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experienced an “extra” duplication event. This
suggests that a fish-specific HOX cluster du-
plication occurred before the divergence of
Fugu and zebrafish lineages more than 150
million years ago (/5), but after the diver-
gence of ray-finned and lobe-finned lineages.
Goldfish, salmonids, and some other teleosts
have experienced additional, more recent poly-
ploidization events (/6 ). Genomic analysis of
basally branching ray-finned fish, such as
sturgeons, Amia, or Polypterus, is necessary
to clarify the timing of the HOX duplication
event.

To determine whether “extra” fish /ox clus-
ters result from tandem duplication or chromo-
some duplication in fish, or cluster loss in tet-
rapods, we mapped zebrafish /ox clusters;
cloned, sequenced, and mapped four new genes
whose orthologs are syntenic with HOX clus-
ters in mammals (dhh, evxl, englb, and gli);
and mapped four previously unmapped ze-
brafish genes [dIx5, dix6, dix8, and pli0a; see
(11)] whose orthologs are linked to HOX clus-
ters in mammals. These experiments showed
that zebrafish has two copies of each HOX
chromosome segment in mammals (Fig. 4). For
example, the human and mouse HOXB chro-
mosomes have six and four genes, respectively,
whose apparent orthologs map on one of the
two zebrafish chromosomes containing koxba
or hoxbb (Fig. 4). Each of these two chromo-
somes also has one copy of other duplicate
genes, including dix7/dIx8, rara2a/rara2b, and
hbae4/hbael (11, 17). We conclude that ze-
brafish has two copies of this mammalian chro-
mosome segment. Because similar results were
obtained for the other clusters (Fig. 4), we infer
that Aox cluster duplication in ray-finned fish
occurred by whole chromosome duplication.
Although we found a single hoxd cluster in
zebrafish, mapping experiments identified the
predicted duplicate chromosome segments
(Fig. 4), suggesting secondary- loss of one
hoxd duplicate.

These results suggest two rounds of HOX
chromosome duplication (probably whole ge-
nome duplication) before the divergence of ray-
finned and lobe-finned fishes, and one more in
ray-finned fish before the teleost radiation. Be-
cause gene duplicates often have a subset of the
functions of the ancestral gene (/8&), mutations
in duplicate genes may reveal essential func-
tions that otherwise might remain hidden. For
example, if a gene is essential for distinct early
and late functions, a lethal mutation knocking
out the early function might obscure the late
function in a mutant mammal, but both func-
tions would be evident if the two functions
assort to different zebrafish gene duplicates.
The conclusion that the genetic complexity of
hox clusters in teleost fish has exceeded that of
mammals for more than 100 million years calls
into question the concept of a tight linkage of
HOX cluster number and morphological com-
plexity along the body axis. However, because
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teleosts are the most species-rich group of ver-
tebrates and exhibit tremendous morphological
diversity, it is tempting to speculate that the
duplication event detected here may have pro-
vided gene copies that helped spur the teleost
radiation.
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Regulation of the
Proinflammatory Effects of Fas
Ligand (CD95L)

Jian-Jun Chen, Yongnian Sun, Gary J. Nabel*

Fas ligand (CD95L) inhibits T cell function in immune-privileged organs such as
the eye and testis, yet in most tissues CD95L expression induces potent in-
flammatory responses. With a stably transfected colon carcinoma cell line,
CT26-CD95L, the molecular basis for these divergent responses was defined.
When injected subcutaneously, rejection of CT26-CD95L was caused by neu-
trophils activated by CD95L. CT26-CD95L survived in the intraocular space
because of the presence of transforming growth factor-B (TGF-B), which
inhibited neutrophil activation. Providing TGF-B to subcutaneous sites pro-
tected against tumor rejection. Thus, these cytokines together generate a
microenvironment that promotes immunologic tolerance, which may aid in the

amelioration of allograft rejection.

The CD95 protein (also called Fas or APO-1)
is a cell surface receptor that activates the
death signaling pathway in cells. Its physio-
logical ligand, CD95L, can transduce this
signal upon cell contact (/). The CD95-

CDISL system has been implicated in the
clonal deletion of autoreactive lymphocytes
in peripheral lymphoid tissues and in the
elimination of autoreactive lymphocyte pop-
ulations (2), thus contributing to homeostasis
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of the immune system. CD95L expression in
normal tissue is restricted to T lymphocytes,
macrophages, the cornea, the iris, ciliary bod-
ies, the retina, and Sertoli cells (3). Through
its ability to suppress both cellular and hu-
moral immunity (2, 4), CD95L has been im-
plicated in maintenance of the immune-priv-
ileged status in the eye (3) and testis ().
CD95L may also confer immune suppression
in malignancy (6) or be useful in delaying
rejection of allogeneic cells (4, 7) by promot-
ing immune evasion.

However, CDI9S5L is also proinflammatory
(8, 9). Expression of CD95L on myotubes or
pancreatic islets of transgenic mice induces a
granulocytic response that accelerates graft
rejection (/0). Differences in the effect of
CD9SL at distinct anatomic sites may be
caused by secondary factors that modulate its
function (/7). Here we attempt to identify
factors that could explain the paradoxical ef-
fects of CD95SL in immune-privileged sites
and immunocompetent tissues.

To determine whether CD95L could stim-
ulate an inflammatory response in an im-
mune-privileged tissue, we injected 10°
CT26-CDI9SL cells (4) (n 5 mice) or a
CD95L-negative control cell line, CT26-Neo
(n = 4 mice), into the anterior chamber of
the eye of syngeneic Balb/c mice. Both cell
lines produced tumors by 8 days in all mice at
the intraocular site. In contrast, tumors grew
only from CT26-Neo cells when the tumor
cells were injected subcutaneously (/2).

Howard Hughes Medical Institute, University of Mich-
igan Medical Center, Departments of Internal Medi-
cine and Biological Chemistry, 1150 West Medical
Center Drive, 4520 Medical Science Research Building
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Thus, the microenvironment, rather than the
amount of CD95L, determined the ability of
these cells to induce inflammatory responses
that inhibited tumor growth.

Fig. 2. Inhibitory ef-
fects of recombinant
TGF-B on neutrophil-
mediated cytotoxicity
and its role in the
aqueous humor. (A)
Inhibitory effects of
aqueous humor and
reversal by neutraliz-
ing soluble TGF-B re-
ceptor protein. Mouse
neutrophils were incu-
bated with radiola-
beled CT26-CD95L at
a ratio of 50:1 and 40
ul of bovine aqueous
humor, obtained im-
mediately after the
animal was killed and
stored at —70°C. The
indicated concentra-
tions of human TGF-
B—soluble receptor-Fc
fusion protein (TGF-B
SRII/Fc; R&D Systems)
or control human im-
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Rejection of CD9SL™ tumors occurs in
scid-beige mice and is thus independent of T
cell and natural killer (NK) cell function (8).
Polymorphonuclear leukocytes (PMNs) infil-
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munoglobulin were added to the assay as shown in Fig. 1C. The specific lysis without inhibitor was
44.3%. (B) Inhibition of neutrophil cytolysis by TGF-B1. Human PMNs were incubated with
CT26-CD95L cells at an E/T ratio of 100:1. Increasing amounts of human TGF-B1 (R&D Systems),
human interleukin-10 (Genzyme), and granulocyte-macrophage colony-stimulating factor (GM-
CSF; Immunex) were added to the culture, and Cr release assays were performed as in Fig. 1. The
specific lysis without inhibitors was 44.3%. (C) Inhibition of neutrophil-mediated cytolysis of
CT26-CD95L cells by preincubation of neutrophils with TGF-B1. Human PMNs were preincubated
with TGF-B1 (20 ng/ml) or human GM-CSF (20 ng/ml) for the indicated period and washed with
10 ml of medium three times. The percent inhibition was calculated relative to neutrophils
preincubated with medium, TGF-B1, or GM-CSF for the same period of time. The data represent
the mean = SE from three independent experiments. (D) TGF-B1 does not inhibit CD95L-mediated
apoptosis in Jurkat cells. CT26-CD95L cells were incubated with >'Cr-labeled Jurkat cells (1 X 10*
per well) at a ratio of 10:1. Human TGF-B1 (20 ng/ml) was added to the medium, and CD95-Fc
fusion protein was used as a positive control. Cytotoxicity was measured by >'Cr release after 4
hours of coincubation. The data represent the mean = SD from three independent experiments.
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Fig. 1. PMN-mediated destruction of CD95L™ CT26 cells but not CD95L™
CT26 cells in vitro and CD95L involvement in neutrophil cytolytic
function. (A) Dose-dependent cytolysis of CD95L™" CT26 cells by human
neutrophils. Human neutrophils (20) of =97% purity were incubated
with >'Cr-labeled CT26-CD95L or CT26-Neo cells for 19 hours on
fibronectin-coated plates (27) at the indicated ratios. The data represent
the mean = SE of three independent experiments. (B) PMN-mediated
cytolysis. Human PMNs (black bars) were depleted of T lymphocytes, NK
cells, or macrophages by immunomagnetic bead separation (22) with
antibodies to CD3, CD65, or CD115/c (Neomarkers; Pharmingen) and
were mixed with CD95L™ cells (50:1 ratio). Mouse neutrophils (gray
bars) (23) were mixed with CD95L™ cells (50:1 ratio). Mouse spleen cells
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depleted of neutrophils with antibody to Ly6G (Pharmingen) (22) were
used as a negative control. (C) Inhibition of neutrophil cytotoxicity by
CD95-Fc (4). Radiolabeled CT26-CD95L cells were mixed with neutro-
phils [effector/target (E/T) ratio, 50:1], and mouse CD95-Fc protein,
control human_ immunoglobulin, or antibody to CD3 (OKT3, Ortho
Biotech) was added. The specific lysis without inhibitor was 37.5%. (D)
Lysis of CT26-CD95L by neutrophils from lpr~/lpr~ or wild-type con-
genic C57BL/6 mice at an E/T ratio of 25:1. (E) Induction of bystander
cytotoxicity by CT26-CD95L cells. CT26-Neo target cells were labeled
with >'Cr and mixed with neutrophils at an E/T ratio of 100:1 in the
presence of the indicated numbers of unlabeled CT26-CD95L cells. Equal
numbers of unlabeled CT26-Neo cells were used as a negative control.
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trate CD95L tumors in the skin and contrib-
ute to the CD9SL antitumor response (8, 9),
but the mechanism by which these cells pro-
mote tumor rejection is unknown. We there-
fore determined whether neutrophils could
directly lyse CT26-CD95L cells in vitro. Hu-
man PMNs, incubated with CT26-CD95L or
CT26-Neo target cells, lysed only CT26-
CD95SL (Fig. 1A). Depletion of the effector
population with antibodies to T cells, NK
cells, or macrophages did not reduce this
cytolysis. PMNs derived from peripheral
blood leukocytes of syngeneic Balb/c mice
lysed CT26-CD95L tumor cells, in contrast
to a control cell population depleted with a
neutrophil-specific antibody, which did not
retain this activity (Fig. 1B). Thus, PMNs
interacted directly with CD95L™ cells to me-
diate their destruction.

Lysis of CT26-CD9SL cells was inhibited
specifically by a CD95-Fc fusion protein but
not by a negative control immunoglobulin (Fig.
1C) and was markedly reduced in neutrophils
from Jpr mice (Fig. 1D), which express a de-
fective CD95 receptor. Bystander cells that did
not express CDI5L were lysed when chromi-
um-labeled CT26-neo cells were incubated
with unlabeled CT26-CD9SL cells (Fig. 1E),
which suggests that lysis of CT26-CD9S5L cells
was not due to their intrinsic susceptibility to
lysis but instead to the ability of CD9SL to
induce neutrophil cytotoxicity locally.

Tumors can grow intraocularly but not in
subcutaneous sites. The microenvironment of
the eye may contain factors, therefore, that sup-
press PMN activation. We tested the fluid of the
anterior chamber (the aqueous humor) in cyto-
toxicity assays and found that it inhibited
CD9SL activation of PMN lytic activity (Fig.
2A). We tested several cytokines known to be
present in the aqueous humor (/3). Transform-
ing growth factor-B1 (TGF-B1) inhibited PMN
cytotoxicity in vitro (Fig. 2B), and a soluble
TGF-f receptor-Fc fusion protein inhibited the
suppressive effect of aqueous humor in vitro
(Fig. 2A). The effect of TGF-B was on the
PMNs (Fig. 2C), and the same dose of TGF-$1
had no effect on CD95L-dependent apoptosis
of Jurkat cells (Fig. 2D). A similar inhibitory
effect on neutrophil function was observed with
human TGF-B2 (14).
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To understand the mechanism of PMN
inhibition further, we examined the activity
of mitogen-activated protein kinase (MAPK)
in CD95-stimulated human neutrophils. Rap-
id activation of p38 MAPK activity, as deter-
mined on its substrate, ATF-2 (/5), was dem-
onstrated in CD9S5L-stimulated neutrophils
(Fig. 3A, lane 2). Preincubation of neutro-
phils with TGF-B1 suppressed this CD95L-
induced activation of p38 MAPK (Fig. 3A,
lane 3). Similarly to TGF-B, incubation of
neutrophils with the p38 MAPK inhibitors
SB203580 and SB202190 reduced neutro-
phil-mediated cytolysis, in contrast to a p44/
42 antagonist, PD98059, that had no effect
(Fig. 3B). These results demonstrated that
CD95L-induced neutrophil cytotoxicity was
dependent on p38 MAPK function, which is
inhibited by TGF-8.

To determine whether expression of

A Subcutaneous
CT26-CDI5LNeo

CT26-CDOSL/TGF-f

TGF-B could affect the proinflammatory ef-
fect of CD95L in subcutaneous tissue, CT26-
CDO5L cells were stably transfected with an
expression vector encoding a constitutively
active form of TGF-B1. Histologic analysis
confirmed fibrosis and regression of CT26-
CDO95L, as reported previously (&), in con-
trast to the robust tumor growth of the double
transfectants (Fig. 4A, upper panel). Occa-
sional neutrophils were observed in the TGF-
p—expressing tumors and in intraocular
CT26-CD95L (Fig. 4A, lower panel), which
suggests that TGF-B suppressed CD95L-in-
duced PMN activation, although an effect on
migration or survival in vivo cannot be ex-
cluded. All CT26-CD95L/TGF-B cells (n =
8) grew in recipient mice when inoculated
subcutaneously, in contrast to no growth in
any recipient of CT26-CD95L cells (n = 8)
(Fig. 4B).
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Fig. 4. Subcutaneous growth
¥ of CT26-CDO5L/TGF-B cells.

(2 (A) Histologic analysis CT26
derivatives after subcutane-
¥| ous or intraocular injection.
Regression of CT26-CD95L
cells and fibrosis were ob-

served 8 days after subcu-

taneous inoculation (i), in contrast to the observation of viable tumor cells after injection with
CT26-CD95L/TGF-B cells (ii). Tumor growth was observed intraocularly for both CT26-Neo (jii) and
CT26-CDY5L (iv) tumors. Arrows indicate the presence of occasional neutrophils in CT26-CD95L
tumors intraocularly (iv). (B) Mice were injected subcutaneously with CT26-CD95L cells (n = 8) or
with a subline stably transduced with a retroviral vector encoding constitutively active TGF-31
(n = 8). Tumor volume, measured with calipers, was calculated from the largest (a) and smallest
(b) diameter with the formula 0.5a X b2. CT26-CD95L/TGF- cells were generated by infection
in CT26-CD95L cell line with a retrovirus vector (24). A constitutively active human TGF-B1 gene
(25) was cloned into retroviral vector LZRS-pBMN-LacZ (26) by replacing the lacZ gene. TGF-31
levels in supernatants 48 hours after infection were 8 ng/ml of TGF-B1, determined by enzyme-
linked immunosorbent assay (R&D Systems). CT26-CD95L cells infected with control retroviruses

(CT26-CD95L/Neo) were used as controls.

Fig. 3. p38 MAPK activation by CD95L, inhibition by TGF-B, and abrogation of A B

CD95L-induced neutrophil cytolysis by p38 MAPK antagonists. (A) Activation and CD9sL $0 r  SB203580
modulation of p38 MAPK in neutrophils by CD95L and inhibition by TGF-B. (Upper + ol

panel) Cellular p38 MAPK activity was determined by phosphorylation of an ATF2 ~ Treatment: None CDOSL TGF-f TGF-p

substrate (New England Biolabs) after immunoprecipitation. Neutrophils were pre-  ATF-2 = | — JE e

treated with human TGF-B1 (20 ng/ml, lanes 3 and 4) or with medium (lanes 1 and [ ———| ‘E- 50 \
2) at 4°C for 1 hour. Subsequently, the neutrophils were cocultured with human Gt 2 o} SB202190
CD95L (400 ng/ml) (Upstate Biotechnology; lanes 2 and 3) or with medium (lanes 1 R S 2 .

and 4) for 10 min at 37°C. (Lower panel) The total amount of p38 MAPK was examined by protein immunoblotting with £

p38 kinase antibody (New England Biolabs). (B) Effects of p38 MAPK inhibitors on CD95L-stimulated neutrophil o

cytotoxicity. Neutrophils were incubated with CT26-CD95L cells at an E/T ratio of 50:1. Increasing amounts of the p38 10 b /_I
MAPK inhibitors SB203580 [median inhibitory concentration (IC,,), 350 nm] or SB202190 (IC,,, 600 nm) or of an ERK o e
kinase inhibitor (negative control), PD988059 (IC, 2 pm), were added to media. Chromium release assays were : s

performed as in Fig. 2. The specific lysis without inhibitor was 45%.
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The proinflammatory effects of CD95L
have raised questions about its contribution to
immune privilege (3, 5, 16), tolerance, and
graft survival (8—70). Although it triggers
apoptosis in T lymphocytes (2) (Fig. 2D),
CDO95L unexpectedly stimulated PMN acti-
vation. As described for other PMN stimu-
lants (/7), this activity is dependent on its
ability to enhance p38 MAPK activity (Fig.
3). PMNs directly mediate cytolysis of
CD95L™ cells, and this effect is inhibited by
TGF-B, which is present in the aqueous hu-
mor (/3). TGF-B also plays a role in immune
tolerance through this mechanism and its ef-
fect on T cell proliferation. Although it inhib-
its p38 MAPK activity in other cells (/8), its
effect on innate immune responses mediated
by neutrophils was previously unknown. To-
gether CD95L and TGF-B promote lympho-
cyte clonal deletion and suppress inflamma-
tion. Thus, providing a microenvironment
that includes both of these elements may aid
in amelioration of allograft rejection at non-
privileged sites. Both CD95L and TGF-B1
have also been detected in tumors, particular-
ly in the extracellular matrix, where they may
inhibit immunologic recognition of malig-
nancies (6, 19). Successful immune therapies
for cancer are likely to require strategies to
reverse this mechanism of immune suppres-
sion in vivo.
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Identification of Two Distinct

Mechanisms of Phagocytosis

Controlled by Different Rho
GTPases

Emmanuelle Caron and Alan Hall*

The complement and immunoglobulin receptors are the major phagocytic
receptors involved during infection. However, only immunoglobulin-dependent
uptake results in a respiratory burst and an inflammatory response in macro-
phages. Rho guanosine triphosphatases (molecular switches that control the
organization of the actin cytoskeleton) were found to be essential for both
types of phagocytosis. Two distinct mechanisms of phagocytosis were iden-
tified: Type I, used by the immunoglobulin receptor, is mediated by Cdc42 and
Rac, and type Il, used by the complement receptor, is mediated by Rho. These
results suggest a molecular basis for the different biological consequences that

are associated with phagocytosis.

Phagocytosis is the process by which cells
recognize and engulf large particles (>0.5
wm) and is important to host defense mech-
anisms as well as to tissue repair and mor-
phogenetic remodeling. Two of the best char-
acterized phagocytic receptors in macro-
phages, the complement receptor 3 (CR3)
and Fc gamma receptors (FcyRs), are in-
volved in the uptake of opsonized microor-
ganisms during infection. CR3 binds C3bi on
complement-opsonized  targets, whereas
FcyRs bind to immunoglobulin G (IgG)—
coated targets. Phagocytosis by both types of
receptors is driven by the reorganization of
filamentous actin (F-actin), but the mecha-
nisms of uptake appear to be different (/, 2).
First, FcyR-mediated uptake is accompanied
by pseudopod extension and membrane ruf-
fling, whereas complement-opsonized targets
sink into the cell, producing little protrusive
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activity (3). Second, FcyR ligation is accom-
panied by the activation of the respiratory
burst (to produce reactive oxygen species)
and by the production of arachidonic acid
metabolites and cytokines, such as tumor ne-
crosis factor—a. C3bi-dependent uptake oc-
curs in the absence of any of these proinflam-
matory signals (4-6).

The Rho family of small guanosine triphos-
phatases (GTPases) is involved in the reorgani-
zation of filamentous actin structures in re-
sponse to extracellular stimuli (7). Rho induces
the assembly of contractile actomyosin fila-
ments, whereas Rac and Cdc42 control actin
polymerization into lamellipodial and filopodial
membrane protrusions, respectively (8, 9). In
addition, these GTPases can affect gene tran-
scription [through the activation of nuclear
factor kappa B, through the c-Jun NH,-
terminal kinase (JNK), and through the p38
mitogen-activated protein kinase (MAPK)],
and Rac regulates the reduced form of nic-
otinamide adenine dinucleotide phosphate
(NADPH) oxidase enzyme complex that is
responsible for the respiratory burst (70,
11). We have, therefore, analyzed the rela-
tive roles of Rho, Rac, and Cdc42 in FcyR-
and CR3-mediated phagocytosis.
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