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RT enzymes were expressed in E. coli. UTX81 and
purified by the scheme described by Saitoh et al.'? In
vitro RT assays were conducted according to the previ-
ously described method with the following modifi
cations.'? Test compounds and 0.01 unit of recombinant
HIV-1 RT (either wild type or mutant) were incubated
in -a reaction mixture (50 pL), containing 50 mM Tris—
HCl (pH 8.4), 100mM KCI, 10mM MgCl,, 0.1%
Triton X-100, 2mM dithiothreitol, 0.01 OD,g of
poly(rC)/oligo(dG)ys-15, and 1 pCi of [1’,2'’H]dGTP
(33 Ci/mmol) at 37°C for |h. The reaction was
stopped with 200 pL. of 5% cold trichloroacetic acid.
The precipitated materials were analyzed for radio activ-
ity using a scintillation counter (Aloka Co., Ltd.,
Tokyo, Japan).

5.2.2. Cells and viruses. MT-4 cells'* and HIV-lyp
were used for the anti-HIV-1 assays. MT-4 cells were
grown and maintained in RPMI-1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS), penicillin G (100 units/mL), and gentamicin
(20 mg/mL). MT-4 cells and HIV-lyyp were obtained
from Rational Drug Design Laboratories (Fukushima,
Japan).

5.2.3. Anti-HIV-1 assay. Determination of the antiviral
activity of the test compounds against HIV-1yyp replica-
tion was based on the inhibition of virus-induced
cytopathicity in MT-4 cells. Briefly, MT-4 cells were sus-
pended in culture medium at 1Xx 10° cells/mL  and
infected with virus at a multiplicity of infection (MOI)
of 0.02. Immediately after virus infection, the cell suspen-
sion (100 uL) was brought into each well of a flat-
bottomed microtiter tray containing various concentra-
tions of the test compounds. After a 5-day incubation
at 37 °C, the number of viable cells was determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) method.’> The HTS of our com-
pound library was also ecrformed using the MTT
assay against HIV-1yp.g. 4 The anti-HIV-1 activity
and cytotoxicity of test compounds were expressed as
ECs, and CCs, respectively. ECso is the concentra-
tion of a test compound that was able to achieve 50%
protection of MT-4 cells from HIV-1 induced CPE.
CCsq is the concentration of a test compound that
reduced viable cell number by 50% in mock-infected
cells. The therapeutic index (TI) is the ratio of CCsg to
EC50.
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Formation of 3-pyrrolines from simple unactivated allenes bearing a protected amino group under basic conditions is described. Treatment
of a-amino allenes with potassium carbonate in DMF under reflux in the absence of any transition-metal catalysts gave the corresponding
3-pyrrolines in good to excellent yields, by 5-endo-trig mode cycloisomerization. The reaction of internal allenes with an axial chirality afforded
the corresponding 3-pyrrolines in a stereoselective manner.

Chiral 3-pyrrolines including 3,4-dehydroproline are known
as useful synthetic intermediates for modified proline
analogues,! conformationally restricted amino acid ana-
logues,’ antibiotic anisomycin,®> and other related com-
pounds.* Cycloisomerization of allenes through a 5-endo-
trig mode is a powerful strategy for the construction of
3-pyrrolines® and other heterocycles such as dihydrofurans®
and butenolides.” As shown in Scheme 1, this type of reaction

t Kyoto University.

* Osaka University.
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Scheme L. Cycloisomerization of Allenes through
S-Endo-Trig Mode by Activation of Allenic Double Bond?®
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generally proceeds through activation of the allenic moiety
of 1 by coordination of transition metals such as Ag(l),’~”
Pd(11),® Cu(1),’ or Rh(l),'° and subsequent attack by nitrogen
or oxygen nucleophile onto the thus-activated allenic carbon
of 2 leads to cyclized products 4 stereoselectively.!' A recent
contribution toward this area by Krause and Hashmi revealed
that Au salts strongly catalyze the 5-endo-trig cycloisomer-
ization of allenes 1 having a nitrogen or oxygen functional-



a3

ity.'>* In contrast, only limited examples of the endo-mode

cycloisomerization under basic conditions in the absence of

any lransition mectals are rcported to date, which used
preactivated allenes 1 (R or R” = functional group) such as
methoxy allenes,'*'% fluorinated allenes,'® or allenyl sulfones
and related compounds,'” leading to functionalized cyclized
products S or 6.

As a part of our ongoing program directed toward

economical and environmentally friendly cyclization of

allenic compounds,'” Y we investigated cycloisomerization
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ot amino allenes without using any transition-metal catalysts.
Herein, we describe K,COs-mediated stercospecitic cvelo-
isomerization of a-amino allenes, which is the first example
ol base-mduced 5S-endo-trig mode cycloisomerization of
simple unactivated allenes in the absence of any activating
reagents toward the allenic m-bond.

We prepared a-amino allene 7 according to our reported
procedure through the diethylzine-mediated reductive syn-
thesis ot amino allenes catalyzed by palladium(0),”! starting
from L-valine. The choice of Mts as a protecting group was
based primarily on its ease of deprotection.?? First, cyclo-
isomerization of 7 under various basic conditions (NaH/
DMF, -BuOK/DMF, or n-BuLi/'THF, etc.) was investigated,
andd we found that treaument of 7 with K;CO; in a polar
solvent in high temperature afforded the desired cyclo-
isomerized product § (Table 1). Among the solvents inves-

Table 1. Optimization of Reaction Conditions
'}‘H conditions H ';‘
Mts Mts
7 8
reaction
entry K;COj;(equiv) solvent T (°C) time(h) yield* (%)
1 1.0 DMSO 180 3 61
2 1.0 DMI 180 1 75
3 1.0 NMP 180 3 80
4 1.0 DMF reflux 6 84
5 0.5 DMF reflux 24 71
6 0.1 DMF reflux 120 47

«Isolated yields. Mts = 2,4,6-trimethylphenylsulfonyl.

tigated (Table 1, entries 1—4), DMF has proven to be the
solvent ot choice for the desired transformation, leading to
3-pyrroline 8 in 84% vyield (Table L, eatry 4). A catalytic
amount of K>COs did promote the cycloisomerization (Table
1, entries 5 and 6) but required prolonged reaction time: the
cyclization with 0.1 equiv of KoCO; for 120 h yielded 8
(47%) with the recovered starting material (7%). Structure
of 8 was unambiguously confirmed by comparison with the
authentic sample.®

Next, K,CO;-promoted cyclization of other terminal
allenes 9—12 was investigated (Table 2). The reaction of

(20) For our recent contribution on tandem reaction of bromoallenes,
see: {a) Ohno, H.; Hamaguchi, H.; Ohata, M.; Tanaka, T. Angew. Chem.,
Jmt. Ed 2003, 42, 17491753, (b) Ohno, H.; Hamaguchi, H.; Ohata, M.;
Kosaka, S.; Tanaka, T. Heterocycles 2003, 6/, 65—08. (¢) Olno, H.;
Hamaguchi, H.; Ohata, M.; Kosaka, S.; Tanaka, T. J. Am. Chem. Soc. 2004,
126, 8744-8754. (d) Hamaguchi, H.; Kosaka, S.; Ohno, H.; Tanaka, T.
Augew. Chen., I, Ed. 2005, 44, 1513—1517. (¢) Ohnoe, H. Chem. Pharm.
Bull. 2005, 53, 1211—1226. (f) Ohno, H. Yakugaku Zasshi 2005, 125, §99—
925,

(21) (1) Ohne, H.: Toda. A.; Oishi, 8.; Tanaka, T.; Takemoto, Y.: Fujii,
N.; lbuka, T. Tetrahedron Lelr. "LIUU 41 5131-5134, b) Olmo, H;
Ml\.lmum K.; Tanaka, T.; Oishi, S.; Tud.l A.; Takemoto, Y.: Fujii. N.;
Ihuka, T. J ()r w. Chem. 2002, 67, 1359~ 1367.

(22) Um’mtlumtely, weaunent of N-Boe derivatives under the K,CO3-
mediated cychization couditions gave a mixtwre of unidentified products.

(23) Cylized products 8, 14, and the cnaatiomers of 21 and 22 were
previously prepared by our group, see refs led and 3¢
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Table 2. K-COx-Promoted Cycloisomerization of Terminal
Allenes? :
entry substrate time (h) product yield (%)°
\(Y\_\ —
= N 61
1 t;lH 120 " '}'
Mts Mis
9 13
2 Y s 72 60
NH K
Mts Mis
10 14
L~ V)
X 3
3 f;lH 20 W l:l 78
Mts Mts
11 15
\ —
4 t;lH 1 ';‘ 77
Ts Ts
12 16

« All reactions were carried out in the presence of K:COs (1 equiv) in
DMF under reflux. » Isolated yields.

amino allene 9 or 10 having an isobutyl group or a sec-
butyl group, respectively, at the a-position ot the allenic
moiety with K2COj3 in DMF under reflux yielded the desived
cyclized products 13 and 14 1n 61% and 60% yiclds,
respectively (Table 2, entries | and 2). Interestingly, both
the allenes 11 with a bulky zert-butyl group and 12 without
the o-substituent gave 3-pyrmrolines 15 and 16 in slightly
improved yields (77—78%). The required reaction time for
this transformation is highly dependent on the a-substituent
(1—120 h). Among the ierminal allenes 7 and 9—12, the
a-unsubstituted amino allenes 12 showed the highest reactiv-
ity toward the K,COs;-mediated cycloisomerization: the
reaction was completed within 1 h under the standard reaction
conditions.

Then, the cycloisomerization of diastereomerically pure
internal allenes bearing an a-amigo group was investigated.
The requisite chiral internal allenes 17—-20 were ecasily
prepared by organocopper-mediated stereospecific nng-
opening reaction of 2-ethynylaziridines derived from r- or
D-amino acids.” The results of the cycloisomerization
reaction are summarized in Table 3. We were pleased to find
that the reaction of all the internal allenes yielded 2,5-
disubstituted 3-pyrrolines in a stereospecific manner and in
good vields (75—87%). The reaction of (R,aS)- and (S.ak)-
allenes 17 and 19, respectively, completed within 24 h to
give the 2,5-cis-3-pyrrolines 21 and 23. In contrast, the
reactivity of (R,aR)- and (S,a$)-allenes 18 and 20 was
relatively low: the 2,5-frans-3-pyrrolines 22 and 24, the latter

{24) (a) Ohno, H.; Toda, A.; Miwa, Y; Taga, T.; Fujii, N.; Jhuka, T.
Terrwkedron Len. 1999, 40, 349352, (b) Ohno, H.. Toda, A.; Fujii, N.;
Takemoto, Y.; Tanaka, T.; lbuka, T. Terrohedron 2000, 56, 28112820,
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Table 3. K,CO:
Allenes?

Promoted Cycloisomerization of Internal

entry substrate time (h) product yietd (%)°
/l\@\m
\ —
., H H
: XxyMe 18 X g
Y ~ W
Mts Mts
17 21
(R) o~ (R) He S\ LM
H yoH " sMe
2 H \Me 102 \\ N H 83
Mts Mts
18 22
P Ao
U

19 23
R Y y
4 NH \H 312 o N 75
Mts Mts
20 24

@ All reactions were carried out in the presence of K-CO; (1 equiv) in
DMF under reflux. # Isolated yields.

having Ca-symmetry, were obtained after prolonged reaction
time (102312 h) but in good yields.* The relative config-
uration of the cyclized products 21 and 22 was determined
by comparison with the authentic samples.™

[t should be clearly noted that the internal allene 19 bearing
an isopropyl group on the allenic carbon was completely inert
toward the well-cstablished silver(I)-mediated cyclization
(Scheme 2). This result can be attributed to the steric

Scheme 2

AgNO,, CaCO,

R acetone/H,0
NH no reaction
| n,96h or
Mtis reflux 24 h

crowding of the allenic moiety that wnhibits access or
coordination of silver tg the allenic double bond. In contrast,
K:COj-induced reaction of 19 afforded the sterically con-
gested meso-2,5-disubstituted 3-pyrroline 23 in 87% yield
(Table 3, entry 3), presuimably because these conditions
activate the nirogen atom of the amino allene 19.

In conclusion, we have first demonstrated that cyclo-
isomerization of unactivated allenes having a sulfonamide
group can be promoted under simple basic conditions using

(25) The luwer reactivity of 18 and 20 will be an intluence of the Mts
group: the aryl group of Mts will direct the opposite side to the isopropyl
wroup at the @ position, which may cause an uofavorable steric interaction
to the atkyl group on the alfenyl carbon on cyclization. However, the exact
reason for their lower reactivity is unclear,
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KsCO; in DMF. The present transformation is economical
and applicable to the synthesis of a wide variety of
3-pyrrolines including highly congested ones. The scope and
limitation of the reaction, as well as [urther transformation
to complex nitrogen heterocycles, are currently under
investigation.
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Described is a novel synthetic route for dipeptide isosteres containing (2}-alkene and {E)-fluoroalkene units as cis-amide bond equivalents via
organocopper-mediated reduction of y-acetoxy- or y,y-difluoro-o,f-unsaturated-§-lactams. The synthesized isosteres were evaluated in terms
of their affinities for the peptide transporter PEPT1. trans-Amide isosteres tended to possess higher affinities for PEPT1 as compared to the

corresponding cis-amide bond equivalents.

In postgenomic drug discovery research, the rapid elucidation
of structural requirements of the ligands for newly identified
drug targets (e.g., GPCRs, enzymes, transporters, etc.) is
strongly needed in the arena of medicinal chemistry.! Many
protein drug targets interact with proteinic or peptidic ligands.
Therefore, development of peptidomimetic small molecules
is important for investigating criteria for the mutual molecular
recognition.2 Alkene-type dipeptide isosteres represent po-
tential amide bond mimetics (Figure 1).> Fluoroalkene
dipeptide isosteres were designed as electrostatically favor-

¥ Graduate School of Pharmaceutical Sciences, Kyoto University.

* Kyoto University Hospital.

§ The University of Tokushima.

(1) (a) Drews, J. Science 2000, 287, 1960. (b) Klabunde, T.; Hessler, G.
ChemBioChem 2002, 3,928. (c) Tyndall, J. D. A.; Pfeiffer, B.. Abbenante,
G., Fairlie, D. P. Chem. Rev. 2005, 105, 793.
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able mimetics as compared to simple alkene isosteres.* These
isosteres have structural similarities with the parent peptides

(2) (a) Burgess, K. Acc. Chem. Res. 2001, 34, 826. (b) Bursavich M.
G.; Rich, D. H. J. Med. Chem. 2002, 45, 541. (c) Hruby, V. J. J Med
Chem. 2003, 46, 4215.

(3) () Oishi, S.; Kamano, T.; Niida, A.; Odagaki, Y.; Hamanaka, N.;
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2002, 67, 6162. (b) Wipf, P.; Xiao, J. Org. Lett. 2005, 7, 103. (c) Xizo, J.;
Weisblum, B.; Wipf, P. J. Am. Chem. Soc. 2005, 127, 5742.
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biihler, E.; Tetrahedron Letr. 1990, 31, 72917. (¢) Allmendinger, T.; Furet,
P.: Hungerbiihler, E.; Tetrahedron Lent. 1990, 31, 7301. (d) Otaka, A.;
Watanabe, J.; Yukimasa, A.; Sasaki, Y.; Watanabe, H.; Kinoshita, T.; Oishi,
S.; Tamamura, H.; Fujii, N. J. Org. Chem. 2004, 69, 1634. (¢) V. d. Veken,
P.; Senten, K.; Kertész, L.; D. Meester, 1.; Lambeir, A.-M.; Maes, M.-B.;
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Scheme L. Synthetic Route for (Z)-Alkene and
(E)-Fluoroalkene Dipeptide [sosteres
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and resist enzymatic degradation. Peptide bonds exist in cis/
trans equilibrium, while alkene isosteres serve as defined
trans-amide or cis-amide equivalents, which do not isomerize
to each other. Cis/truns isomerization of peptide bonds
(especially Xaa-Pro sequences) in several bioactive peptides
tends to play an important role in thetr conformations and
biological activities.’ Therefore, alkene and fluoroalkene
isosteres might be promising tools for conformational
analysis of bioactive peptides and proteins.® We have been
engaged in the development of synthetic methodologies for
(E)-alkene or (Z)-tluoroalkene dipeptide isosteres as frans-
amide bond equivalents utilizing organocopper reagents or
Sml,. However, the lack of efficient synthetic methodologies
for the preparation of {(Z)-alkene or (F)-fluoroalkene dipeptide
isosteres as cis-amide boad equivalents has limited an
extensive application of alkene and fluoroalkene 1sosteres
in the analysis of amide bond geometries in bioactive
peptides and proteins. In this paper, we describe a new
synthetic approach for the preparation of (Z)-alkene or (£)-
fluoroalkene dipeptide isosteres. We also include the ap-
plication ot these isosteres to probe structural requirements
of the peptide transporter PEPTI.

Our synthetic routes for the preparation of (Z)-alkene and
(E)-fluoroalkene isosteres are depicted in Scheme 1. We
envisioned key synthetic intermediates B would be synthe-
sized by organocopper-mediated reduction of lactam A with
predominant formation of B,v-(2)-alkenes or (E)-tluoroalk-
enes as cis-amide equivalents. This strategy could be
expanded into consecutive one-pot reduction/a-alkylation
methodologies for the synthesis of structurally diverse
o-alkylated (Z2)-alkene and (£)-fluoroalkene dipeptide iso-
steres.” First, we synthesized y-acetoxy- or y,-difluoro-af3-
unsaturated lactams and examined the organocopper-medi-
ated reduction of these substrates to confirm whether this
approach was applicable to the synthesis of ¢is-amide bond
1sosteres.

Guibé et al. reported a similar but inherently different
convergent approach to the synthesis of (Z)-alkene isosteres

(5) Dugave, C.; Demange, L. Chem. Rer. 2003, 103, 2475,

(6) Wang, X. I; Xu, B.; Mullins, A. 8; Neiler, F. K.; Etzkorn, F. A.J.
Am. Chent. Soc. 2004, 126, 15533,

(7) Owka, A.; Watanabe, H; Yukimasa, A Oishi, S.; Tamamura, H;
Fujii, N. Terahedron Lett. 2001, 42, 5443, aad references cited thererin,
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via 3,6-dihydropyridin-2-ones, in which the 3,y-(Z)-alkene
unit was constructed by Grubbs® RCM after condensation
of chiral allylamines with chiral vinyl acetic acids.® The
present method provides a new entity for the synthesis of
(Z)-alkene isosteres in a divergent fashion. That is comple-
mentary to their method as well as our alternative method
based on organocoper-mediated anti-Sn2’ reaction.® It is
noteworthy that to our knowledge, this is the first unequivocal
synthesis of (E)-fluoroalkene dipeptide isosteres.

Substrates for the organocopper-mediated reduction were
synthesized by the sequence of reactions shown in Scheme
2. Synthesis of acetate 6 started from a known phenylalanine
derivative 1.5 Conversion of the N-protecting group of 1 to
N-Ns (Ns = 2-nitrobenzenesulfonyD'® followed by O-
protection with @ TBS group gave N-Ns amide derivative 2.
Treatment of 2 with DMB (2,4-dimethoxybenzyl) alcohol
under Mitsunobu conditions afforded the N-DMB sulfon-
amide 3. After removal of the N-Ns group of 3, acylation of
the resulting secondary amine followed by O-TBS depro-
tection gave the acrylamide derivative 4. RCM reaction of
4 with Grubbs’ ruthenium catalyst!! proceeded smoothly at
room temperawure to yield the y-hydroxy-a,fS-unsaturated
d-lactam 5. Lactam 5 was converted to acetate 6 by Ac.O
treatment in the presence of pyridine.

y,y-Ditluoro-a,S-unsaturated o-lactam 12 was synthesized
from the fB-amino ester 10, which was prepared trom
phenylacetaldehyde 7 and the chiral amine 8 via rhodium
catalized diastereoselective Reformatsky—Honda reaction 412
After DIBAL-H treatment of 10, (Z)-selective Homer—
Wadsworth—Emmons reaction'? of the resulting aldehyde
gave (Z)-encate 11 in 72% yield with a concomitant
formation of small amount of (E)-isomer (4%). After
deprotection of the Boc and 7-Bu groups of 11 using 4 M
HCI in dioxane, cyclization with EDC gave the desired
lactam 12.

(8) Boucard, V.; S.-Dorizon, H.; Guibé, F. Tetrahedron 2002, 58, 7275.

(Y) Niida, A.; Oishi, S.; Sasaki, Y.; Mizumoto, M.; Tamamura, H.; Fujii,
N.; Otaka, A. Tetrahedron Lett. 2005, 46, 4183,

(10) Fukuyama, T.; Jow, C.-K.; Cheung, M. Tetrahedron Letr. 1995, 34,
6373. '

(11) Scholl, M,; Ding, S.; Lee, C. W.; Grubbs, R. H. Org. Lerr. 1999, 1,
953.

(12) Honda, T.; Wakabayashi, H.; Kanas, K. Chern. Pharm. Bull. 2002,
30, 307.

(13) Ando, K.: Oishi, T.; Hirama, M.: Ohno, H_; Tbuka, T. J. Org. Chemn.
2000, 65, 4745.
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Scheme 2.

Synthesis of Requisite Substrates for
Organocopper-Mediated Reduction
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Next we examined the organocopper-mediated reduction
of lactams 6 and (2 (Scheme 3). The reaction of acetate 6
with Me;CuL.ix-Lil-3LiBr'* proceeded smoothly at —78 °C
to yield the 8,y-unsaturated lactam 13 in a good yield (88%).
The DMB proup of lactam 13 was easily removed using
TFA. Treatment of difluorolactam 12 with Me;CuLizLil-

Scheme 3.

Synthesis of Phe-Gly Type (Z)-Alkene- and
(E)-Fluoreoalkene Dipeptide Tsosteres via
Organocopper-Mediated Reduction of Lactams 6 and 12

Bn x
-78°C, 20 min R:\Q

Me3zCuliyLil-3LiBr

88% 0
TFAT2% [ |3 R =DV
F
MesCuliyLitaLiBr  BRa
- 78
12 8% HN
92%
o
5
1) Me;0-BF,, 2,4,6-collidine R
2) 1 M ag HCH Bn._D=—~_ CO.H
3) HPLC
14/15 NHy TFA

16 R=H (59%)
17 R=F (79%)
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3LiBr also gave the desired reduction product 15 in excellent
yield (92%).

Next, we carried out the hydrolysis of the amide bond in
lactams 14 and 15 1o accomplish the synthesis of the cis-
amide bond tsosteres. Lactams 14 and 1§ were converted to
lactim ethers using Me;O-BFs. Hydrolysis of the lactim
ethers'® under acidic conditions followed by HPLC purifica-
uon using 0.1% TFA aqueous MeCN gave Phe-Gly type (Z)-
alkene dipeptide 1sostere (Phe-y{(Z)-CH==CH]-Gly 16) and
(E)-fluoroatkene dipeptide isostere (Phe-y[(E)-CF=CH]-Gly
17),'S respectively as TFA salts.

The above organocopper-mediated reduction is applicable
to consccutive one-pot a-alkylation (Scheme 4). After

Scheme 4.

Synthesis of a-Substituted (Z)-Alkene and
(£)-Fluoroalkene Dipeptide Isosteres Utilizing
Organocopper-Mediated Reduction—Alkylation

1) Me,CuLiyLikaLiBr  gn
2) Bn-Br =
6 N
78% (cis : trans =3 : 7) R i Bn
TFA, 99% [ 19 52 z 3;"'5)

1) Me,O-BF,
2)0.5Maq HCI-THF By _—__CO,Me
3) Boc,0O
" NHBoc Bn
40% 20
Bn NS 1) mecutiyLivaiar £
' | 2) Bn-Br Bn..,
N 55% AN g
o o)
21 22(d.r.=1:1)
1) Me,0-BF,
2) 0.5 M aq HCl - THF F.
3) Boc,O Bn = CO,Me
trans-22 ! 2 \>—\/ )
37% NHBoc Bn

23

reduction ot lactam 6 with Me;Cul.i,-Til-3LiBr, the resulting
metal enolate was trapped by Bn-Br to yield the trans-a-
substituted diketopiperazine mimetic 18 as a main product.
After deprotection of the DMB group using TFA, the
resulting lactam 19 was subjected to ring-opening followed
by A-Boc protection to yield Boc-L-Phe-¢[(2)-CH=CH]-D-
Phe-OMe 20 in 40% yield with a small amount of a-epimer-
ized product (13%). Boc-n-Phe-y[(E)-CF=CH]-L-Phe-OMe
23 was also synthesized from factam 21 by a procedure

(14) Single electron wranster (SET) mechanism has been proposed as one
of the plausible mechanisms of organocopper-mediated reduction. The
clectron-transter potency of Me;Culliz was proved to be higher than that
of the corresponding Gilman-type reagent such as Me CuLi. See: Chounan,
Y.; Horino, HL; Ibuka, T.; Yamamoto, Y. Bull. Chem. Soc. Jpn. 1997, 70,
1953,

(15) Schilkopt, U.; Hartwig, W.; Pospischil, K.-H.; Kehne, H. Syarhesis
1981, 966.

(16) Coupling constants of 17 and 23 Pr = 20.7 and 205 Hz,
respeetively) are cansistent with those of a-fluorovinyt groups possessing
a (Eycontiguration (Haraans = 1822 H2). Sce ret 4b.
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similar to that for the synthesis of isostere 20.}7 Precise
stereocontrol and introduction of other functional groups at
the «-position arc under investigation.

Next, we investigated whether the diftri-peptide transporter,
PEPT1 recognized synthetic Phe-Gly type isosteres as
substrates. PEPT] 1s a membrane protein which has 12
transmembrane domains and mediates intestinal uptake of
not only di-/tripeptides but also several drugs stuctually
related w0 small peptides such as fB-lactam antibiotics. !
Structure—activity relationship studies of various substrates
for PEPT1 have been carried out in order to apply this
transporter to develop orally bio-available drugs. However
precise recognition mechanisms have not been elucidated.
We envisioned that alkene dipeptide isosteres would be
usetul tools for analysis of recognition mechanisms of PEPT1
because of their structural similarity to parent dipeptides. We
also expected that the potency of dipeptide isosteres as amide
bond mimetics could be evaluated by use of the PEPTI
dipeptide transport system.

The bioactivitics of synthetic Phe-Gly isosteres for PEPT]
were determined by the inhibition of [*H]Gly-Sar uptake in
PEPT | -expressing Caco-2 cell in comparison with trans-
amide type isosteres, 24, 25, and other related compounds
(see the Supporting Intformation attached). Inhibition con-
stants (K;) of parent dipeptide Phe-Gly and its isosteres are
shown in Table 1. trans-Amide equivalents 24 and 25
pussessed good affinity for PEPT! corresponding to the
parent dipeptide (K,: Phe-Gly, 0.205 mM; 24, 0.853 mM;
25, 1.34 mM). It is of note that affinities of the cis-amide
equivalents 16 and 17 for PEPT! were more than 10 times
weaker than those of frans-isomers. These data suggest that
PEPT! predominantly recognizes /rans-amide conformations
of dipeptides. This is in good accordance with the previous
report by Brandsch et al., in which PEPT1 recognized frans-
conformation of Ala-1p{CS—N]-Pro.*? Conformationally flex-
ible analogues 26 and 27 retained moderate atfinity in
comparison with cis-amide equivalents. Presumably, ana-
logues 26 and 27 could exist as rans-amide-like conformers,
which were favorable for the interaction with PEPTI, due
to their flexibility. Contrary to our expectation, an increase
of attinity by the introduction of tluoroalkene unit was not

(17) In 'H NMR experiments, a-protons (position-3) of 3,6-trans isomers
such as 18 or trans-22 appeared uptictd trom the cotrresponding o-protons
of 3,6-cis isomeres. See ref 9.

(18) (a) Vdbens, 1.; Lejon, T.; Nielsen, C. U.; Steffansen, B.; Chen, W;
Ouyang, H.; Borchardt, R. T.; Luthman, K. ./ Aled, Chem. 2004, 47, 1660.
{b) Vibenwg, J.; Nielsen, C. U,; Ingebrigtsen, T.; Lejon, T.; Stetfansen, B.;
Luthman, K. J. Med. Chem. 2004, 47,4755, (¢) Terada, T.; Iuut, K. Crr.
Drug Metab. 2004, 5,83, (d) Bicgel, A.; Gebauer, S.; Hartrodt, B.; Brandsh,
M.: Neubert, K.; Thondort, 1. J. Med. Chem. 2005, 48, 4410.

{19) Brandsh, M_; Thunecke, F.; Killeitz, G.; Schutkowski, M.; Fischer,
G.; Neubert, K. J Biol. Chem. 1998, 273, 3861.
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Table 1.

Ki Values of Phe-Gly and Various lsosteres Based on
Inhibition of [*H]Gly-Sar Uptake by PEPTI in Caco-2 Cell

BnCOzH

NHy TFA

compd X K; (mM)
Phe-Gly —CO-NH- 0.205
16 —yl(Z)-CH=CH]- >10.0
17 ~yl(E)-CF=CH]— >10.0
24 —y[(E)-CH=CH]- 0.853
25 —y[(Z)-CF=CH] - 1.34
26 —w[CH2-CH,l - 2.17
27 —y[CF2-CHy|~ 1.67

observed (24 vs 25). Further investigation is required for
verification of the effect of fluorine as a carbonyl oxygen
mimic.

In conclusion, we presented a novel unambiguous synthetic
route for the syntheses of (Z)-alkene and (E)-fluoroalkene
dipeptide isosteres as cis-amide bond mimetics via organo-
copper-mediated reduction of y-acetoxy- or y,p-difluoro-at,S-
unsaturated O-lactams. We also carried out comparative
studies of affinities for peptide wanspoter PEPT1 between
the cis-amide mimetics and the corresponding frans-amide
isosteres, and found that peptide wansporter PEPTI pre-
dominantly recognizes rrans-amide bond conformations in
dipeptides. Synthetic studies on various a-substituted (£)-
fluoroalkene isosteres and further structure—activity-relation-
ship studies on dipeptide mimaetics for PEPT1 are currently
proceeding.
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An N-S acyl-transfer-mediated preparation of peptide thioesters using the S-protected oxazolidinone derived from cysteine has been developed
and applied to the synthesis of a 32-mer biologically active peptide by native chemical ligation protocols.

Intein-mediated protein splicing is a self-catalytic editing
system of proteins in which an intervening sequence (termed
“intein”) is cleaved off from a protein precursor with
simultaneous ligation between the flanking fragments (V-
and C-exteins) to form a mature extein protein and the free
intein.! These intein-mediated splicing systems have received
increasing attention in the field of protein chemistry including
purification,? labeling,> and semisynthesis of proteins.* In this
splicing process, three consecutive acyl-transfer steps are
involved.®> The first N—S acyl transfer on the cysteine residue

¥ Kyoto University.

* The University of Tokushima.

(1) For protein splicing bibliography, see: (a) Perler, F. B. Nucleic Acids
Res. 2002, 30, 383—384. (b) http://www.neb.com/neb/inteins.html.

(2) (a) Chong, S.; Mersha, F. B.: Comb, D. G.; Scott, M. E.; Landry,
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at intein N-terminus has been extensively applied to the
biochemical preparation of protein (or peptide) thioesters.
These have shown great utility in the preparation of a wide
variety of proteins by native chemical ligation (NCL)
procedures.*¢ Therefore, we anticipated that mimicking the
intein-mediated N—S acyl-transfer step by chemical means
could provide an unprecedented alternative to reported
chemical methods for the synthesis of peptide thioesters.” A
recent elegant NMR study® on this acyl transfer revealed that
“ground-state destabilization” by inducing nonplanarity in
the scissile amide bond was responsible for activation of the

(4) (2) Alexandrov, K.; Heinemann, L; Durek, T.; Sidorovitch, V.; Goody,
R. S.; Waldmann, HJ. 4m. Chem. Soc. 2002, 124, 5648—5649. (b) Muir,
T. W. Annu. Rev. Biochem. 2003, 72, 249—289. (c) Clayton, D.; Shapovalov,
G.; Maurer, J. A; Dougherty, D. A.; Lester, H. A.; Kochendoerfer, G. G.
Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 4764—4769. (d) Machova Z.; Beck-
Sickinger, A. G. Methods Mol. Biol. 2005, 298, 105—135.

(5) (a) Poland, B. W.; Xu, M. Q.; Quiocho, F. A. .J. Biol. Chem. 2000,
275, 16408—16413. (b) Evans, T. C.; Xu, M. Q. Chem. Rev. 2002, 102,
4869—488%4.

(6) (a) Dawson, P. E.; Muir, T. W.; Clark-Lewis, 1; Kent, S. B. H.
Science 1994, 266, 776 —779. (b) Dawson, P. E.: Kent, S. B. H. Annu. Rev.
Biochem. 2000, 69, 923—960.



amide leading to the N—S acyl transter.? On the basis of
this finding, we attempted to use an N-acyloxazolidinone
derivative to prepare thioesters by a “ground-state destabi-
lization” mechanism. In an acyloxazolidinone, the carbonyl
in the oxazolidinone ring 1s likely to influence the ny—:m*co
delocalization and to result in the actvation (ground-state
destabilization) of the exc-amide hinkage. Actually, N-
acyloxazolidinones have been documented to show active
ester character which is regulated by distortion of the amide
planarity ' Because neighboring thiol group participation in
the cleavage of the acyloxazolidinone bond could facilitate
the formation of thioesters,!! an S-protected oxazolidinone
derived from cysteine was selected as a chemical device tor
the preparation of peptide thioesters by an intein mimicking
mechanism. In this study, we examined the applicability of
cysteine-derived acyloxazolidinones to the N—S acyl shift-
mediated synthesis of peptide thioesters with application to
peplide synthesis using NCL.!? Very recently, two groups
have reported N—S acyl-transfer-mediated preparation of
peptide thioesters using chemical devices other than the
oxazolidinones.'*"

The use of S-protected oxazolidinones in the synthesis of’
peptide thioesters is conceptually outlined in Figure 1. A

Removal of side chain
protecting groups and

/ release of peptide chain
\ Resin

TFA treatment
—
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o

Figure 1. Concept of N—S acyl transfer-mediated synthesis of
peptide thioesters using an S-protected oxazolidinone.

protected peptide chain is assembled on the S-protected
oxazolidinone-type linker by solid-phase peptide synthesis
(SPPS) followed by removal of protecting groups except for

(7) For synthesis of peptide thioesters using Boc strategy, sce: (a)
Aimato, S. Bivpolvmer 1999, 51, 247-265. (b) Hackeng, T. M. Gittin, J.
H.; Dawson, P. E. Proc. Nail. Acad. Sci. U.S.4. 1999, 96, 1006810073,
For synthesis of peptide thivesters using the Fmoc strategy, see: (¢) Ingenito,
R.; Rianchi, E.; Fattoui, D.; Pessi, A, J Am. Chem. Soc. 1999, 121, 11369~
11374, (d) Shin, Y.; Winans, K. A.; Backes, B. 1; Kent, S. B. H.; Ellman,
J. A Benoza, C. R J. Am. Chenr Soc. 1999, 121, 11684—116%9. (&)
Scwing, A Hilvert, D. Angew. Chem., Int. Ed. 2001, 46, 33953396 (f)
Brask, I.; Albericio, F.; Jensen, K. J. Org. Letr. 2003, 5, 29512953,
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the S-protection on the oxazolidinone. Concomitant release
of the peptidyloxazolidinone from the resin yields the
S-protected peptide oxazolidinone as a precursor (o the
thioester. Removal of the S-protection and subsequent ¥—§
acyl transfer affords the peptide thicester.

The p-methoxybenzyl (MBzl) group was sclected as an
oxazolidinone S-protecting group because it rermains intact
during standard Fmoc-based SPPS protocols (20% piperidine
treatment for Fmoc-removal and trifluoroacetic acid (TFA)
treatment for the final deprotection). Preparation of a
protected oxazolidinone derivative suitable for attaching to
an anmuino-functionalized resin and its use in the synthesis of
the peptide thioester precursor are shown in Scheme I.

Scheme 1
quee! MeONHMe-HCI Mea! D’Il'ﬁél.
e e
COH VEDE HOBR CONMe(OMe) -
—_— en
NH-Boc  gy.N, DMF NH-Boc BrZnCH,CO,Allyl
1 quant 2 THF
46%
n-BuLi
CO,Allyl  THF
P | then Fmoc-
MBzIS OH 4NHCI Gly-OH, Et;N
CO,Allyl  dioxane HN. © Piv-Cl
NH-Boc then CDI, Et3N \f( or n-Buli, THF
DMAP, THF o then Boc-
3 84% 4 Gly-OH, E;N
Piv-Cl
SMBzI COZAllyl smBzt CO2H
Pd(PPhy), 1 Rink-amide
CHCl3:AcOH: NMM . resin®
_N_ O =37:211 _N_ O DIPCDI
R-Gly R-Gl
Lr Y 1!/ HOAt
DMF

5a (R = Fmoc, 86%)
5b (R = Boc, 78%)

6a (R = Fmoc, quant)
6b (R = Boc, 95%)

SMBzi CONH;

s

0
SMBzI Rink-amide
B fesIN” TFA-thioanisole-
m-cresol-Et;SiH-H,0

~N_ O = 80:5:5:5:5 (Vv ~N_ O
R-GY Y SESS (V) R-gly Y
o 22% after HPLC
purification
7a (R = Fmoc) 9 (R = H-Ser-Pro-Lys-
7b (R = Boc) Fmoc Met-Val-Gin-Gly-Ser)
SPPS
8 (R = H-Ser{'Bu)-Pro- “Rink-amide resin =

Rink-amide linker-Leu-
amino methyl resin
(Leu: internal standard)

Lys(Boc)-Met-Val-Gin(Trt)-
Gly-Ser('Bu))

Starting from the protected cysteine derivative 1, syn-1,2-
amino alcohol derivative 3 was obtained exclusively by a
sequence of reactions consisting of Weinreb-amidation using
1-ethyl-3-(3-dimethylaminopropylicarbodiimide (EDC),' di-
isobutylaluminum hydride (DIBAL) reduction, and Refor-

(8) Romanelli, A.; Shekhunan, A.; Cowbum, D.; Muir, T. W. Proc. Nurl.
Acud. Sci. U.S.A. 2004, /0], 63976402,
(9) Mujika, J. 1; Mercero, J. M; Lopez, X. J Am. Chem. Soc. 2005,
27, 4445—4453.
(10) Evans, D. A.; Anderson, 1. C.; Tayloe, M. K. Tesrahiedron Lent. 1993,
34, 3563+5560.
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matsky reaction of allyl bromoacetate. Deprotection of
the Boc group ot 3 with 4 N HCl—dioxane followed
by carbonyldiimidazole (CDIY4-(dimethylamino)pyridine
(DMAP)-mediated cychzation of the resulting deprotected
compound afforded the §-MBzl oxazolidinone 4. Acylation
of lithiated 4 with Fmoc-Gly-OH in the presence of pivaloyl
chloride (Piv-Cl) and Et;N gave the Fioe-glycyloxazolidi-
none Sa. For attachment of the acyloxazolidinone to the resin,
allyl ester on 5a was quantitatively removed by treatment
with Pd(PPh;); in CHCly/AcOH/N-methylmorpholine (NMM)
(37:2:1, viv).'*

The resulting carboxylic acid 6a can be coupled to an
amino-functionalized resin using standard peptide coupling
conditions. Before elongation of the peptide chain, the
stability of the acyloxazolidinone linkage toward basic
treatment needed for Finoc-removal was examined. For this
purpose, Rink amide linker-functionalized resin possessing
an internal standacd amino acid (Leu) for amino acid analysis
following acid hydrolysis was prepared by successive
coupling of Fmoc-Leu-OH and Fmoc-Rink linker'” on the
amino methyl resin. On this resin was coupled the Boc-
glycyloxazolidinone 6b, which was prepared by reactions
identical to those used for 6a. Treatment of the resulting resin
7b with basic reagent systems tollowed by amino acid
analysis after acid hydrolysis indicated that treatment with
20% piperidine in N, N-dimethylformamide (DMF) (standard
Fmoc deprotection) partially induced the decomposition of
the amide linkage (ca. 20% of the linkage was broken after
5 h treatment). On the other hand, the use of Aimoto’s
veagent mixture’  consisting ot 1-methyipyrrolidine-
hexamethyleacimine-1-hydroxybenzotriazole (HOBt) (25%
(Vv)=2% (viv)—3% (w/v) in l-methylpyirolidin-2-one
(NMP)-dimethyl sulfoxide (DMSO) (1:1)) proved to be
compatible with the resin in the presence of the acyloxazo-
lidinone linkage.'® This basic reagent system has been
successfully applied to the Fmoc-based synthesis of peptide
thioesters without affecting thioester linkages. However, one
potential limitation with the use of this procedure in the
synthesis of thioesters is racemization of chiral thivester-
linked C-terminal amino acids.*® This is the case with
aminoacylated oxazolidinones.?! At this stage, since only

{11) For nucleophilic involvement of hydroxy group leading to N—O
acyl teanster, see: Bew, S, P Bull, S. D.; Davies, 8. G; Savuey, E. D
Watkin, D. J. Tetrahedron 2002, 58, 9387—9401 and references cited herein.

(12) A 32-mer disulfide-containing peptide, human brain satriwetic
peptide derivative (amide form: hBNP32-NH; 14), was sclected as modcl
synthetic peptide. For hBNP32, see: Kambayashi, Y.; Nukao, K.; Mukoya-
ma, M.; Saito, Y.; Ogawa, Y.; Shiono, S.; Inoue, K.; Yoshida, M.; Imura,
H. FEBS Let1. 1990, 259, 3412345,

(13) Olliver, N.; Behr, H-B.; Et-Mahdi, O.; Blanpain. A.; Melnyk, O.
Org. Lett. 2008, 7, 2647—2650.

(14) Kawakami, T.; Sumida, M.; Nakamura, K.; Vorhiewr, T.; Aimoto,
S. Tetrvhedron Len. 2005, 46, 3805-~8807.

(15) Wang, G.; Mahesh, U.; Chen, G. Y. I; Yao, S. Q. Org. Letr. 2003,
5, 737~740 and references cited herein.

(16) Kates, S, AL, Danicls, S. B.; Sole, N. AL Barany, G.; Albericio, Fu
In Peptides: Chemistry, Structuve and Bivlogy, Hodges, R. 8., Smith, J.
A, Eds.; ESCOM: Leiden, 1994; pp [13~115.

(17) Bemnatowicz, M. S.; Daniels, S. D.; Kster, H. Terruhedron Lett. 1989.
30, 4645 -4648.

(18) Li, X. Q.; Kawakami, T.; Aimoto, S. Tetrahedron Leu. 1998, 39,
8§669—4672.

(19) Treatment of 7h with Aimote’s reagent cocktail for § hinduced ca.
3% cleavage of the linkage. See the Supporting Intormation.
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Fmoc-glycyloxazolidinone such as 6a can be applicable
the N—§ acyl-transfer-mediated methodology, extensive
efforts are in progress in our laboratory to develop depro-
tection conditions suitable for chiral C-terminal aminoacy-
lated oxazolidinones.

Next, o evaluate the practical usefulness of 6a in
application to the NCL-mediated preparation ot peptides, we
undertook the synthests of hBNP32-NH, 14, The peptide
chain assembly for the peptide thioester precursor fragment
9 (corresponding to hBNP32-NH. (1—9)) was conducted
using the Fmoc-Rink linker-Leu resin, on which Fmoc-
glycyloxazolidinone 6a and Fmoc-amino acids were suc-
cessively coupled with the aid of diisopropylcarbodiimide
(DIPCDIN-HOBL (or 1-hydroxy-7-azabenzotriazole (HOAt)).
Treatment with Aimoto’s reagent cocktail (20 min reaction/
each step) was utilized for the removal of Fmoc groups.
Amino acid analysis of the lydrolysate resulting from the
completed resin 8 revealed that the peptide chain assembly
proceeded efficiently without significant decomposition ot
the acyloxazolidinone linkage.?* Treatment of the completed
resin 8 with TFA —thioanisole—m-cresol—Et:SiH~H,0 (80:
5:5:5:5, v/v) at room terperature for 2 h, followed by HPLC
purification, gave the S-protected peptidyloxazolidinone 9
as a thioester precursor in 22% yield.

The resulting peptidyloxazolidinone was then subjected
to the NCL-mediated synthesis of hBNP32-NH: (Scheme
2). HPLC-purified S-protected derivative 9 was treated with

Scheme 2
MBZISM&‘\CONHZ HSN_\_.“\CONHz
~N_ O ~N_ O
R—Gly R—Gly
E/ 0.5 M TMSBr- \!O( N-S acyl
thioanisole in TFA, transfer
m-cresol (pH 7.6)

9 (R = H-SPKMVQGS) 10 (R = H-SPKMVQGS)

sH sH
N
Regly SN CONH: | H.CFGRKMDRISSSSGLGCK-
HN YO VLRRH-NH, 12
fe) NCL in the presence of

PhSH (1% viv} in

11 (R = H-SPKMVQGS) phosphate buffer (pH 7.6)

2 Cys-SH hBNP32-NH; 13 - hBNP32-NH, 14
Disulfide bond
formation
in the presence of

10% DMSO

0.5 M trimethylsilyl bromide (TMSBr)—thioanisole (1:1) in
TFA and m-cresol™ at —10 °C tor 1 h to afford the
S-deprotected peptidyloxazolidinone 10, which was then
purified by HPLC. NCL of the purified 10 with the

(20) Hasegawa, K.; Sha, Y. L.; Bang, J. K.; Kawakami, T.; Akaji, K ;
Aimoto, S. Lett. Peptide Sci. 2002, 8, 277284

(21 Oxazolidinone derivative 4 was derivatized with Faoc-t-Ala-OH.
Then, weatment of the resulting Fmoc-L-Ala-linked derivative with the
Almoto’s reageut cocktail afforded the mixtwre of H-1-Ala- or H-p-Ala-
linked oxazolidinone derivative. Results of quantitative HPLC analysis of
the reaction mixture are shown as a graph in the Supporting Information.
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N-terminal cysteine peptide (hBNP32-NH; (10—32)) 12,
which was prepared by standard Fmoc-based peptide syn-
thesis, proceeded efficiently in phosphate buffer (piH 7.6)
containing 6 M guanidine-HC]I in the presence of 1% (v/v)
thiophenol to yield the ligated 2Cys-SH hBNP32-NH, 13.
At this step in the NCL protocol, the N-acylated compound
10 (retention time on HPLC analysis = 10.8 min) disap-
peared completely within | min and a new compound
(putatively 11) with the same m/z value as that of 10 eluted
at 7.8 min (see the Supporting Information).** After dilution
with phosphate buffer to three times volume, DMSO (10%,
viv) was added to effect disulfide bond formation.”® HPLC
purification of the crude product gave purified hBNP32-NH,
14 in 78% yield calculated from the NCL step.

Based on the reaction mechanism of intein-mediated
formation of peptide thioesters, we have developed a method

{22) The decomposition of the acyloxazolidinone linkage is attributed
6 both base-induced cleavage of the activated bond (ca. 3% decomposition
after 5 h weatment)'? and diketopiperazine (DKP) formation. These two
factors were probably responsible for the partial loss of peptide chain (Glu
(in the peptide)/Leu (in the solid support) = 0.9:1.0). We have yet to prove
to attribute the loss to the base-mduced cleavage, DKP formation, or
precision in amino acid analysis.

(23) Yajina, H.; Fujit. N Funakoshi, S.; Watanabe, T.; Macayama, £
Otaka, A. Tetrahedron 1988, 44, 805—819.

{24) Removal of the thiol protection is needed for the couphog with
N-terminal cysteine peptide. Subjection of S-protected peptidyloxazolidinone
such as 9 to the NCL condition does not atford the ligated product.

(25) (a) Oraka, A.; Koide, T.; Shide, A.; Fujit, N.; Tetrahedron Lett,
1990, 32, 1223—1226; Tam, J. P.; Wu, C.; Liu, W.; Zhanyg, J. J. Ani. Chem
Soc. 1991, /13, 6657—6662. (¢) Ueda, S.; Fujita, M.; Tamamura H.; Fujii,
N; Otaka, A. ChemBioChem 2005, 0, 1983—19%6.
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for N—S§ acyl-transfer-mediated synthesis of thioesters using
acylated oxazolidinones derived from S-protected cysteine.
Removal of peptidyloxazolidinone S-protection provides the
corresponding peptide thioesters through V—S§ acyl transfer
involving the thiol group in the adjacent activated acyl-
oxazolidinone linkage. This synthetic protocol was success-
fully applied to the NCL-mediated synthesis of hBNP32-
NH,. The use of cysteine-derived oxazolidinones as chiral
auxiliaries with application to the preparation of thioesters
could provide a new access to chiral thioester derivatives,
which could have potential utility in the synthesis of a wide
variety of compounds.
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Involvement of the CXCL12/CXCR4 Pathway
in the Recovery of Skin Following Burns

Shani Avniel™?, Zaretski Arik®?, Alex Maly®, Assa Sagie?, Hanna Ben Basst®, Merav Darash Yahana',
Ido D. Weiss', Boaz Pal', Ori Wald', Dean Ad-E}°, Nobutaka Fujii", Fernando Arenzana—Seisdedos?,
Steffen Jung®, Eithan Galun', Eyal Gur* and Amnon Peled' '

Burn wound healing is a complex process consisting of an inflammatory phase, the formation of granulation
tissue, and remodeling. The role of the CXCL12/CXCR4 pathway in the recovery of skin following burns is
unknown. We found that CXCL12 is similarly expressed in human, swine, and rat skin by pericyte and
endothelial cells, fibrous sheet, fibroblasts, and axons. Following burns, the levels of CXCL12 were markedly
increased in human burn blister fluids. One day after injury, there was a gradual increase in the expression of
CXCL12 in the hair follicles and in blood vessel endothelium surrounding the burn. Three to 11 days following
burns, an increased number of fibroblasts expressing CXCL12 were observed in the recovering dermis of rat,
swine, and human skin. In contrast to CXCL12, CXCR4 expression was detected in proliferating epithelial cells as
well as in eosinophils and mononuclear cells infiltrating the skin. In vitro, CXCL12 was expressed by primary
human skin fibroblasts, but not by keratinocytes, and was stimulated by wounding a confluent cell layer of
these fibroblasts. Blocking the CXCR4/CXCL12 axis resulted in the significant reduction in eosinophil
accumulation in the dermis and improved epithelialization. Thus, blocking CXCR4/CXCL12 interaction may

significantly improve skin recovery after burns.

Journal of Investigative Dermatology (2006) 126, 468-476. doi:10.1038/5.jid.5700069; published online 22 December 2005

INTRODUCTION

Skin integrity is of importance for the protection and
separation of body tissues from the surrounding environment.
The loss of skin due to burns or trauma exposes the body to
severe stress, impairing or even eliminating the many vital
functions this organ performs (Clark, 1988; Cotran et al,
1999). Full-thickness skin tissue is comprised of keratinocytes
lined on a basement membrane, produced by fibroblasts and
keratinocytes. Deeper layers of the skin include, in addition
to fibroblasts, fat cells and multiple subsets of immune cells
such as dendritic cells, lymphocytes, and polymorphonuclear
cells. The complex organization of normal skin is designed to
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support the numerous functions of this organ as both an
immunologic and a physical barrier. Nevertheless, not much
is known about the factors responsible for the complex
architecture of this organ under physiologic and pathologic
conditions.

Stromal-derived factor-1 (CXCL12) controls many aspects
of stem cell function. CXCL12 has been identified as a
powerful chemoattractant for immature hematopoietic stem
cells (Aiuti et al, 1997). Mice that lack either CXCL12 or its
receptor CXCR4 exhibit many defects, including impaired
hematopoiesis in the fetal bone marrow (Nagasawa et al,
1996; Ma et al, 1998; Zou et al, 1998; McGrath et al,
1999). Recently, it was shown that mobilization, homing, and
engraftment of hematopoietic stem cells as well as the
trafficking of neuronal and primordial germ cells are
dependent on the expression of CXCL12 and CXCR4 (Peled
et al., 1999; Doitsidou et al., 2002). Furthermore, it was also
shown that the expression of CXCL12 is upregulated
following irradiation and hypoxia and that CXCL12 can
induce the recruitment of endothelial progenitor cells in a
regeneration model for myocardial infarction (Ponomaryov
et al., 2000; Askari et al., 2003; Ceradini et al., 2004). The
regulation of CXCL12 and its physiological role in peripheral
tissue repair remain incompletely understood. A recent study
showed that CXCL12 gene expression is regulated by the
transcription factor hypoxia-inducible factor-1 in endothelial
cells, resulting in the selective in vivo expression of CXCL12
in ischemic tissue in direct proportion to reduced oxygen
tension (Hitchon et al, 2002; Schioppa et al, 2003).

@ 2005 The Society for Investigative Dermatology



Hypoxia-inducible factor-1-induced CXCL12 expression was
suggested to increase the adhesion, migration, and homing of
circulating  CXCR4-positive progenitor cells to ischemic
tissue.

Thus, CXCL12 plays an important role in the organization.

of tissues during development and following damage.
CXCL12 is expressed by dendritic cells, fibroblasts, and
endothelial celis in human skin (Pablos et al., 1999). Here,
we show that following burns, the levels of CXCL12 is
markedly increased first in the burn blister and then in the
junction tissues surrounding the burn, hair follicles, endo-
thelium blood vessels and fibroblasts in the recovering
dermis. Treatment of partial thickness burns in a rat model
with antibodies to CXCR4 or the small peptide CXCR4
antagonist, 4F-benzoyl-TN14003 (Tamamura et al.,, 2003),
resulted in improved epithelialization and reduced eosino-
philia. These observations suggest a role for eosinophils and
the CXCL12/CXCR4 pathway in wound healing and in the
recovery of burn skin.

RESULTS

CXCL12 is similarly expressed in human, swine, and rat normal
skin

The expression of CXCL12 in normal skin was examined by
immunohistochemical staining using monoclonal antibody
(mAB) (MAB 350) (R&D Systems Inc., Minneapolis, Minnesota)

a Epidermis b

Papillary dermis c
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against the chemokine CXCL12. We first examined the
antibody crossreactivity of CXCL12 staining on liver sections
of mouse, human, and rat, since previous stuclies have shown
that CXCL12 is specifically expressed in the bile ducts and
blood vessels of human liver (Wald et al., 2004). In mouse,
human, and rat, liver bile ducts were specifically stained with
MAB 350 for CXCL12 (data not shown). Control stain without
the primary Ab showed no staining. Using the same mAB
staining for CXCL12 in human, swine, and rat, normal skin
showed similar expression patterns. CXCL12 in human
normal skin (Figure 1) was detected in the basal layer of the
epidermis (Figure 1a), on scattered cells in the papillary
dermis (Figure 1b), in pericytes, and in the endothelial layer
of blood vessels (Figure 1c). The fibrous sheet of hair follicles
(Figure 1d), sweat glands {not uniformly) (Figure 1e), axons,
and small blood vessels in the nerve tissue (Figure 1f)
also expressed CXCL12. No staining was detected with a
control antibody used to stain identical skin sections (Figure
1g-h). CXCL12 was detected in rat normal skin on the basal
layer of the epidermis (Figure 2a), on scattered cells in the
papillary dermis (Figure 2b), and on pericytes and the
endothelial layer of blood vessels (Figure 2c). The chemokine
CXCL12 was also expressed by axons and small blood vessels
in the nerve tissue (Figure 2d) and by fibrous sheet of hair
follicles (Figure 2e). No staining was detected with control
antibody used to stain the same skin sections (Figure 2f). The

Blood vessel

Hair follicle
- —~

Epidermis

Sweat glands f

Epidermis

Figure 1. Expression of CXCL12 in normal human skin. immunohistochemistry staining results using a monoclonal antibody against the chemokine CXCL12 on
human normal skin section. (a) Stained cells in the basal layer of the epidermis. (b) Scattered cells stained in the papillary dermis. (c) Endothelial cells and
pericytes stained in blood vessel. (d) Fibrous sheet stained in the hair follicle. (e} Sweat glands not uniformly stained. (f) Axons and blood vessels stained in nerve
tissue. (g) Sections of epidermis and papillary dermis were stained without the primary antibody ensuring that no background staining was received from the
second antibody. (h) Sections of epidermis and papillary dermis were stained with the primary antibody after incubation with CXCR4 ligands CXCL12« and
CXCL12§ ensuring that the staining is specific for CXCL12. (Original magnification x 400).
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Figure 2. Expression of CXCL12 in rat and swine normal skin, (a-f) Immunohistochemical staining results using monoclonal antibody against the chemokine
CXCL12 on rat normal skin sections. (a) Cells stained in the basal layer of the epidermis. (b} Scattered cells stained in the papillary dermis. (c) Endothelial cells
and pericytes stained in blood vessel. (d) Axons and blood vessels stained in nerve tissue. {e) Fibrous sheet stained in the hair follicle. (f) Epidermis and papillary
dermis control staining, without the primary antibody (original magnification of x 400). {g-}) immunohistochemical staining results using monoclonal antibody
against the chemokine CXCL12 on swine normal skin sections. (g) Cells stained in the basal layer of the epidermis and the papillary dermis. (h) Scattered cells
stained in the papillary dermis. (i) Endothelial cells and pericytes stained in blood vessel. (j) Fibrous sheet stained in the hair follicle. (k) Sweat glands staining.
(I) control staining, without the primary antibody. (Original magnifications x 200 or x 400).

chemokine CXCL12 was similarly expressed by swine normal
skin cells in the basal layer of the epidermis (Figure 2g), by
scattered cells in the papillary dermis (Figure 2h), in
pericytes, and by the endothelial layer of blood vessels
(Figure 2i). The chemokine CXCL12 was also expressed by
fibrous sheets of hair follicles (Figure 2j) and by sweat glands
(Figure 2k). No staining was detected with control antibody
used to stain the same skin sections (Figure 21). This unique
and conserved expression pattern of CXCL12 may suggest a
role for CXCR4/CXCL12 axis in the organization of skin
tissue.

Following burns, the level of CXCL12 was markedly
increased in human burn blister fluids, hair follicles, blood
vessels endothelium, and fibroblasts in the recovering dermis
of rat, swine, and human skin.

Journal of lnvestigative Dermatology 12006:, Volome 126

In order to study the effect of burn injury on CXCL12
expression in the skin, we first collected burn wound fluids,
and CXCL12 levels were measured by ELISA assay and
compared to the levels of 1L-8 (Figure 3a and b). The results
indicate a unique pattern of the chemokine CXCL12
expression compared to the IL-8. 1L-8 appeared first in the
burn fluid a few hours after injury, reached a plateau level
after 1 day, and remained at the same leve! for the next 4
days. CXCL12 appeared a few hours after injury, reached a
plateau level after 1 day, and remained at the
same level for an additional 2 days, and then the level of
CXCL12 decreased exponentially. The consistent overexpres-
sion of IL-8 in burn wound fluids and skin tissue has also been
reported by others (focono et al., 2000). These authors
suggested that I1L-8 has a role in stimulating neutrophils



migration and accelerating the angiogenic process within the
burn wound.

The expression of the chemokine CXCL12 following burn
infliction was further examined by immunohistochemical
staining of rat skin sections. The results shown in Figure 5
indicate accumulation of CXCL12 in the rat burned skin in
correlation with time. Six days and 1 day after injury, CXCL12
was not detected in the burned tissue. Three days postburn,
CXCL12 was detected in endothelium blood vessels, in the
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Figure 3. {a) L-8 and (b} CXCL12 mean levels (pg/ml} in human burn wound
fluid collected ivem biisters of patients with second degree burn. Fluids were
collected 0-5 days after burn as a medical treatment protocol. Samples were
measured for the chemokines by ELISA assays. Each point represents one
patient.
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hair follicles, and also in scattered cells accumulated in the
dermis. Five and 7 days postburn, a higher expression of the
chemokine was detected in blood vessels and in fibroblast-
like cells accumulated in the dermis. As was shown before for
human normal skin, CXCR4 was detected in normal and
proliferating rat epithelial cells and endothelial cells after
burn injury (Figure 4). In the dermis of injured skin, CXCR4
expression was also detected in mononuclear cells as well as
infiltrating eosinophils.

The pattern of CXCL12 expression in swine skin postburn
is similar. Four days postburn, CXCL12 was present in
endothelium blood vessels and in scattered cells that
accumulated in the papillary dermis. Ten days after injury,
a strong expression of the chemokine was detected in blood
vessels and in the accumulating fibroblast-like cell popula-
tion in the papillary dermis of normal skin stained for CXCL12
is shown in Figure 5c.

In order to determine the cell types that expressed high
levels of CXCL12, we stained parallel sections from burned
skin for vimentin and CXCL12. The majority of fibroblast-like
cells were stained for both CXCL12 and vimentin indicating
that fibroblasts were expressing CXCL12 in the skin following

Figure 4. The involvement of CXCL12 in rat and swine burn wound healing. Expression of CXCL12 in rat burn wound healing. {a) tmmunohistachemical
staining of CXCL12 of ral epidermis burned skin sections, at 6 hours, 1 day, 3 days, 5 days, and 7 days after the burn. Staining for CXCR4 is shown at 7 days after
the burn {original magnifications x 100, x 200). (b) Immunohistochemical staining of CXCL12 of rat dermis burned skin sections, at 6, 72, and 120 hours after
the burn {original magnifications x 100, x 200). (c) Expression of CXCL12 in swine skin after second-degree burn. Immunohistochemical staining of CXCL12 at
4 days, 10 days after the burn, and at time 0 in normal skin. {Original magnifications x 100, x 400).
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Figure 5. Coexpression of vimentin and CXCL12 in rat burned skin.

(a) Immunchistochemical staining for vimentin of rat burned skin dermis 5 days
after burn. (b) CXCL12 immunohistochemical staining of consecutive tissue
section of rat burned skin section 5 days after burn (Original magnification
x 400; arrow indicates the staining for CXCL12 and vimentin). Coexpression
of GPF and CXCL12 in heterozygous mice bearing a GFP reporter knocked-in
to the CX3CR1 locus burned skin. {c and d) Accumulation of GFP +
monocyte/dendritic cells in the dermis of injured skin. (e-h) Coexpression of
GFP + CXCL12 in monocyte/dendritic cells in parallel sections from dermis
of injured skin; arrow indicates the staining for CXCL12 and GFP.

burn injury (Figure 5a and b). However, part of the cells that
expressed CXCL12 did not express vimentin. CXCL12 was
shown to be expressed by human dendritic cells localized to
the epidermis and the dermis (Pablos et al, 1999). An
excellent means to track monocyte subsets in the skin was
through the use of mice bearing a green fluorescent protein
(GFP) reporter knocked-in to the CX3CR1 chemokine
receptor locus (Qu et al., 2004). Indeed, we found that
following injury, monocyte with a dendritic-like shape
accumulated in the dermis and epidermis (Figure 5c¢ and d).
Part of the monocyte/dendritic cells that expressed the GFP
also expressed CXCL12 (Figure 5e-h).

To further study the expression of CXCL12 and CXCR4 in
the skin, we used primary skin fibroblast and keratinocyte
cultures. In agreement with our in vivo results, we found that
while the fibroblasts expressed the chemokine CXCL12 in the
mRNA level, the keratinocytes did not. In contrast to
CXCL12, keratinocytes, but not the fibroblasts, expressed
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the receptor CXCR4. In order to verify our finding, we used
ELISA assay to check the production of CXCL12 by
keratinocytes and fibroblasts. The results demonstrated that
while keratinocytes did not express the chemokine CXCL12
at the protein level, fibroblasts did express and secrete
CXCL12 (Figure 6a), especially during the recovery of skin
fibroblasts migrating into the wound area and accumulating
in the dermis. In order to study the effect of wounding on
CXCL12 expression by skin fibroblasts, a “’scratching” assay
was performed on confluent layers of human skin fibroblasts
in vitro. Immunohistochemical staining of confluent human
skin fibroblasts showed moderate CXCL12 expression. Two
clays following scratching, an increase in CXCL12 expression
by cells adjacent to the affected area was detected (Figure 6d).
Fibroblast monolayers were negatively stained with control
antibody against cytokeratin.

Inhibition of the CXCL12/CXCR4 pathway resulted in reduced
eosinophil accumulation and improved epithelialization
In order to evaluate the effect of the CXCR4 antagonist,
4F-benzoyl-TN14003, and neutralizing antibodies to the
receptor on the recovery of rat skin, we first tested their
ability to inhibit the migration of rat lymphocytes in response
to CXCL12. Migration assay was carried out on total rat
lymphocytes separated by Ficoll gradient, and their migrating
ability to medium containing CXCL12 was examined.
Lymphocytes were incubated with the CXCR4 antagonist,
4F-benzoyl-TN14003, and an antibody against CXCRA4.
Treatment of cells with 4F-benzoyl-TN14003 exerted a
strong inhibitory effect, whereas treatment of cells with
neutralizing antibodies to CXCR4 exerted moderate effect on
the migration of cells in response to CXCL12 (Figure 7a).
Next, we examined the inhibitory effect of CXCR4
antagonists on burn wound healing (Figure 7b—d). Inhibitors
were injected subcutaneously to the burned area at 0, 1 day,
and 3 days, and animals were killed 5 days postburn.
Animals injected with the CXCR4 inhibitor, 4F-benzoyl-
TN14003, showed an increased epithelialization (Figure 7b).
A small but not significant decrease in the polymorpho-
nuclear cell population in the dermis was observed (Figure
7c). However, a strong and significant inhibition in eosino-
phil accumulation in the dermis was found in the 4F-benzoyl-
TN14003 and antibodlies to the CXCR4-treated groups (Figure
7d). In contrast to eosinophil accumulation, the accumulation
of polymorphonuclear cell population in the epidermis was
not affected (Figure 7d). These results suggest a role for
CXCR4/CXCL12 interaction in the migration of eosinophils to
the skin in the process of epithelialization following burn
inflection.

DISCUSSION

Burn wound healing is a complex process consisting of an
early phase of energy depletion and necrosis, followed by a
two-stage inflammatory phase, formation of granulation
tissue, matrix formation, and remodeling (Clark, 1988; Cotran
et al., 1999; Spies et al,, 2002). The numerous cellular and
humoral interactions during these phases of thermal wound
healing are complex and not well understood. Partial skin
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Figure 7. Effect of neutralizing antibodies to CXCR4 and the smafl peptide inhibitor of CXCR4 on inflammation and regeneration of skin following burns.
(a) Migration of rat lymphocytes in response to CXCL12 (100 ng/ml) was tested in the absence and presence of neutralizing antibodies to CXCR4 (NA), or the
CXCR4 antagonist — 4F-benzoyl-TN14003. (b) The effect of CXCR4 antagonists on re-epithelialization. {c) Depicts the epithelialization of burned skin in mice
treated with phosphate-buffered saline (PBS) (asterisk indicates the sites of novel epithelialization). (d) Depicts the epithelialization of burned skin in mice treated
with 4F-benzoyl-TN14003 (asterisk indicates the sites of novel epithelialization). The number of lymphocytes in the dermis is shown in (e). The number of
polymorponuclear cells (PMN) in the epidermis and eosinophils in the dermis 5 days after burn is shown in (f). (g) Depicts the eosinophils in the dermis of mice
treated with PBS (arrow indicates the site of eosinophilia). (h) Depicts the eosinophils in the dermis of mice treated with 4F-benzoyl-TN14003 (arrow indicates
the site of eosinophilia). The results are the average of two experiments; for each experiment at least five rats were tested (P<0.05).

burn wounds could be more effectively treated sooner if the
blister wall was maintained intact (Ono et al., 1995). Burn
wound fluids from blisters contain relatively large amounts of
cytokines such as platelet-derived growth factor, IL-6,
transforming growth factor-f§, and IL-8 thought to stimulate
the wound healing process by regulating epithelialization

(Ono et al., 1995; Struzyna et al., 1995). The increased
CXCL12 levels in human burn fluid during the first 3 days
following burn injury (Figure 3b) and the expression of
CXCR4 by human keratinocytes (Figure 4a) may support the
survival and tissue organization of these cells. This concept is
supported by studies showing that CXCR4 is expressed by
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skin keratinocytes and is essential for keratinocytes that
participate in maintaining skin integrity (Smith et al., 2004).
The restricted presence of functional CXCL12 (24-48 hours
following burn) may suggest a protective role for CXCL12 in
the maintenance of skin tissue following burn. In contrast to
the presence of CXCL12 in human burn fluid during the first 3
days following injury, an increased number of fibroblasts and
dendritic cells that expressed CXCL12 are observed in the
regenerating skin in the first 2 weeks following damage. This
difference may be the result of increased levels of proteolytic
activity in the burn fluid. Indeed, a variety of proteolytic
enzymes such as cathepsin G, elastase, and matric metallo-
proteinase-9 were recently shown to degracde CXCL12 (Petit
et al., 2002).

In partial-thickness burns, the epidermis and the super-
ficial dermis are destroyed and undergo necrosis (Clark,
1988; Cotran et al., 1999; Singer and Clark, 1999). Twenty-
four hours to 2 days following burns, the affected area lost
CXCL12 expression. However, the expression of CXCL12 in
the area adjacent to the burn wound was intensed. During
this time period, a massive influx of neutrophils into the
wound area was observed. The accumulation of neutrophils
could not be blocked by CXCR4 antagonists, suggesting that
CXCR4/CXCL12 axes have no detectable role in this process.
The accumulation of neutrophils in the wound area was
associated with an increased production of the neutrophil
chemoattractants neutrophil activating protein-2 (NAP-2),
Growth-Regulated Oncogene alpha (GRO-a), and Epithelial
neutrophil activating peptide-78 (ENA-78), as well as with the
sustained production of 1L-8 in human burn blisters in human
(Figure 3a) (Faunce et al., 1999; Piccolo et al., 1999; Gillitzer
and Goebeler, 2001). In partial-thickness burns, the prolifer-
ating and migrating epithelium arose from the wound border
as well as from hair follicles. The rate of epithelial cover was
modulated by growth factors that stimulated the proliferation
and chemotaxsis of epithelial cells (Clark, 1988; Cotran et al.,
1999; Singer and Clark, 1999). During the granulation
phase, beginning 2-3 days following damage, fibroblasts
attracted by macrophages migrated into the wound area;
these fibroblasts from swine and rat origin secreted high
levels of CXCL12 (Figures 4 and 5). The process of
granulation is associated with intense angiogenesis (Cotran
et al., 1999; Singer and Clark, 1999). In parallel to migration
of fibroblasts expressing high levels of CXCL12, novel and
resident endothelial cells lining the blood vessels also
expressed CXCL12. During this phase of wound healing, a
second wave of immune cells entered the epidermis under-
lying the burn. These cells include macrophages, lympho-
cytes, and eosinophils. The chemokines CCL2, CXCL10,
CXCL9, and CCL22 were found to be spatially associated
with lymphocyte and monocyte accumulation (Gibran et al.,
1997; Gillitzer and Goebeler, 2001). We found a minor effect
of CXCR4 antagonists on the recruitment of macrophages and
lymphocytes, whereas the recruitment of eosinophils was
totally blocked (Figure 7).

A fine balance between fibrotic tissue deposition and
neovascularization on the one hand and fibrotic tissue
cdegradation and epithelization on the other should be
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maintained in order to assure successful wound healing.
Immune cell subpopulation recruited to the burned site is
involved in orchestrating these events. Unbalanced prolifera-
tion and activation of fibroblasts may lead to inadequate
granulation and the formation of a fibrotic tissue. However,
reduced angiogenesis and blood flow into the burn wound
can prevent successful epithelialization and wound repair.
With regard to the CXCL12/CXCR4 axis, we have found
that the most dramatic effect of CXCR4 antagonists was on
the number of infiltrating eosinophils. The decrease in
eosinophil migration into the wounded tissue and the
increased epithelialization observed in mice treated
with CXCR4 antagonist indicate that CXCL12/CXCR4
interactions are involved in shaping the balance between
fibrosis and epithelialization. Moreover, these data may
suggest that eosinophils are linked to the regulation of
epithelialization.

Indeed, it was reported by Yang et al. (1997) that anti-
interleukin-5 mAB (TRFK-5) treatment can deplete eosino-
phils in healing of cutaneous wounds and that wound closure
by re-epithelialization in the treated animals was 4 days faster
than in the control group. This study suggests a role for
eosinophils in negatively affecting wound re-epithelializa-
tion. Neutralizing antibodies to CXCR4 and AMD3100, an
antagonist of CXCR4/CXCL12 interaction, were shown to
reduce lung eosinophilia, indicating that CXCR4-mediated
signals contribute to lung inflammation in a mouse model of
allergic airway disease (Gonzalo et al., 2000; Lukacs et al.,
2002). Eosinophils constitutively express CC chemokine
receptor 3 and, to a lesser extent, CC chemokine receptor
1. CC chemokine receptor 3 is mainly responsible for
migration of resting eosinophils, and its specific ligand,
eotaxin, represents the most potent chemoattractant for
eosinophils (Nagase et al., 2001b). However, eosinophils in
inflamed tissue sites exhibited a decreased CC chemokine
receptor 3 and an increased CXCR4 expression (Nagase et al.,
2001a). Surface CXCR4 protein was hardly detectable in the
peripheral blood or freshly isolated eosinophils. Similarly to
the phenomenon observed with eosinophils in inflamed
tissues, surface expression of CXCR4 became gradually
apparent during in vitro incubation of cells. CXCL12, the
natural ligand of CXCR4, elicited an apparent Ca>* influx in
these cells and induced a strong migratory response compar-
able to that by eotaxin (Nagase et al., 2000)

In summary, we suggest that the presence of CXCL12 in
burn blisters is involved in protecting the skin during a short
period of time following skin burn injury. Thereafter, CXCL12
expressed by fibroblasts and endothelial cells may induce the
accumulation of eosinophils, which in turn slow the
epithelialization. Our data suggest that CXCL12 is more
predominantly supporting fibrosis than epithelialization.
Indeed, we and others have recently shown that during liver
fibrosis, the levels of CXCL12 expression by endothelial cells
and fibroblasts are dramatically increased (Wald et al., 2004).
It is therefore possible that by using inhibitors against CXCR4,
the balance between fibrosis and epithelialization can be
changed, thereby leading to a better and faster recovery of
skin following damage.



