compound 12,
whose amide bond is not stable during the reaction of the saponifica-
tion of the corresponding oxalamates, an alternative synthetic
scheme was used (Scheme 2),'* The reaction of p-nitroaniline (10)
with oxalyl chioride gave the corresponding oxoacetamide 11, which
was subsequently coupled with 4-amino-2,2,6,6-tetramethylpiperi-
dine to yield the desired compound 12,

4
(0] 7 NH
H h

12 (see Table 1)

Scheme 2. Reagents and conditions: (i} oxaly! chioride, Et;N; (ii) 4-amino-2,2,6,6-
tetramethylpiperidine, EtsN.

The anti-HIV activity of the synthetic compounds was evatuated
against various viral strains including both laboratory and primary
isolates (Table 1). ICsp values were determined by the 3-(4,5-
dimethylthiazol-2-yl}-2,5-diphenyltetrazolium bromide (MTT)
method'” as the concentrations of the compounds which conferred
50% protection against HIV-1-induced cytopathogenicity in PM1/
CCRS5 cells. Cytotoxicity of the compounds based on the viability
of mock-infected PM1/CCRS cells was also evaluated using the
MTT method. CCsp values were determined as the concentrations
achieving 50% reduction of the viability of mock-infected cells.
Compounds 1 and 2 showed potent anti-HIV activity against labo-
ratory isolates, IIIB (X4, Sub B) and 89.6 (dual, Sub B) strains, and
compound 2 also possessed potent activity against a primary iso-
late, an fTOI strain (RS, Sub B). All of the ICsy values were between
4 M and 10 uM. Compound 1 was not tested against primary iso-
lates. The potencies of compounds 1 and 2 are comparable to the
reported binding affinities for gp120 (K3 = 2.2 and 3.7 pM, respec-
tively).'” Several of the new analogs of compounds 1 and 2 showed
significant anti-HIV activity. Compound 5, which has a phenyl
group in place of the p-chloropheny!l group of compound 2, did
not show significant anti-HIV activity at concentrations below
100 uM against all strains tested except for an fTOl strain (RS,
Sub B). This result suggests that a substituent at the p-position of
the phenyl ring is critical for potent activity. Compound 6, which
has a fluorine atom at the p-position of the phenyl ring, showed
moderate anti-HIV activity against laboratory isolates, 1lIB (X4,
Sub B} and 89.6 (dual, Sub B) strains (ICsg=61 and 81 uM, respec-
tively), but, at concentrations below 100 uM, failed to show signif-
icant anti-HIV activity against a primary isolate, a KYAG strain (R5,
Sub B). Among halogen atoms, fluorine is less suitable than bro-
mine or chlorine as a substituent at the p-position of the phenyl
ring, as evidenced by compound 6, which is 8-15-fold less potent
than compounds 1 and 2 against lIB (X4, Sub B) and 89.6 (dual,
Sub B) strains. Compound 7, which has a methyl group at the p-po-
sition of the phenyl ring, showed relatively more potent activity
against IHB (X4, Sub B) and 89.6 (dual, Sub B) strains (ICso =23
and 41 pM, respectively) than compound 6. Compound 7 also
showed significant anti-HIV activity against primary isolates, fTOI
(R5, Sub B) and KYAG (RS, Sub B) strains (ICso= 16 and 51 uM,
respectively). Compound 8, with a methoxy group at the p-position
of the pheny! ring, did not show significant anti-HIV activity
against all strains tested until a concentration of 100 M was
reached. In the biological assays, derivatives having electron-with-
drawing substituents such as bromine, chlorine and fluorine at the
p-position of the phenyl ring are relatively potent, whereas deriv-
atives having electron-donating groups such as methoxy at this po-
sition are not potent, Furthermore, the steric effect of a substituent
at the p-position of the phenyl ring appears to be critical to anti-
HIV activity, The sum of Hammett constants () of benzoic acid
substituents'® shown in Table 1 can be used to evaluate the elec-
tron-withdrawing or -donating effect of the substituents on the
aromatic ring. The Taft E, values'®™'7 were used as steric
parameters for substituents at the p-position of the phenyl ring,
The order of potency found for the halogen-containing derivatives
in anti-HIV activity against laboratory isolates, 1B (X4, Sub B) and
89.6 (dual, Sub B), is: compound 1 (R=Br) (r=0.23,E,= 1.16),2
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Table 1
Hammett constants (o) and steric effects (E) of substituted aromatic rings and anti-HIV activity and cytotoxicity of synthetic compounds
Compd R* o’ ES [Cs0® (UM) CCso” (UM)
Lab. isolates Primary isolates
1B (X4) 89.6 {dual} fTOI (R5) KYAG (R5)
1 Br 0.23 -1,16 4 9 ND ND 150
2 o} 0.23 -0.97 8 10 5 >30 170
5 H 0 0 >100 >100 81 >100 350
6 F 0.06 ~0.46 61 81 ND >100 320
7 CHy -0.17 -1.24 23 41 16 51 210
8 OCH; -0.27 -0.55 >100 >100 ND >100 340
9 CF3 0.54 -2.40 ND 27 ND ND 72
12 NO; 10.78 -1,77¢ ND 42 ND ND 230
sCD4 0.010 0.021 0.0044 ND ND
¢ See Schemes 1 and 2.
b &= Hammett constant of a substitutent on a benzoic acid derivative.'®
16a,17

° E, = steric effect of a substituent at the para position on the aromatic ring.

4 The average value of —1.01 and —2.52, which are E; values of the NO; group, —1.77, was used.

¢ Values are means of at least three experiments (ND = not determined).

(R=Cl) (0=0.23, E;= ~0.97), 6 (R=F) (6 =0.06, Es= —0.46) and 5
(R=H) (¢ =0, Es=0). This is the order of substituents’ electron-
withdrawing ability and also of their size. Methyl (o=-0.17,
Es=—1.24) is an electron-donating group, but is almost as bulky
as a bromine atom. Thus, the p-methy! derivative 7 has relatively
potent anti-HIV activity against laboratory isolates, llIB (X4, Sub
B) and 89.6 {dual, Sub B), higher than that of compound 6 (R=F)
but lower than that of compound 1 (R =Br) or 2 (R=Cl). The elec-
tron-donating ability of a methoxy group is stronger (o = ~0.27),
but the bulk size is smaller (Es=-0.55), than that of a methyl
group. Thus, the p-methoxy derivative 8 has no significant anti-
HIV activity against all strains tested at concentrations below
100 uM. Two derivatives containing bullier and more potent elec-
tron-withdrawing substituents such as trifluoromethyl (R = CF,)
(6 =0.54, E;= -2.40) and nitro (R=NO,) (=078, E;=-1.77) at
the p-position of the phenyl ring were evaluated. Compounds 9
(R=CF3) and 12 (R=NO,) showed significant anti-HIV activity
against an 89.6 (dual, Sub B) strain. These are less potent than com-
pounds 1 and 2 and this is perhaps due to the excessive size of the
substituents at the p-position. This suggests that a certain level of
the bulk size and a potent electron-withdrawing ability of the sub-
stituents are preferable for anti-HIV activity. It is estimated that a
cavity around the p-position of the phenyl ring of CD4 mimicking
compounds would be optimally filled by bromine (E; = -1.16)} or
a methyl group (E, = —1.24) at p-position, and that an electron-
deficient aromatic ring might interact tightly with a negatively
charged group such as carboxy of Glu3”%, In isothermal titration
calorimetry (ITC) experiments reported elsewhere,'™ compound
5 (R=H) does not have significant affinity for gp120, and com-
pound 6 (R = F) has less potent affinity for gp120 than compound
2, consistent with the present data, In all but one of the com-
pounds, no significant cytotoxicity was detected (CCso >150 uM,
Table 1), the exception being compound 9 (R = CF4) (CCs = 72 uM).
Compounds 7 and 12 have relatively low cytotoxicities, compared
to compounds 1 and 2.

Fluorescence activated cell sorting (FACS) analysis was per-
formed'® to investigate whether these synthetic compounds inter-
act with gp120 inducing the conformational change necessary for
the approach of an anti-envelope antibody or a co-receptor to
the gp120. The profile of binding of an anti-envelope CD4-induced
monoclonal antibody, 4C11, to the Env-expressing cell surface (an
R5-HIV-1 strain, JR-FL-infected PM1 cells) pretreated with the
above CD4 mimic analogs was examined, Comparison of the bind-
ing of 4C11 to the cell surface was measured in terms of the mean
fluorescence intensity (MFI), and is shown in Figure 2, Pretreat-
ment of the Env-expressing cells with compound 2 (MFl = 38.42)

produced a remarkable increase in binding affinity for 4C11, simi-
lar to that observed in pretreatment with sCD4 (MFI = 37.90). This
is consistent with the results in the previous paper'® where it was
reported that compound 2 enhances the binding of gp120 to the
17b monoclonal antibody which recognizes the co-receptor bind-
ing site of gp120. Env-expressing cells, which were not pretreated
with sCD4 or a CD4 mimic compound, did not show significant
binding affinity for 4C11 (Fig. 2, blank). The increase in binding
affinity for monoclonal antibodies may be due to conformational
changes in gp120, which were caused by the interaction of sCD4
or a CD4 mimic with gp120. [t is hypothesized that such conforma-
tional changes involve the exposure of the co-receptor binding site
of gp120 (the V3 loop), which is hidden internally, since the bind-
ing of gp120 to 17b is enhanced. Compound 5, which failed to
show significant anti-HIV activity, and compounds 7, 9 and 12,
which had significant anti-HIV activity, were assessed in the FACS
analysis. The profile of the binding of 4C11 to the Env-expressing
cell surface pretreated with compound 5 (MFI = 14.34) was similar
to that of the blank (MFI = 11.24), suggesting that compound 5 of-
fers no significant enhancement of binding affinity for 4C11. This
result is compatible with the anti-HIV activity of compound 5.
The profile of the binding of 4C11 to the Env-expressing cell sur-
face pretreated with compound 7 (MFI = 38.33) was entirely simi-
lar to that of compound 2 used as a pretreatment. Pretreatment of
the cell surface with compounds 9 and 12 (MFI = 29.09 and 30.01,
respectively) produced a slightly lower enhancement of binding
affinity for 4C11, compared to those of compounds 2 and 7 as pre-
treatments. However, in the ITC experiments reported else-
where,'® compound 9 (R=CF;) has a high affinity for gp120,
comparable to that of compound 2, but compound 12 (R=NO,)
does not have significant affinity for gp120, indicating that these
are not consistent with the current FACS studies, possibly due to
the difference in the assay systems, Although the anti-HIV activity
of 7 is weaker than that of compound 2, the level of compound 7
inducing an enhancement of binding affinity of gp120 for 4C11 is
comparable to that of compound 2. The concentration of com-
pounds used in the FACS analysis was 100 pM, much beyond the
1Cso values of compounds 2 and 7. A concentration of 100 uM
would be also sufficient for the expression of anti-HIV activity
caused by compounds 2 and 7.

An effect on the use of compound 2 combined with another entry
inhibitor was investigated. Analysis of the synergistic effects of anti-
HIV agents was performed according to the median effect principle
using the CalcuSyn version 2 computer program'® to estimate ICso
values of compounds in different combinations. Combination indi-
ces {Cl) were estimated from the data evaluated using the MTT assay
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Figure 2. JR-FL{RS5, Sub B) chronically infected PM1 cells were preincubated with 100 uM of a CD4 mimic or SCD4 (11 nM) for 15 min, and then incubated with an anti-HIV-1
mAb, 4C11, at 4 °C for 15 min. The cells were washed with PBS, and fluorescein isothiocyanate (FITC)-conjugated goat anti-human IgG antibody was used for antibody-
staining. Flow cytometry data for the binding of 4C11 (green lines) to the Env-expressing cell surface in the presence of sCD4 or a CD4 mimic are shown among gated PM1
cells along with a control antibody (anti-human CD19: black lines). Data are representative of the resuits from a minimum of two independent experiments, The number at

the top of each graph shows the mean fluorescence intensity (MFI) of the antibody 4C11.

Table 2 Health and Labour Sciences Research Grants from Japanese Minis-

Combination indices (Cl) for compound 2 or sCD4 and a CXCR4 antagonist, T140, try
against an HIV UIB strain

of Health, Labor, and Welfare.

Combination HIV strain Cl values at different IC* References and notes

C

Cso G Cso 1. Mitsuya, H.; Erickson, J. In Textbook of AIDS Medicine; Merigan, T. C., Bartlett, }.
2+T140 B 0.786 0713 0.655 G., Bolognesi, D., Eds.; Williams & Wilkins: Baltimore, 1999; pp 751-780.
sCD4 + T140 HiB 0.705 0.528 0.400 . Chan, D. C.; Kim, P. S, Cell 1998, 93, 681.

w N

¢ The multiple-drug effect analysis reported by Chou et al. was used to analyze
the effects of combinational uses of compounds.'® CI <0.9: synergy, 0.9 <Cl < 1.1:
additivity, CI >1.1: antagonism,

(Table 2).'" Compound 2 showed a highly remarkable synergistic
anti-HIV activity with a co-receptor CXCR4 antagonist, T140,%
against an X4-HIV-1 strain, HIB at various IC values (ICsg, I1C5 and
ICo0). However, sCD4 exhibited a higher synergistic effect (lower Cl
values) with T140 (Table 2). The interaction of sCD4 or a CD4 mimic
with gp120 would expose the co-receptor-binding site of gp 120, and 6.
the co-receptor CXCR4 could then easily approach gp120. Thus, an
inhibitory effect of a CXCR4 antagonist would be meaningful, and a
significant synergistic effect might also be brought about by a com-

[V

bination of sCD4 or a CD4 mimic and T140, 7.
In summary, a series of CD4 mimic compounds were synthe-
sized and evaluated for their anti-HIV activity. Several compounds 8

showed significant anti-HIV activity with relatively low cytotoxic-

ity. SAR studies showed that a certain level of size and electron-
withdrawing ability of the substituents at the p-position of the
phenyl ring are suitable for potent anti-HIV activity. In addition,

the treatment of Env-expressing cells with several CD4 mimicking
compounds causes a conformational change, exposing the co- 9
receptor-binding site of gp120 externally, Thus, a CD4 mimic
exhibited a remarkable synergistic effect with a co-receptor antag-
onist. These compounds are essential probes directed to the dy-
namic supramolecular mechanism of HIV entry, and important
leads for the cocktail therapy of AIDS,
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module, into the crystal structure of gp120 (PDB, entry 1RZ]). The binding site
was defined as residues Vai?35, Asp®®®, Glu®™®, Ser*™, lle*?4, Trp*?’, vat**® and
Val*’®, and included residues located within a radius 4.4 A. The ligand was
considered to be fiexible, and all other options were set to their default values.
Figures were generated with ViewerLite version 5.0 (Accelrys Inc., San Diego,
CA).

. For example, the synthesis of compound 7: Te a solution of ethyl oxalyl chloride

(0.400 mL, 3.48 mmol) in THF (20mL) were added triethylamine (Et;N)
(0.480 mL, 3.48 mmol) and p-toluidine (373 mg, 3.48 mmol) with stirring at
0°C. The reaction mixture was allowed to warm to room temperature, and
then stirred for 6 h, After removal by filtration of the resulting saits, the filtrate
was concentrated under reduced pressure. The residue was extracted with
EtOAc (50 mL), and the extract was washed successively with brine (20 mL),
t M HCl (20 mL x 2), brine (20 mL), saturated NaHCO; (20 mL x 2) and brine
(20 mL x 3), then dried over MgS0,4. Concentration under reduced pressure
gave the crude ethyl oxalamate, which was used without further purification.
To a solution of the crude ethyl oxalamate (640 mg, 3.08 mmal) in THF (30 mL)
were added aqueous 1 M NaOH (3.40 mL, 3.40 mmol), water (50 mL) and
MeOH (20 mL) with stirring at 0 °C. The reaction mixture was allowed to warm
to room temperature, and then stirred for 20 h. After the addition of aqueous
1 M HCU (5 mL), MeOH and THF were evaporated under reduced pressure. The
residue was acidified to pH 2 with 1M HCl, and extracted with EtOAc
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Et;N (0.439 mL, 3.16 mmol) with stirring at 0°C. The reaction mixture was
allowed to warm to room temperature, and then stirred for 20 h. After
evaporation of THF, the residue was dissoived in CHCl; (50 mL). The mixture
was washed with saturated NaHCO; (20 mL x 2) and brine (20 mL x 3}, and
dried over MgS04. Concentration under reduced pressure gave the crude
crystalline mass. The usual work-up followed by recrystallization from EtOAc-

13,
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n-hexane gave the title compound 7 (363 mg, 1.14 mmol, 39.8%) as colorless
crystals, mp = 176 °C; dx (400 MHz; CDCl3) 1.07 (1H, m, NH), 1.16 (6H, s, CH3),
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NH), 7.50 (2H, d, J 8.4, ArH), 9.18 (1H, s, NH); HRMS (FAB), m/z calcd for
Cy3H25N30; (MH)' 318.2182, found 318.2173.
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EtsN (167 uL, 1.20 mmol) and 4-amino-2,2,6,6-tetramethylpiperidine (156 pL.
0.90 mmol) were added. The reaction mixture was stirred for 6 h at 0 °C. After
removal by filtration of the resulting salts, the filtrate was concentrated under
reduced pressure. The residue was dissolved in CHCl3 (20 mL), and the mixture
was washed successively with brine (10 mL), saturated NaHCO3 (10 mL x 2)
and brine (10 mL x 3), and dried over MgSO,4. Concentration under reduced
pressure followed by flash chromatography over silica gel with CHCl3-MeOH
(9:1) gave 42.4 mg (0.122 mmol, 13.5%) of the title compound 12 as colorless
crystals, mp = 190 °C; 3y (460 MHz; CDCl3) 1.09 (1H, m, NH), 1,17 (6H, s, CH3),
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9.1, ArH), 9.55 (1H, s, NH); HRMS (FAB), m/z caled for Cy7HysN404 (MH)"
349.1876, found 349.1871.
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Abstract

Human T-cell leukemia virus type 1 (HTLV-1) is the etiologic agent of adult T-cell leukemia (ATL). Some ATL cells express Foxp3, which is
known as regulatory T cell (Treg cell) specific transcription factor. It is suggested that Treg cell like suppressive activity of Foxp3 expressing
ATL cells is associated to ATL development and related immunodeficiency. To develop an HTLV-1 model system that enables to investigate the
association of Treg function in ATL progression, we examined the expression of Foxp3 and CTLA-4, Treg cell-associated factor, in established
HTLV-1-infected rat cell lines and their regulatory function. We found the expression of Foxp3 in 10 of 22 and CTLA-4 in 10 of 19 HTLV-1-
infected rat cell lines. Moreover, some of the Foxp3 and/or CTLA-4 expressing cell lines suppressed proliferation of naive T cells that were
stimulated with anti-CD3 antibody. Particularly all Foxp3™ CTLA-4" cells showed the suppressive activity. Our data suggest the usefulness of
our rat model systems for further analysis of the role of Treg cell-associated factors on the development of ATL and related immuncdeficiency

in vivo.
© 2009 Elsevier Masson SAS. All rights reserved.

Keywords: HTLV-1; ATL; Foxp3; CTLA-4; Animal model

1. Introduction

Natural regulatory T cell (Treg cell) was identified as the
CD4" CD25" Foxp3™ T cell population that was developed in
thymus [1]. Treg cells suppress the proliferation of TCR-
activated naive T cells so that this function contributes to
maintain immune self-tolerance by suppressing self-reactive T
cells. It has been reported that Treg cells use several
suppressive mechanisms such as cell contact dependent
suppression, regulatory cytokines and Granzyme B and per-
forin-mediated cytotoxicity depending on the circumstances of
their surroundings [1,2]. Foxp3 has been generally agreed to
be a crucial transcription factor that regulates the functions
and development of the Treg cells. Exogenous expression of
the Foxp3 gene can convert naive CD47CD257 T cells into

* Corresponding author. Tel/fax: 481 11 706 7543.
E-mail address: hshida@igm.hokudai.ac.jp (H. Shida).

1286-4579/$ - see front matter © 2009 Elsevier Masson SAS. All rights reserved.

doi: 10.1016/j.micinf.2009.06.007

CD4% CD25* regulatory T like cells, and induce Treg cell
associated molecules, such as cytotoxic T lymphocyte antigen
4 (CTLA-4) {3]. CTLA-4 is constitutively expressed on Treg
cells [4], but its involvement in the suppressive activity of Treg
cells has been under debate [5,6]. Recently CTLA-4 activity
for Treg suppressive function in vivo and in vitro has been
demonstrated using Treg specific CTLA-4 conditional
knockout (KO) mouse [7].

Adult T cell leukemia (ATL) is neoplastic disease etio-
logically linked to Human T cell leukemia virus type 1(HTLV-
). ATL patient causes immunodeficiency associated with
defective cellular immunity [8,9]. Most of ATL cells exhibit
CD4* CD25" T cell phenotype. Several group analyzed the
relationship of the ATL cells with Treg cells to explain the
reasons for the immunodeficiency in ATL patients. Some ATL
cells and HTLV-1-infected human cells express Foxp3 and
related molecules, such as CTLA-4 and GITR [10—13].
Moreover, some ATL cells have been reported to suppress T
cell proliferation like T reg cells, suggesting the association of
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Foxp3 expression with the immune escape of ATL cells and
immunodeficiency [14].

To analyze the contribution of Foxp3 and Treg associated
molecules to development of ATL in more detail, suitable
animal model is required. Previously, we established various
rat models for HTLV-1 infection including inbred and immu-
nocompromised rats, which allowed the investigation about
the ability of T cells to suppress HTLV-1-realted malignancy
[15,16]. Moreover, we identified CRM1, a cellular cofactor of
Rex that exports viral mRNA from the nucleus to the cyto-
plasm, to be a major factor, which restricts efficient replication
of HTLV-1 in rats [17—19]. Human CRM! (hCRM]I) trans-
genic (Tg) rat supports replication of HTLV-1 in T cells at the
level similar to human T cells ex vivo [20].

Since some of the rat HTLV-1-infected cell lines, which we
previously established from CRM1 Tg and Wt rats, express
CD25, the viral proteins [20], and possess tumorigenic
potency [15], it is interesting to characterize the HTLV-1" rat
cells in relation to Foxp3 and Treg cell associated molecules.
In this paper, we report Foxp3 and CTLA-4 expression in the
HTVL-1-infected rat cell lines for the first time. Moreover
some of these cells showed Treg cell like activity that
suppresses the proliferation of naive T cells, which were
stimulated through T cell receptor. Our data that indicate the
functional similarity between Foxp3 and/or CTLA-4 express-
ing HTLV-l-infected rat cell lines and human ATL cells
suggest the usefulness of our rat model systems for further
analysis of Foxp3 and CTLA-4 contribution to development of
ATL and related immunodeficiency.

2. Materials and methods
2.1. Cells

HTLV-1-immortalized cell lines from Wt or Tg rats were
established by cocultivating thymocytes or splenocytes with
human HTLV-1 producing cell line MT-2, which had been
treated with 50 pg/ml of mitomycin C containing medium for
30 min at 37 °C. These cells were maintained in the medium
supplemented with 10 U/ml of interleukin (IL)-2 (PEPRO-
TECH EC) at the beginning of co-culture. Some cell lines
were eventually freed from exogenous IL-2 [15]. We noted
“(4)” or “(-)” following cell line names to distinguish IL-2
dependent or independent stage of each cell line. The HTLV-1-
infected rat T cell line FPM1 BP [16] has been described
previously.

2.2. Western blotting

Cells were lysed in ice-cold extraction buffer (10 mM
Tris—HCI1 [pH 7.4], 1 mM MgCl,, 0.5% NP-40) containing
protease inhibitor cocktail (Complete mini; Roche Diagnos-
tics). The protein concentration of each sample was deter-
mined using a BCA protein assay kit (QB PERBIO). The cell
lysates were treated with DNase I (Takara), and then dissolved
in sample buffer. The same amounts (approximately 25 pg) of
cell lysates were subjected to SDS-PAGE. Following

electrophoresis, proteins were transferred to a PVDF
membrane and probed with anti-rat Foxp3 (FJK-16s; eBio-
science) and anti-B-actin (AC40; Sigma) antibodies followed
by secondary antibodies conjugated to horseradish peroxidase.
Proteins were visualized by staining with ECL+ (GE health-
care) followed by evaluation with the LAS-1000 plus system
(Fuji film) using Image Gauge Version 3.4 software (Fuji
film).

2.3. Quantitative RT-PCR of mRNAs

Total RNA was extracted using the Absolutely RNA®
Miniprep Kit (Stratagene) and treated with RNase-Free DNase
I (Stratagene) to minimize contamination of chromosomal
DNA. The RNA concentration was measured by absorbance at
260 nm, and purity was ascertained by the OD260/280 ratio.

The foxp3, HBZ and g3pdh mRNAs were quantified by
real-time PCR using LightCycler PCR instrument (Roche
Diagnostics). Quantitative RT-PCR of foxp3 and g3pdh was
performed by LightCycler RNA amplification Kit Hybridiza-
tion Probes (Roche Diagnostics) with the following primer
pairs and hybridization probes: foxp3 forward primer 5'-CAG
CAC CTT TCC AGA GTT CTT C -3’ and the reverse primer
5'- GCG TGT GAA CCA ATG GTA GAT T-3', the hybrid-
ization probes 5'-CCC TTT CAC CTA TGC CAC CCT CAT
CC- (FITC)-3' and 5'- (LCRed640)- TGG GCC ATC CTG
GAA GCT CCA GAG AGG-3'; g3pdh forward primer 5'-
AAG GTC ATC CCA GAG CTG AA -3’ and the reverse
primer 5-ATG TAG GCC ATG AGG TCC AC-3, the
hybridization probes 5-TCC CAT TCT TCC ACC TTT GAT
TGC TGG G- (FITC)-3' and 5'-(LCRed705)-TGG CAT TGC
TCT CAA TGA CAA CTT TGT GAA GCT CA-3'. HBZ
mRNA was quantified using LightCycler RNA amplification
Kit SYBR Green 1 (Roche Diagnostics, Mannheim) with the
following primer pairs: forward primer 5-ATG GCG GCC
TCA GGG CTG TTT CGA TGC TT-3’ and the reverse primer
5'-CTG CCG ATC ACG ATG CGT TT-3’. RNA (200 ng) was
subjected to RT-PCR reaction according to the instruction
manual. The optimum concentration of MgCl, was 7 mM for
foxp3 and g3pdh, and 5 mM for HBZ amplification. 20 pl of
a RT-PCR mixture in a capillary tube containing were sub-
jected to RT-PCR reaction including incubation for 30 min at
55 °C and 30 s at 95 °C, and then 35 cycles of 5 s at 95 °C and
15 s at 60 °C and 9 s at 72 °C. The copy numbers of cDNA in
the samples were estimated based on a standard regression
curve using the LightCycler Software version 3 (Roche
Diagnostics). The standard curve was obtained by amplifying
1 x 10 to 1 x 107 copies of the Foxp3 and G3PDH cDNA
fragments with the corresponding pair of primers. The copy
numbers of Foxp3 cDNA were normalized by dividing with
those of the G3PDH cDNA in the same samples.

2.4. Analysis of cell surface markers
Expression of cell surface markers was examined by flow

cytometry. Briefly, 1 x 10° of cells were stained with various
mouse monoclonal antibodies for 30 min on ice, washed three
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times with 1% BSA in PBS, and then stained with FITC-
conjugated goat anti-mouse IgG + IgM antibody. After being
washed, the cells were fixed with 1% formalin in PBS, prior to
analysis by FACScalibur (Becton Dickinson). Antibodies to rat
CD3, CD4, CD25, CD28 and major histocompatibility
complex class 1 (MHC-1; RT1.A) were purchased from BD
Pharmingen Co. Anti-rat CD5 and CTLA-4 (CD154) anti-
bodies were from eBioscience Co.

2.5. Detection of TGF-81 in culture supernatant

HTLV-17 cells (10°/well) were cultured in 24-well flat-
bottom plates for 4 days. The amount of TGF-BI in the culture
supernatant was quantified using TGF-Bl enzyme-linked
immunosorbent assay (ELISA) (R&D Systems).

2.6. T cell proliferation analysis

To examine the ability of HTLV-l-infected rat cells to
suppress the proliferation of T cells, F344 rat splenocytes
(7.5 x 10° cells) were labeled with 10 yM CFSE solution
(Invitrogen) according to the manufacture’s manual, and
stimulated by plate-coated anti-rat CD3 mAb (G4.18 eBio-
science) and 0.5 pg/ml anti-rat CD28 mAb (JI319 eBio-
science) in 10 U/ml of IL-2 containing medium. Then,
5.0 x 10° of mitomycin C (50 pg/ml)-treated HTLV-1-infected
rat cell lines were added in the culture. T cell proliferation was
evaluated by calibrating the CFSE dilution with FACScalibur
3 days after commencing the co-culture.

3. Results
3.1. Foxp3 expression in HTLV-1-infected rat cell lines

To assess the expression of Foxp3 in rat HTLV-I-infected
cell lines that we established previously, we performed
Western blot analysis (Fig. 1) and RT-PCR (Fig. 2A). These
analyses revealed that 10 of 22 cell lines expressed foxp3
mRNA and protein (Figs. |, 2A and Table 1). Next, we
compared the expression level of foxp3 mRNA among the cell
lines. Quantitative RT-PCR analysis revealed that foxp3
mRNA expression level was variable in each cell line (Fig. 2B
and Table 1), but parallel to protein level (Figs. 1 and 2B).
Interestingly, we observed the enhanced expression of foxp3
mRNA in IL-2-dependent cell lines compared with their
factor-independent counterparts that were cultured in the
absence of IL-2 (Fig. 2B). To examine the effect of IL.-2 on the
Foxp3 expression, we cultured the IL-2-independent cell lines
in the presence of IL-2 for 3 weeks and compared the Foxp3
expression levels. As shown in Fig. 2C, Foxp3 expression was
not restored in the presence of IL-2.

Next, we addressed whether the expression of Foxp3 is
associated with HBZ (HTLV-1 bZIP factor) that is a nuclear
protein encoded with minus strand RNA of HTLV-1. HBZ is
detected in majority of ATL cells whereas Tax expression is
often repressed or lacked [21]. As the case of ATL cells, the
HBZ mRNA was detected in all of the subjected rat HTLV-1*

Wt Cetl lines

CD4+ T cell
FPM-SV/Tax
FPM1 BP

hCRM1 Tg Cell lines

FCCT13-1(-)
FCCS13-1(+)
FCCS13-1(-)
FCMT18(-)
FCMS18(-)
FCCS13-2(+)

| |FecTiz-a(s)

," ‘i Foxp3

L

fem

Fig. 1. Foxp3 expression in established rat HTLV-1 transformed cell lines.
Western blot analysis shows the relative levels of Foxp3 in each cell line.
Splenic CD4* T cell extract was used as positive control, epithelial cell line
FPM-SV/Tax derived from F344 background rat used as negative control.
Each protein level was determined on western blots containing 25 pg of total
protein per lane.

cell lines albeit with a great variability in the expression level
of each cell line (Fig. 2D and Table 1). However, there were no
association between HBZ and foxp3 mRNA expression
(Fig. 2E).

3.2. Characterization of Foxp3 expressing cell lines

To characterize the rat Foxp3 positive cell lines in more
detail, we examined the production of TGF-BI and surface
markers of the established cell lines. The TGF-B1 concentra-
tion of culture medium could be detected from 2 of Foxp3
positive and 2 of Foxp3 negative cell lines (Fig. 3A). These
data indicate that there are no correlation between TGF-B1
secretion and Foxp3 expression. As shown in Fig. 3B, all
subjected cell lines were CD25 and MHC class | positive,
whereas CD4 and CD3 expression patterns were variable
among the cell lines. Only 2 cell lines exhibited CD4* CD25*
phenotypes like regulatory T cell, whereas other 4 cell lines
did not express surface CD4. We also examined the expression
of CD5 and found that 8 of 10 Foxp3 positive cell lines
expressed surface CDS (Fig. 4A), suggesting significant

. correlation between surface CD5 and Foxp3 expression

(Fig. 4B).

CTLA-4 (CD154) is known as one of the regulatory T cell
markers controlled by Foxp3 and suggested its relation to Treg
suppressive function [4,7]. So we addressed the relation of
CTLA-4 to Foxp3 expression in HTLV-i-infected rat cell
lines. As shown in Fig. 4C, 10 of 19 cell lines exhibited weak
CTLA-4 expression. However we did not found the enhanced
expression of CTLA-4 in Foxp3 positive cell lines.
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Fig. 2. Foxp3 and HBZ mRNA expression in established cell lines. (A) Detection of the foxp3 mRNA in cell lines by RT-PCR. RNA extracted from each cell line
was subjected to RT-PCR with primers for Foxp3 and with primers for G3PDH as an internal control. (B) The expression level of foxp3 mRNA was measured by
quantitative real-time RT-PCR. The copy number of synthesized Foxp3 cDNA was normalized by dividing with the copy number of synthesized G3PDH ¢DNA in
the same sample. Black and grey bar indicate IL-2 dependent and independent cell lines, respectively. (C) Foxp3 protein (upper panel) and mRNA (lower panel)
expression of [L-2 independent cell lines that cultured with (+) or without (-) IL-2 (10 U/ml) for 3 weeks. (D) The expression level of HBZ mRNA was measured
by real-time RT-PCR. The copy number of synthesized HBZ ¢DNA was normalized by dividing with the copy number of synthesized G3PDH cDNA in the same
sample. Black and white bar indicate Foxp3 positive and negative cell lines, respectively. The negative control did not show any signals. (E) Correlation between

the relative expression of Foxp3 and HBZ mRNAs in the subjected 18 cell lines.

3.3. The immunosuppressive activity of Foxp3 positive

function, rat T cell lines were co-cultured with CFESE-labeled

cell lines naive T cells that were stimulated by anti-CD3 monoclonal
antibody (mAb). Suppressive effects of HTLV-1-infected cell

Next, we examined whether Foxp3 and/or CTLA4 lines were evaluated by CFSE dilution in the naive T cells. As
expressing HTLV-l-infected rat T cell lines suppress the  shown in Fig. 5, proliferation of naive T cells was significantly
proliferation of naive T cells. To assess the suppressive  suppressed by 4 of 6 Foxp3 positive cell lines and 2 of 6 cell
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Table 1
Established cell lines and Foxp3 or HBZ expression.

Cell line Dependent of Presence of Detected or not® Relative mRNA

independent” abcence of’ Foxp3 Detection method: expression

values to G3PDH

IL—2dependency hCRM! Western blot RT—-PCR Foxp3 HBZ
FWTI(+) + - + + 0.112 0.060
FWTI(—) - - - + 0.024 1.394
FWTI1(+) + - + + 0.047 0.045
FWTLI(—) - - - - 0.000 0.068
FWS1(—) - - N.S - N.S N.S
FWS1-27(+) + - + + 0.056 0475
FWS1-27(-) - - + N.S 0.026 1.239
FWS1-34(+) + - + N.S 0.342 0.382
FPM1 BP - — - - 0.000 0.112
FCMT1(+) + + + + 0.115 1.078
FCMT1(-) - + - N.S 0.000 0.436
FCMSI(-) - + -+ + 0.068 1.688
FCMTI18(+) + + - - 0.000 0.429
FCMT18(—) - + - - 0.000 0.113
FCMSI18(—) - + - - 0.000 N.S
FCMT27(-) - + N.S - N.S N.S
FCCT13-1(+) + + + + 0.111 2.056
FCCT13—1(—) - + - - 0.000 8.260
FCCT13-2(+) + + + N.S 0.040 2.076
FCCS13—1(+) + + - - 0.000 1.630
FCCS13—-1(—-) - + - - 0.000 2.943
FCCS13—-2(—) - + N.S - N.S N.S

t 4, IL-2 depéndcm stage; -, [L-2 independent stage.
b . Positive; —, Negative.
¢ 4+, Detected; -, Not detected; N.S, Not subjected.

lines that were Foxp3 negative but express CTLA-4, Treg
associated molecule (Fig. 4C). Notably, all 3 Foxp3* CTLA-
47 cell lines showed the suppressive activity (Figs. 4C and 5).
These results demonstrate that some HTLV-1-infected rat cell
lines have suppressive function as the case of human ATL
cells, and suggest that Foxp3 and CTLA-4 may be involved in
the suppression.

4. Discussion

Some ATL cells have been reported to express higher level
of Foxp3 and exhibited Treg cell like activity [11,14]. Here we
show that some Foxp3 positive HTLV-1-infected rat cell lines,
like Treg cells, suppress TCR-stimulated naive T cell division
(Fig. 5). This suppressive function may be dependent on cell-
to-cell contact, because the culture medium of suppressive cell
lines didn’t affect the T cell division (data not shown),
consistent with the previous report that described contact
dependent Treg like activity of ATL and HTLV-l-infected
cells [14]. Therefore, our rat model is useful to examine a role
of the suppressive activity of HTLV-I-infected cells in HTLV-
| infection and ATL development.

We found 3 of 4 Foxp3™ suppressive cell lines expressed
CTLA-4 (Fig. 4C). Moreover, we identified two suppressive
cell lines expressing CTLA-4 but not Foxp3 (Figs. 4C and 5),
suggesting the association of cellular CTLA-4 expression with
suppressive function. Although CTLA-4 contribution to Treg
cell function is controversial because Foxp3™ Treg cells
differentiated in CTLA-4 KO mice suppress naive T cell

proliferation [5], it has been recently demonstrated that Treg

" cells derived from CTLA-4 conditional KO mice show

impaired suppressive function [7]. Furthermore, the suppres-
sion mechanism has been reported to be mediated by CTLA-4
inducing down-regulation of CD80 and CD86 on antigen
presenting cells (APC) [7]. However, in our experiments co-
stimulatory signal for naive T cells was mediated by anti-
CD28 mAb but not by APC (Fig. 5). Thus, it is possible that
CTLA-4 affected CD80 and CD86 on stimulated T cells
directly to suppress their proliferations. This notion is
consistent with facts that the expression of CD80 and CD86 is
induced by activation of human and mouse T cells and that T
cells from CD80/CD86-deficient mice are resistant to
suppression by Tregs [6,22]. Further experiments should
reveal the role of CTLA-4 in Treg cell like function of HTLV-
1-infected rat cells more clearly. _

It has been reported that CTLA-4 expression is normally
induced by T cell activation [6] or exogenous Foxp3 gene
transduction [3]. In ATL cells, there is positive correlation
between foxp3 mRNA expression levels and percentages of
CTLA-4 positive leukemic cells [12]. On contrary, we found
some CTLA-4~ Foxp3* and CTLA-4" Foxp3~ cell lines
(Fig. 4C and D), suggesting that the Foxp3 expression is not
enough to induce CTLA-4 expression and that Foxp3-inde-
pendnt CTLA-4 induction pathway(s) may be present in some
HTLV-l-infected rat cell lines.

Several pathways for induction of Foxp3 has been identi-
fied in human and mouse Treg cells [23]. Particularly, IL-2 and
TGF-B has been reported as the crucial factors [23]: When we

o
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Fig. 3. TGF-B1 and surface marker analyses of Foxp3 positive or negative cell lines. (A) TGF-B1 levels in the supernatant of 4-day cultures were quantified by
ELISA. (B) The expression of surface antigen CD3, CD4, CD5, CD25, CD28 and MHC1 was analyzed by flow cytometry. Solid histograms show the cells stained
with each marker specific monoclonal antibody, and open histograms show the cells stained with control mouse IgG.

measured the concentration of TGF-f in the culture medium of
the HTLV-1-infected rat cell lines, we did not find any corre-
lation between expressions of TGF-B and Foxp3 (Fig. 3A),
indicating less contribution of TGF-f to Foxp3 expression in
our rat model system. On the other hand, Foxp3 expression was
higher in the IL-2 dependent HTLV-17 rat cell lines and then
decreased or completely disappeared in the IL-2 independent
cells (Figs. 1 and 2B), suggesting a substantial role of IL-2 in
maintaining the expression of Foxp3 in the HTLV-I-trans-
formed rat cell lines. It is consistent with the report describing
that IL-2 promotes Foxp3 expression in human Treg cells [24].
It has been also demonstrated that the induction of Foxp3
expression is dependent on STAT3/STATS5-associated signal
transduction pathway [24]. Moreover, STATS has been reported
to be activated in the HTLV-1-transformed human cells [25].
Taken together, we propose that IL-2 induces the Foxp3 via
STAT dependent way in the HTLV-1-infected cell, especially at
the IL-2 dependent stage during the cellular transformation.
However, there were some IL-2 dependent HTLV-1-infected
cell lines that do not express Foxp3 (Figs. I, 2A and B), sug-
gesting the requirement of other factor(s) for the induction of
Foxp3.

CDS5 is known as a T cell marker and the negative regulator
of TCR-mediated signal transduction [26]. Sakaguchi et al.
demonstrated that depletion of the CD5"&" T cell population
also depleted majority of CD4* CD25™ T cells simultaneously
[27]. Recently, the inhibitory role of CD5 has been reported in
the murine T reg cell suppressive function [28]. In our data,
CDS5 expression was significantly correlated with Foxp3
expression in HTLV-1-infected cells (Fig. 4A, B). One of

CD5~ Foxp3? cell line FWS1-27(-) exhibited suppressive
function but not in another cell line FCCT13-1(+). Moreover,
a CD5" Foxp3™~ cell line FWTI(+) could not suppress the
naive T cell proliferations (Fig. 5). Taken together, the results
suggest that there is no apparent association between CDS
expression and Treg cell like suppressive function in our
system.

Previous reports identified some Foxp3™ ATL cells that
could not suppress the proliferation of T cells [14]. Similarly,
in our rat system there are some Foxp3 positive cell lines,
which lack the immunosuppressive function (Fig. 5). These
results indicate that Foxp3 may be essential but not sufficient
for the T reg like suppressive activity of HTLV-1-infected cell
lines. Recent studies have demonstrated transcription factors,
NF-AT {29] and AMLI/Runx! [30], are involved in the
induction of suppressive function of Treg cells in concert with
Foxp3. These factors may also associate with Treg cell like
function of the HTLV-l-infected cell lines. Both types of
Foxp3 expressing HTLV-1-infected cell lines that do and do
not suppress proliferation of naive T cells (Fig. 5) may serve
for advanced experiments that are focused on NF-AT and/or
AML1/Runx] to reveal the relationships of Foxp3-associated
intracellular molecules to Treg cell like functions of HTLV-1-
infected cell lines and ATL cells.

There are several reports that suggest relation of Foxp3
expression to ATL progression [13]. Namely, ATL cells or
HTLV-1-infected cells that acquire Treg cell like function
invoked by Foxp3 may impair the cellular immune reactions to
cause exacerbation of HTLV-1-associated diseases. However,
there were no useful models to analyze the association of
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Fig. 4. Surface CD5 and CTLA-4 expression of Foxp3 positive or negative cell lines. The expression of surface CD5 (A) and CTLA4 (C) was analyzed by flow
cytometry. (A) Cells were stained with anti-rat CDS5 (grey) or control (black) antibodies. (C) Cells were stained with the rat CTLA4 (grey) or control (open) mouse
IgG. The positive rate of CD5 (B), or CTLA4 (D) expression in Foxp3 positive or negative cell line group. Black area indicates positive rate in each group, and
white area indicates CD5 negative rate. The statistical significance of differences was determined by chi square test.

Foxp3 expressing HTLV-1-infected cells with ATL or related
immunodeficiency in vivo. Here we identified four HTLV-1-
infected cell lines with Foxp3 expression, which have immu-
nosuppressive function, Furthermore, we found three Foxp3™

CTLA-4" and two Foxp3™ CTLA-4" cell lines that suppress
proliferation of naive T cells. Our data suggest that the cells
expressing Treg cell-associated factors such as Foxp3 and
CTLA4 are involved in the suppressive functions. Since rat
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Fig. 5. Suppressive function of Foxp3 and/or CTLA-4 expressing HTLV-1-infected cell lines to stimulated naive T cells. (A) Suppressive activity of HTLV-1-
infected rat cell lines was estimated based on the percentage of proliferated CFSE-labeled T cells. (*) indicates the p < 0.05 compared with CD3 mAb control. (B)
Profiles of proliferated CFSE-labeled T cells after co-culture with indicated cell lines (dark histograms) and CD3 mAb control (thin histograms) are presented. M1
region was gated for non-divided T cells estimated with non-stimulated control and M2 region was gated for proliferated cells.

model allows in vivo experiments, the present results may
provide the basis for further studies on the relationships of
Foxp3 with HTLV-1-associated pathogenesis.
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