Fig. 6. Reversion, in the presence of EGF and PD 153035 (0.3 pM), of Swiss 3T3 cells that were
transformed by overexpression of the human EGF receptor. (A) Control. (B) EGF (100 ng/ml). (C) EGF

(100 ng/ml) and PD 153035 (0.3 iM).

broblasts at 0.05 wM but had no effect on
early gene expression in response to the
other growth factors at concentrations as
high as 1 pM (17). EGF-dependent expres-
sion of c-jun mRNA in the A-431 cells was
inhibited at a concentration of 0.16 pM
(17). Finally, PD 153035 reverted the trans-
formed morphology of fibroblasts trans-
fected with human EGF receptor (20) in
the presence of EGF (100 ng/ml). Exposure
to 0.3 uM PD 153035 for 24 hours caused
the cells to flatten and resemble the non-
transformed phenotype (Fig. 6).

These studies have disclosed an inhib-
itor of the EGF receptor tyrosine kinase of
high potency and specificity. The proper-
ties of PD 153035 demonstrate that inhi-
bition of a purified tyrosine kinase by
molecules of low molecular weight is fea-
sible at picomolar concentrations and
that enough structural diversity exists
among different tyrosine kinases to allow
inhibitors to discriminate among closely
related enzymes.
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Fc Receptors Initiate the Arthus Reaction:
Redefining the Inflammatory Cascade

Diana L. Sylvestre and Jeffrey V. Ravetch

Antibody-antigen complexes initiate the inflammatory response and are central to the
pathogenesis of tissue injury. The classical model for this immunopathological cascade,
the Arthus reaction, was reinvestigated with a murine strain deficient in Fc receptor
expression. Despite normal inflammatory responses to other stimuli, the inflammatory
response to immune complexes was markedly attenuated. These results suggest that
immune complex—triggered inflammation is initiated by cell bound Fc receptors and is
then ampilified by cellular mediators and activated complement. These results redefine the
inflammatory cascade and may offer other approaches for the study and treatment of

immunological injury.

Immune complex deposition in such dis-
eases as theumatoid arthritis, systemic lupus
erythematosus, and immune vasculitis is the
pathogenic factor that triggers the inflam-
matory cascade, leading to tissue damage
and the ensuing morbidity and mortality.
The experimental model of immune
complex—mediated pathogenesis described
by Maurice Arthus in 1903 (1) was origi-

nally characterized by the edema, hemor-

rthage, and neutrophil infiltration resulting
from intradermal injections of horse serum
into sensitized rabbits. Because of its ease
and reproducibility, the experimental vari-
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ant most commonly used now is the reverse
passive Arthus reaction: antibody is inject-
ed into the skin and antigen injected intra-
venously, resulting in the local formation of
immune complexes and its sequelae (2).
Experiments with this reaction support the
currently accepted model of inflammation
in which antibodies bind their antigen-
forming immune complexes, which in turn
bind and activate complement by means of
the “classical pathway” (2, 3). This initia-
tion phase of the response generates che-
motactic peptides that cause neutrophil in-
vasion and activation, with subsequent de-
granulation and release of inflammatory
mediators. Depletion studies have con-
firmed the requirements for immune com-
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plexes, complement, and neutrophils in the
Arthus reaction (4).

However, this model has not considered
the potential role of cell surface receptors
known to bind antibody-antigen complexes
and activate effector cells. These receptors,
known collectively as Fc receptors for their
binding to the Fc portion of antibodies, can
activate and trigger macrophage, neutro-
phil, natural killer, and mast cells in vitro
(5). The contribution of Fc receptors to the
inflammatory response in vivo has been
difficult to dissect because of their genetic
heterogeneity, promiscuity in ligand bind-
ing, and overlapping specificity with other
Fc-binding molecules, such as complement.

We have evaluated the contribution of
Fc receptors to the inflammatory cascade
using the reverse passive Arthus reaction.
We used a strain of mice that has a genetic
deletion of the y-subunit of the Fc receptor
(FcR) complex and therefore lacks the low-
affinity receptor for immunoglobulin G
(IgG) immune complexes, FcyRIII, as well
as the high-affinity receptors for IgG
and IgE, FcyRI and FceRl, respectively (6).
This strain (—/—), along with heterozygous
(+/-) or wild-type (+/+) littermates, was
injected intravenously with 20 mg of chick-
en egg ovalbumin (OVA) per kilogram of
body weight and then given intradermal
injections of either rabbit IgG to OVA
(anti-OVA), preimmune rabbit IgG, or
buffer alone (7). The animals were killed 2,
4, 8, or 12 hours later, and the injected skin
was removed and examined histologically
for edema, hemorrhage, and neutrophil in-
filtration (Fig. 1). The —/— mouse showed
a distinct reduction in these parameters rel-
ative to its +/+ counterpart; the reaction
in +/— compared with +/+ mice was sim-
ilar both qualitatively and quantitatively.
Consistent with other studies (7), little or
no detectable inflammatory reaction was
observed in the absence of specific anti-
body. The residual response seen was prob-
ably secondary to nonspecific tissue trauma
or direct complement activation, because it
was independent of immune complex for-
mation and observed in response to normal
rabbit serum (8), and it was eliminated by
depletion of complement with cobra venom
factor (described below).

Blinded histologic scoring of at least 30
skin sections in each group showed a con-
sistent and parallel reduction of all three
parameters in the —/— compared with +/+
mice at all time points measured; edema
peaked at 2 to 4 hours, whereas hemorrhage
and neutrophil infiltration were maximal at
8 hours, consistent with reported results
(7).

The edema was further quantitated at 2
hours visually with Evans blue or with in-
travenously injected 12°I-labeled human se-
rum albumin (Fig. 2A) (9). An early and
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distinct difference in edema formation be-
tween the —/— and the +/+ mice was
evident. We quantitated hemorrhage mac-
roscopically after 8 hours by measuring the
size of the purpuric spot in inverted skin
sections (Fig. 2B). There are differences in
both the size and intensity of the hemor-
thagic lesions; these differences were also
present at 4 and 12 hours. Because myelo-
peroxidase (MPO) is abundant in neutro-
phils, it was colorimetrically measured to

Fig. 1. The Arthus reac-
tion as seen in histologic
sections of skin stained
with hematoxylin and eo-
sin at 8 hours in +/+
(top) compared with
—/— (bottom) mice.
Panels on the left (con-
trol) are from a mouse in-
jected intradermally with
either normal saline or -
preimmune rabbit I1gG
before intravenous injec-
tion of OVA (20 mg/kg).
Panels on the right are
from a mouse injected
with 100 pg of anti-OVA.
Magnification of a small
vessel with marginating
neutrophils is shown in
the inset. Results are
representative of more
than 20 mice. Original
magnification, X100.

Control

quantitate infiltrating neutrcphils (10). Af-
ter verifying that —/— and +/% neutrophils
did not differ in MPO content, MPO was
extracted from injected areas of skin and
quantitated with purified MPO as a stan-
dard (Fig. 2C). There was a substantial
difference between the —/— and +/+ mice
after 8 hours, which was also present at
similar, albeit somewhat reduced, values at
4 and 12 hours.

The lack of Arthus response in the —/—

Anti-OVA

Fig. 2. (A) Edema from a 351 L]

2-hour Arthus reaction. The e A 8

dot plot compares the mi-

croliters of edema in +/+ = a5t a®

and —/— mice in a typical 7 20

2-hour experiment. Afterin- £ ;5L La

travenous injection of 10°  § | - @
cpm of 125|—human serum L

albumin, we measured the 5 ° »
counts per minute of 291 in ot

skin injected with rabbit anti- -+t —f
OVA (30 ng) and subtracted

out the negative control 80 ¢ B . P
area; results are representa- 5.0+ 0000 ®

tive of at least 30 skin sam-  E _F @ @
ples. The horizontal bar rep- g i | e "'
resents the mean value. The ~ 2 3.0} 0 o 7
photograph shows Evans & aol i
blue extravasation in +/+ £ -

(top) compared with —/— T 10} _oppee

(bottom) mice after inclusion ol

of 2% Evans blue in intrave- = s

nous injectate. The upper

left quadrant in each skin section was injected with buffer alone; anti-OVA was injected in the other three
quadrants. (B) Hemorrhage from 8-hour Arthus reaction. The dot plot gives the size (in millimeters) of the
purpuric spots from a representative 8-hour experiment with 30 pg of antibody; at right, the photograph
shows inverted skin samples from +/+ (top) and —/— (bottom) mice. Negative control injections are in the
upper right, and anti-OVA injections at the other three sites. (C) Micrograms of MPO from an 8-hour
Arthus reaction as a measure of neutrophil infiltration. We colorimetrically quantitated MPO as previously
described (10); the experiment is representative of results from more than 20 skin samples in each group.
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mice was not due to a lag in kinetics, because
minimal inflammation was seen at up to 24
hours. In addition, the differences seen were not
dependent on the type of antibody used. Puri-
fied mouse monoclonal IgG2a to trinitrophenol
(TNP), known to elicit an attenuated inflam-
matory response relative to heterologous anti-
body (2), nonetheless showed a detectable and
consistent deficit in the —/— mice (Figs. 3 and
4). In contrast, the IgG3 subclass of antibody,
which does not interact with FeyRl, -11, or -1II
(2, 5), elicited the expected mild and indistin-
guishable response in the two mouse strains (Fig.
4). .

To determine if the complement system was
intact in the —/— mice, total hemolytic com-
plement concentrations were determined with
the use of sheep red blood cells (SRBCs) coated
with rabbit IgG to SRBC (anti-SRBC) (11).
Both +/+ and —/— animals had comparable
and insignificantly different amounts of hemo-
lytic complement, averaging 82 *+ 30 and 187
+ 76 Ufml, respectively. The expression and
function of the C3bi receptor CR3 was charac-
terized on —/— and +/+ macrophages (6, 12).
Flow cytofluorometry analysis of macrophages

Fig. 3. Arthus reaction with

+/+

derived from these two populations of mice
demonstrated identical levels of CR3 expres-
sion. Similarly, SRBCs opsonized with C3bi
were intemnalized normally by both +/+ and
—/— macrophages. Consistent with these obser-
vations, the complement cascade was able to
function normally in vivo. Intradermal injection
of zymosan, which activates complement inde-
pendently of immune complexes through the
“alternative pathway” (13), showed vigorous
and indistinguishable inflammatory responses
(Fig. 4). Therefore, the inflammatory deficit dis-
played by the —/— mice can be attributed to the
lack of Fc receptors in these animals.

The role of complement in the initiation
of the Arthus reaction was assessed by deplet-
ing +/+ and —/— mice of complement with
cobra venom factor (Figs. 3 and 4) (14). The
+/+ mice showed an attenuated inflamma-
tory response, as described (2), whereas the
minimal residual inflammatory response
found in the —/— mice was almost complete-
ly ablated.

Neutrophil chemotaxis and function
were also qualitatively and quantitatively
normal. We observed equivalently vigorous

mouse IgG2a and in comple-
ment-depleted mice. Affinity-
purified monoclonal mouse
IgG2a against TNP (100 pg)
was injected intradermally, and
dinitrophenol-coupled human
serum albumin was injected in-
travenously. Animals were sac-
rificed at 8 hours. Skin samples
were fixed in 10% buffered for-
malin and stained with hema-
toxylin and eosin. The comple-
ment-depleted mice were in-
jected three times intraperitone-
ally with cobra venom factor
(100 U/kg) at 8-hour intervals
before the standard Arthus re-
action was done. Representa-
tive sections were taken at 8
hours from +/+ (left) and —/—
(right) mice. Original magnifica-
tion, X100.

IgG2a
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neutrophil exudation into the peritoneum
of both +/+ and —/— mice 4 hours after
inducing nonspecific inflammation with in-
traperitoneal thioglycollate. In response to
this inflammatory challenge, the +/+ mice
generated 4.87 X 10° cells, of which 64%
were neutrophils, whereas the —/— mice
had 4.63 X 10° cells, of which 59% were
neutrophils (15). Deposition of immune
complexes was comparable in wild-type and
FcR-deficient mice, as determined by the
similar persistence of !*’I-labeled anti-
OVA in these mice (16).

Deletion of the vy chain of the FcR com-
plex results in the loss of surface expression
of FcyRlI, FcyRIIl, and the IgE high-affinity
receptor, FceRI (6). To eliminate the pos-
sibility that the absent IgE receptor is re-
sponsible for the attenuated response, we
assayed the reverse passive Arthus reaction
in mice that lack the a subunit of this
receptor yet have a normal expression of
FcyRs (17). In these FceRl-deficient ani-
mals, a vigorous reverse passive Arthus re-
action was elicited, comparable in magni-
tude with +/+ mice (18).

Our studies suggest a central role for the IgG
Fc receptors in initiating the immune complex
inflammatory response; the relevant Fc
receptor—bearing cell types have yet to be de-
termined. The mast cell, which expresses
FcyRII and FoyRI1], is a likely candidate. Mast
cells, which store and release many inflamma-
tory mediators, are found in high density in the
skin and are positioned around blood vessels;
thus, they are easily accessible to circulating
immune complexes (19). Moreover, mast cell-
deficient mice exhibit an attenuated reverse pas-
sive Arthus reaction which is reconstituted by

Fig. 4. Aggregate inflammation in +/+ compared with
—/— mice. The HEN score was derived by histologi-
tration on a 1+ (minimal) to 4+ (vigorous) scale and
averaging the three values for each section. This overall
scoring process was found to be in good agreement
with the quantitative values displayed in Fig. 2. Values
for standard Arthus, cobra venom factor, IgG2a, and
IgG3 were derived at 8 hours with 30 pg of antibody
and zymosan values for 100 pg at 4 hours. Results are
representative of more than four sections in each
group.
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local mast cell replacement (7). Trigger-
ing of mast cells could result in the release
of preformed mediators, thereby increas-
ing vascular permeability, activating com-
plement, and stimulating the local adhe-
sion and migration of neutrophils. Resi-
dent macrophages, dendritic cells, or neu-
trophils may serve a similar role in
triggering a chemotactic cascade. FcR
cross-linking by immune complexes on
either of these cells may directly or in
synergy with complement receptors result
in the activation of complement compo-
nents, along with known pro-inflammato-
ry mediators, and thereby set off the cas-
cade of events that culminates in the
dramatic sequelae of the inflammatory re-
sponse. In either case, inhibition of FcR
cross-linking by immune complexes can
be expected to attenuate the inflammato-
ry response by targeting the initiation of
the cascade rather than its propagation
and amplification. Targeting of these re-
ceptors in autoimmune diseases represents
another potentially potent therapeutic
approach to preventing tissue injury by
immune complexes.
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Generation of Lymphohematopoietic Cells from
Embryonic Stem Cells in Culture

Toru Nakano, Hiroaki Kodama, Tasuku Honjo

An efficient system was developed that induced the differentiation of embryonic stem (ES)
cells into blood cells of erythroid, myeloid, and B cell lineages by coculture with the stromal
cell line OPY. This cell line does not express functional macrophage colony-stimulating
factor (M-CSF). The presence of M-CSF had inhibitory effects on the differentiation of ES
cells to blood cells other than macrophages. Embryoid body formation or addition of
exogenous growth factors was not required, and differentiation was highly reproducible
even after the selection of ES cells with the antibiotic G418. Combined with the ability to
genetically manipulate ES cells, this system will facilitate the study of molecular mech-
anisms involved in development and differentiation of hematopoietic cells.

The mechanisms of determination and dif-
ferentiation that lead to the formation of
hematopoietic cells from the inner cell mass
of blastocysts through mesodermal cells are
still unelucidated- in spite of identification
of numerous hematopoietic growth factors.
Hematopoietic differentiation of ES cells
can be induced in vitro (I1-3), but these
systems require formation of complex em-
bryoid structures or addition of exogenous
growth factors, or both (1-3). Other limi-
tations are the inability to dissect the de-
velopmental processes from ES cells to
blood cells and the lack of simultaneous
induction of both myeloid and lymphoid
lineage cells. To overcome these limita-
tions, we tested whether coculture of ES
cells on stromal cells without exogenous
growth factors might induce lymphohema-
topojetic differentiation. We initially tried
the stromal cell lines ST2, PA6, and
RPO0.10 (3, 4), but these cell lines gave rise
almost exclusively to macrophages.
Because M-CSF might be responsible for
the preferential differentiation of ES cells
into the monocyte-macrophage lineage (5),
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we examined the differentiation-inducing
activity of the OP9 stromal cell line. This
line was established from newborn calvaria
of the (C57BL/6XC3H)F,-0pfop mouse
that lacks functional M-CSF because of a
mutation in the M-CSF gene (6, 7). D3 ES
cells established from the 129/Sv mouse
strain (1) produced two types of colonies 5
days after transfer onto OP9 cells; one was
typical of an undifferentiated ES cell colony
(Fig. 1A) and the other had features of
differentiated  mesoderm-like  colonies
which consisted of ~10® adherent blastic
cells larger than D3 cells (Fig. 1B) (8). The
whole culture was then trypsinized and
passed onto fresh OP9 cells (9). Clusters
consisting of round cells with homogeneous
sizes developed within 1 day, and- the num-
bers of cells increased rapidly (Fig. 1C).
When individual day 5 colonies were ana-
lyzed, more than 95% of differentiated col-
onies produced the clusters, whereas less
than 5% of undifferentiated colonies did
(10). If the first passage was not done,
hematopoietic cells were buried in the col-
onies and could not be observed. Cells were
usually passed again 5 days after the first
passage. This second passage, although not
essential for dissecting hematopoiesis, elim-
inates residual undifferentiated or differen-
tiated colonies. After the second passage,
round cells of various sizes predominated






