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Particularities of the vasculature can promote the
organ specificity of autoimmune attack

Bryce A Binstadt!?3, Pratik R Patel*®, Herlen Alencar!?, Peter A Nigrovic1'3’5, David M Leel!»,
Umar Mahmood!*, Ralph Weissleder!#, Diane Mathis>>> & Christophe Benoist">>

How certain autoimmune diseases target specific organs remains obscure. In the ‘K/BxN’ arthritis model, autoantibodies to

a ubiquitous antigen elicit joint-restricted pathology. Here we have used intravital imaging to demonstrate that transfer of
arthritogenic antibodies caused macromolecular vasopermeability localized to sites destined to develop arthritis, augmenting

its severity. Vasopermeability depended on mast cells, neutrophils and FcyRIIl but not complement, tumor necrosis factor or
interleukin 1. Unexpectedly, radioresistant FcRy-expressing cells in an organ distant from the joint were required. Histamine and
serotonin were critical, and systemic administration of these vasoactive amines recapitulated the joint localization of immune
complex-triggered vasopermeability. We propose that regionally distinct vascular properties ‘interface’ with immune effector
pathways to foster organ-specific autoimmune damage, perhaps explaining why arthritis accompanies many human infectious

and autoimmune disorders.

In most immunology textbooks, the long list of autoimmune diseases
is represented as dichotomous, with individual disorders considered to
be either systemic or organ-specific. The prevailing explanation for the
restriction of pathological manifestations to a single organ is that T
and/or B lymphocytes capable of recognizing an antigen synthesized
by one of the body’s parenchymal cell types somehow escape the
normal network of central and peripheral tolerance mechanisms and
attack the organ containing that kind of cell. To the extent that the
antigen is uniquely expressed by that cell type and that those cells
reside uniquely in that particular organ, the eventual outcome is an
organ-specific autoimmune disease. Although there is no doubt that
this paradigm is valid, evidence is emerging that restriction of
pathology to one or a few organs can be achieved by additional
means!=3. Unfortunately, there are few clues now about what these
alternative mechanisms might be.

One example is provided by the ‘K/BxN’ T cell receptor—transgenic
mouse model of inflammatory arthritis. The development of disease in
this strain depends on the reactivity of T lymphocytes (bearing the
transgene-encoded T cell receptor ‘KRN’) and B lymphocytes to a
ubiquitously expressed self antigen, glucose-6-phosphate isomerase
(GP)!*. Transfer of serum containing autoantibodies to GPI, mainly
of the immunoglobulin G1 (IgG1) isotype, rapidly elicits arthritis in
healthy recipient mice, in particular at the distal joints, even in the
absence of T cells and B cells’. When administered alone, monoclonal
antibodies to GPI do not cause arthritis, whereas various combinations

of them do promote disease, provided that they recognize spaced
epitopes®, suggesting that immune complex formation is essential for
the generation of arthritis. Many elements of the innate immune
system have been reported to be key effectors in the K/BxN serum-
transfer system, including the alternative pathway of complement, the
low-affinity IgG receptor (FcyRIII), mast cells, neutrophils and the
proinflammatory cytokines interleukin 1 and tumor necrosis factor’ 1,

An obvious issue is why the autoimmune inflammatory attack in
K/BxN mice is focused on the distal joints. The solution seems to lie
not in the disease-initiation phase, dependent on the adaptive
immune system, because the autoreactive T cells and B cells, as well
as the autoantibodies produced by the latter, recognize the ubiqui-
tously expressed antigen GPI“. In addition, no special features of the
concentration or form of joint-localized GPI have been detected!?, and
naive GPI-reactive T cells proliferate equally well in all lymph nodes
after transfer into healthy recipients of the appropriate major histo-
compatibility complex haplotype!3. Indeed, the effector stage of the
disease, as recapitulated in the K/BxN serum-transfer system, is itself
joint focused and also ‘preferentially’ affects the distal extremities . At
first glance, the identities of the chief participants in this innate
immune system response also fail to provide an answer. In fact, they
form a group of elements (immune complexes, complement, FcyRIII,
mast cells, neutrophils tumor necrosis factor, interleukin 1) very
reminiscent of those critical during the type III hypersensitivity Arthus
reaction, which can manifest at many sites in the body.
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visualizing both the vascular bed and macro-
molecular leakage from the vessels. Intrave-
nous administration of serum from an
arthritic K/BxN mouse to normal C57BL/6
(B6) mice resulted in rapid extravasation of
the vascular probe in the paws (Fig. 1a and
Supplementary Video 1 online), with repro-
ducible kinetics and severity (Fig. 1b). Injec-
tion of normal mouse serum or IgG-depleted
arthritogenic serum did not appreciably
increase vasopermeability (Fig. 1b,c); instead,
leakage depended on the serum IgG
- fraction (Fig. 1c).

The increase in vascular leakage occurred
rapidly after injection of K/BxN serum.
Analysis of the rate curves of 17 B6 mice
(Supplementary Fig. 1 online) showed that
macromolecular extravasation reached its
maximum rate 2.66 + 0.18 min after serum
administration. The time during which the
rate of leakage was 50% or more of the
maximum rate was 2.03 £ 0.08 min, suggest-
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4 min. We therefore reasoned that the entire
observable phenomenon would cease about
7 min after serum injection. We tested that
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Figure 1 IgG from K/BxN arthritic serum induces rapid and brief vascular leak. The vascular probe
AngioSense 680 was injected intravenously into B6 mice and was allowed to circulate for 5 min,
followed by intravenous injection of various agents. (a) Single-plane confocal micrographs of a hindpaw

at various times after injection of 200 pl of arthritogenic K/BxN serum (Supplementary Video 1 online).

(b) Quantification of the change in mean fluorescence intensity (AMFI) of confocal micrographs
obtained every 3 s for 5 min before (-5) and 10 min after injection (at time O) of 200 pl of either
arthritogenic K/BxN serum (Arthritic serum) or nonarthritogenic (BxN) serum (Normal serum).

computational prediction experimentally and
found that vascular probe injected 5 min
after serum administration did extravasate,
although detectably less than when given
before serum, whereas probe injected
10 min after serum administration did not

AMFI was calculated relative to the MFI 5 min before injection for all experiments. Results (a,b) are
representative of experiments with more than 20 mice injected with K/BxN serum and 3 mice injected
with BxN serum. (c) Quantification of the AMFI of confocal micrographs obtained every 3 s for 5 min
before (-5) and 10 min after injection (at time 0) of 200 ul of protein G—purified 1gG from K/BxN
serum (K/BxN 1gG; n = 2) or the nonbound fraction (Column flow-through; n = 2). (d) Confocal
micrographs of hindpaws after intravenous injection of 200 pl of K/BxN serum 5 min after (left),

5 min before (middle) or 10 min before (right) injection of the vascular probe. Images were obtained

10 min after the second injection. Original magnification, x4.

Results from the experiments described here demonstrate an addi-
tional mechanism capable of promoting organ-specific autoimmune
inflammatory attack: vascular leakage localized to the distal extremi-
ties in response to immune complexes circulating systemically in the
blood. Delineation of the mechanisms underlying this restricted
macromolecular vasopermeability has indicated involvement of unex-
pected participants. These include the vasoactive amines histamine
and serotonin and an organ distant from the joint, most likely the liver
or the gut.

RESULTS

Arthritogenic antibodies cause localized vascular leak

As changes in the microvasculature are one of the earliest detectable
antecedents of inflammation!4, we sought to monitor blood vessel
alterations in recipients of K/BxN serum. For this, we devised a
noninvasive, real-time method for imaging the microvasculature of
live mice using confocal microscopy and a new polyethylene glycol-
conjugated intravascular imaging probe, AngioSense 680 (molecular
mass, 400 kilodaltons)!>. This fluorescent probe remains stable in the
circulation of a normal mouse for several hours, rendering it useful for

leak detectably (Fig. 1d). Thus, the vascular
response demonstrated by our assay is rapidly
induced and short-lived.

Although we administered the serum
intravenously into the systemic circulation,
the increase in macromolecular leak was
anatomically restricted, mainly to the paws
(Fig. 2a). Vessels in the skin of the back or on
the surface of the cecum showed minimal
extravasation of the vascular probe. Some mice had small foci of
increased vasopermeability in the vessels of the external ear, but this
effect was less reproducible and less vigorous than the response in the
paws. These findings collectively demonstrate that one of the initial
events of ‘serum-transferred arthritis’ is a rapid increase in macro-
molecular vasopermeability localized to the distal extremities.

Nonspecific immune complexes cause local vascular leak

We next sought to determine whether the vascular response
described above was dependent on specific antibody recognition of
the target antigen in the K/BxN model (GPI) or whether nonspecific
antibodies might also produce such a response. As GPI-specific
antibodies are known to form complexes with GPI circulating in the
serum!2, we first evaluated the activity of nonspecific immune com-
plexes. Intravenous administration of preaggregated normal mouse
IgG elicited an increase in joint-localized vasopermeability very similar
to that induced by the administration of arthitogenic serum (Fig. 2b
and data not shown), which was also joint localized (data not shown).
In contrast, monomeric mouse IgG did not induce macromolecular
leakage (Fig. 2b). Furthermore, vasopermeability could be induced by
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immune complexes of mouse IgGl, IgG2a or 1gG2b but not IgG3
(Supplementary Fig. 2 online).

Cellular and molecular requirements

To begin determining the mechanisms underlying the increase
in vasopermeability elicited by K/BxN serum, we assayed a panel
of recipient mouse strains deficient in elements that have been
identified as being required for arthritis induction. Mice genetically
devoid of the complement component C3, the complement C5a
receptor, the neonatal Fc receptor, the interleukin 1 receptor and
tumor necrosis factor are fully or partially resistant to ‘serum-transfer
arthritis”%1°, However, the vascular response in these mice was
indistinguishable from that of wild-type control mice (Fig. 3a).
In contrast, in arthritis-resistant mice genetically lacking mast
cells'®, neutrophils (P. Monach, D.M. and C.B., unpublished data)
and the low-affinity IgG Fc receptor (FcyRIII) or its cytoplasmic

Figure 3 Molecular and cellular mediators

of vascular leak. (a) Confocal micrographs of

the hindpaws of mice injected intravenously
with AngioSense 680. After 5 min, 200 pl of
arthritogenic K/BxN serum was injected; images
were obtained immediately before (left) and

10 min after (right) serum injection. Mice
genetically lacked complement component C3
(C37), the receptor for complement component
Cb5a (C5r17"), the neonatal Fc receptor (Fcgrt™),
tumor necrosis factor (Tnf"), interleukin 1
receptor (//1r17") or FceRla (Fcerla™); n = 3-4
mice per group. (b) The calculated AMFI (right)
of confocal micrographs (left and middle) of the
hindpaws of mice injected intravenously with
AngioSense 680. This was allowed to circulate
for 5 min, followed by injection (at time 0) of
200 pl of arthritogenic K/BxN serum. Images

of the hindpaws were obtained every 3 s before
(left) and 10 min after (middle) serum injection.
Mice were mast cell deficient (W/WV), neutrophil
deficient (Gfil7"), devoid of FcRy (Fcerlg™)
or devoid of FcyRIIl (Fcgr3™); control mice
were WBB6 mice for W/WY mice lacking mast
cells; Gfil*'* littermates for neutrophil-deficient
(GfiI7") mice; and B6 mice for mice devoid

of FcRy or FcyRIIl. Original magnification, x4.
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Figure 2 Vascular leak is tissue restricted but antigen nonspecific.

(a) Confocal micrographs of the hindpaw (top row), cecum (second row),
skin of the back (third row) and ear (bottom row) of a B6 mouse injected
intravenously with AngioSense 680; this was allowed to circulate for 5 min,
followed by intravenous injection of 200 pl of arthritogenic K/BxN serum.
Images were obtained immediately before (left) and 10 min after (right)
serum injection. Original magnification, x4. Results are representative of at
least four mice per site. (b) The calculated AMFI of confocal micrographs of
the hindpaws of B6 mice injected intravenously with AngioSense 680; this
was allowed to circulate for 5 min, followed by intravenous injection at time
0 of 100 pg of either normal mouse 1gG (Normal I1gG; n = 3) or heat-
aggregated normal mouse IgG (Immune complex IgG; n = 3); images

were obtained every 3 s.

signaling chain (FcRy)’, the immediate vascular response was
greatly diminished (Fig. 3b). By histological evaluation, neutrophil-
deficient mice had numbers of synovial mast cells equivalent to
those of their wild-type littermates, and bone marrow mast cells
cultured from neutrophil-deficient mice released B-hexoasaminidase
normally in response to stimulation with IgE (data not shown).
The high-affinity IgE receptor FceRI also uses FcRy for signal
transduction, but mice lacking the Fc-binding chain FceRlo had a
normal vascular response (Fig. 3a) and also developed an arthritis
similar to that of the control BALB/c strain (P.A.N., unpublished
data). Thus, only a subset of the cellular and molecular elements
required for the development of arthritis in recipients of K/BxN serum
was needed to promote macromolecular leakage in the joint locale:
signaling through the Fc receptor was essential, but complement
activation, whose effect may be later with the potent chemotactic
activity of the C5a product, was not. The vascular phenomenon
involved the coordinated action of several cell types, as mast cells
and neutrophils were both required.

We sought mechanistic insight from the identification of the FcRy-
bearing (or, more precisely, FcyRIII-bearing) cellular sensor of
immune complexes. As a first step, we reconstituted irradiated B6
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or FcRy-deficient mice with bone marrow from either B6 or FcRy-
deficient mice, in a ‘criss-cross’ way, and assessed the vascular leak
response to arthritogenic serum 3 weeks later. Unexpectedly, regardless
of the origin of the donor-derived compartment, host mice of
B6 background demonstrated the vascular response, whereas
hosts lacking FcRy did not (Fig. 4a). We obtained identical
results 12 weeks after bone marrow reconsti-
tution (data not shown), suggesting that

Figure 4 The site of FcRy expression influences vascular response and
arthritis severity. (a) Confocal micrographs of the hindpaws of radiation
bone marrow chimera mice generated in a ‘criss-cross’ way (right): B6
donor and host; B6 donor, with host devoid of FcRy (Fcerlg”-); donor
devoid of FcRy, with B6 host; or donor and host both devoid of FcRy.
Images were obtained before (left) and 10 min after (right) injection of
200 pl of arthritogenic K/BxN serum. Results are representative of six
mice per group. (b) Clinical arthritis severity of radiation bone marrow
chimera mice injected intravenously with 200 pl of K/BxN serum 12 weeks
after transplant. Arthritis was assessed daily, as was ankle thickness (data
not shown). M, B6 donor and host (n = 8); O, B6 donor with host devoid
of FcRy (n = 7); x, donor devoid of FcRy with B6 host (n = 2) or donor
and host both devoid of FcRy (n = 2; data are identical for these two
groups). Data are means and s.e.m from one experiment. Results represent
one of two independent experiments with a total of at least six mice per
group. (c) Confocal micrographs of the hindpaws of B6 mice that underwent
surgical splenectomy or ligation of the hepatic portal circulation (Portal
clamp). Images were obtained before (left) and 10 min after (right)
injection of 200 pl of K/BxN serum. Controls are unmanipulated mice.
Results are representative of at least three mice per procedure. Original
maghnification, x4.

function in early stages. Such an amplifying function is likely to be
most important in suboptimal conditions, such as those probably
encountered during the prolonged initiation of spontaneous diseases
such as human rheumatoid arthritis, for which such a difference
might determine whether or not clinical disease develops.

The first stromal cell candidates to be considered as potential
immune complex sensors are endothelial cells in the vicinity of the
joint. However, an important function for the liver and spleen in
immune complex clearance has been recognized for decades!”. We
therefore attempted to determine whether circulation through those
organs is necessary for the vascular leak promoted by serum from
K/BxN mice. Splenectomized mice retained the vascular response to
injection of arthritogenic serum, whereas there was no increase in
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greater arthritis severity than did mice with
no augmented leak (B6 donor and FcRy-
deficient host mice), which is consistent
with closer examination of the earlier
report!!. Histological examination of the
latter combination confirmed a less severe
disease process (data not shown). These find-
ings suggest that the vascular leak response
may not be completely essential for arthrito-
genesis but it serves an important amplifying

Figure 5 Vascular leak is blocked by histamine and serotonin receptor blockade. (a,b) Vascular

leak in B6 mice treated with histamine receptor antagonists (a) or ketanserin or cyproheptadine (b),
followed by induction of vascular leak with 200 pl of K/BxN serum. The maximum rate of leak
(arbitrary units) was determined by using the first derivative of rate curves generated by plotting of the
mean fluorescence intensity of individual confocal micrographs obtained every 3 s after serum injection
(Supplementary Fig. 1 online). Results are plotted as mean and s.e.m.; n = 3-4 mice per group.
Control, normal saline. (c) Plasma histamine concentrations 5 min after treatment of B6 mice with
normal saline (left) or arthritogenic K/BxN serum (right). Each circle represents an individual mouse
and results are compiled from two independent experiments with three to four mice per group. Small
horizontal bars indicate mean values.
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vasopermeability in mice in which the hepatic portal circulation had
been surgically ligated (Fig. 4c). Although that intervention might be
expected to result in substantial alteration of the circulation in the
mouse, potentially complicating interpretation of the results, an
intravenously injected fluorescent probe did reach the distal extremi-
ties as in normal mice.

A function for vasoactive amines

Given the extremely rapid kinetic properties of the vascular leak
induced by K/BxN serum, we sought an influence of vasoactive
mediators. Histamine and serotonin are preformed vasoactive amines
present in several cell types, particularly in mast cells, which can
release them very quickly after activation. Both mediators induce rapid
post-capillary venule permeability. Pharmacological blockade of the
histamine H1 receptor with pyrilamine substantially decreased the rate
of vascular leak, whereas treatment with the H2 receptor antagonist
cimetidine or the combined H3 and H4 receptor antagonist thioper-
amide did not (Fig. 5a). The combination of pyrilamine and cime-
tidine was no more effective than was pyrilamine alone.
Cyproheptadine blocks both the histamine and serotonin receptors
and, as expected, resulted in a substantial reduction in the rate of
serum-induced vasopermeability (Fig. 5b). Treatment with the more
specific agent ketanserin, a serotonin 5-HT2A receptor blocker, also
reduced macromolecular leakage (Fig. 5b). Leukotrienes are another
class of mediators with potentially important influences on vascular
permeability'®. However, neither the production of newly formed
leukotriene mediators via the 5-lipoxygenase pathway nor the leuko-
triene By receptor BLT1 (data not shown) was required for vascular
leak subsequent to the injection of arthritogenic serum. The relevance
of systemic vasoactive amines to the K/BxN serum-transfer system was
emphasized by the observation that plasma histamine concentrations
increased in the first 5 min after serum injection (Fig. 5¢ and
discussed below). This increase in plasma histamine concentration
was not affected by ligation of the portal circulation (Supplementary
Fig. 3 online).

Histamine and serotonin were necessary for ‘serum-promoted’
vascular leak, but were they sufficient? Intravenous administration
of each of these mediators was capable of rapidly inducing vasoper-
meability in the hindpaw (Fig. 6). Systemic injection of histamine was
able to bypass the requirements for mast cells, neutrophils and FcRy
(Fig. 6a), placing its influence ‘downstream’ of or parallel to these
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(a) Representative confocal micrographs of
hindpaws, obtained before (left) and 10 min
after (right) intravenous injection of 20 mg/kg
of histamine dihydrochloride into B6 mice (B6),
mice lacking mast cells (W/WV), neutrophil-
deficient mice (Gfil7-) and mice devoid of FcRy
(Fcerlg™); n = 3 mice/group. (b) Representative
confocal micrographs of the hindpaw (top row),
back (middle row) and ear (bottom row) before
(left in each) and 10 min after (right in each)
intravenous injection of 20 mg/kg of histamine
dihydrochloride (left two columns) or 10 mg/kg
of serotonin (right two columns) into B6 mice.
Images are representative of three to four

mice per group. Original magnification, x4.

Before

required elements. Most unexpectedly, the increased vasopermeability
induced by systemic administration of histamine or serotonin had
limited tissue distribution, just like the macromolecular leakage
occurring after injection of arthritogenic serum; that is, it was mainly
in the distal extremities (Fig. 6b) and less commonly in the ears. As
expected, administration of vasoactive amines alone in the absence of
arthritogenic GPI-specific antibodies did not induce arthritis (data not
shown). Although we have determined the simplest scenario incor-
porating these data (Supplementary Fig. 4 online), there are
some issues remaining, and other, more complex, scenarios can
be envisioned.

DISCUSSION

Since the original description of the K/BxN mouse model of arthritis!,
the basis of the distal joint localization of its autoimmune inflamma-
tory manifestations has remained an enigma. The fact that the
initiation- and effector-phase triggers are systemic in nature was
established by the identification of GPI, a ubiquitous enzyme in the
glycolytic pathway, as the antigen recognized by both KRN T cells and
the arthritogenic antibodies in K/BxN serum®. Part of the answer
seems to lie in the specifics of articular structure”!2. Beyond residing
in the cytoplasm of all cells and circulating at low concentrations in
the blood, GPI is constitutively (in normal mice) aligned along the
acellular surface where the cartilage borders the articular cavity, and
immune complexes of GPI and antibody to GPI (anti-GPI) concen-
trate at these sites as arthritis develops'?. Consisting almost entirely of
IgGl-isotype antibodies, such immune complexes are potentially
potent activators of the alternative pathway of complement, but in
most locales such activity is kept in check by a repertoire of soluble
and cellular complement inhibitors. In the joint, however, comple-
ment activation seems to run rampant, probably because of the
absence of cellular inhibitors, such as decay-accelerating factor and
CD59, at this acellular surface!2.

Another piece of the puzzle has been obtained from imaging
studies'®??. A combination of rodent-scale positron emission tomo-
graphy and biodistribution analyses has demonstrated that GPI-
specific antibodies localize preferentially to the distal aspects of the
front and rear limbs within minutes of intravenous injection into
mice, reaching saturation by 20 min and remaining for at least 24 h
(ref. 19). Collagen type II-specific antibodies alone do not show this
rapid accumulation at articular sites, probably because unlike GPI,
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collagen type II does not circulate in the blood and thus circulating
immune complexes cannot form. Indeed, coinjection of nonspecific
immune complexes promotes the rapid accumulation of collagen type
II-specific antibodies in the distal joints. More unexpectedly, non-
specific immune complexes also facilitate joint-specific localization of
antibodies to nonjoint antigens, although they are not retained long-
term?’, The basis of the articular selectivity of the immune complex—
facilitated rapid antibody access has not been identified. Our finding
that nonspecific immune complexes elicited anatomically restricted
vasopermeability is consistent with those published reports!>, How-
ever, nonspecific immune complexes did not promote arthritis develo-
pment in either case, indicating that simple access to the joint is not
pathogenic. There must be longer-term residence of the immune
complexes due to the targeting of some joint structure, eventually
resulting in the mobilization of inflammatory effector mechanisms.

We have provided evidence here that that one or more radio-
resistant FcRy-expressing cell type(s) may serve as the immune
complex sensor to initiate the process of vascular leak. Precise
identification of these cell types and where they are located remain
undetermined. The loss of the vascular response after surgical ligation
of the hepatic portal circulation suggests that an FcRy-expressing
sensor might reside in the liver. Indeed, FcyRIII is expressed by both
Kupffer and sinusoidal endothelial cells of rodent liver?!, and the
liver is the main organ for the uptake of IgG-containing immune
complexes from the circulation!’, consistent with the tenfold higher
accumulation of IgG in the liver (relative to that in other solid organs
and the limbs) that has been reported. It nevertheless remains
possible that an organ other than the spleen that is drained by the
portal circulation (such as the gut) contains an FcRy-expressing
cellular sensor. The finding that systemic histamine concentrations
increased after serum administration in mice with ligation of the
portal circulation raises the possibility that the liver (or gut) acts in
parallel with the systemic histamine effect and that both inputs are
required for immune complex—initiated vascular leak.

The earlier model?® led us to speculate that neutrophils and mast
cells would be activated by engagement of immune complexes by their
cell surface FcyRIII to produce vascular leak. However, our results
indicate that expression of FcRy by neutrophils is not required. The
situation for mast cells is more difficult to interpret, as some mast cell
populations are radiosensitive and others are radioresistant; further-
more, engraftment of mast cell populations after irradiation and bone
marrow transplantation proceeds at different rates in different tis-
sues?2. Thus, it is likely that in the bone marrow—chimeric mice we
studied, a mixture of FcRy" and FcRy™ mast cells existed and the
FcRy* mast cells may serve as immune complex sensors, releasing
histamine and serotonin®®. That interpretation is consistent with the
observed increase in systemic histamine concentrations in mice with
ligation of the portal circulation.

The observations described above further suggest that immune
complexes activate neutrophils (and possibly mast cells) by a non-
FcRy-dependent mechanism to precipitate vascular leak. Notably, it has
been reported that mast cell degranulation, plasma extravasation and
neutrophil infiltration induced by intraplantar injection of complete
Freund’s adjuvant into mice depends on the neuropeptide neuromedin
U, a proinflammatory compound produced mainly in the gut, central
nervous system and hindpaws?*. Thus, neuromedin U or compounds
that act in a similar way are candidate molecules for the activation of
innate immune cells by a non-FcRy-dependent mechanism.

Exploiting a panel of pharmacological inhibitors, we have demon-
strated here an important function for histamine and serotonin in
immune complex—induced vascular leak. These vasoactive amines are

well known to cause the formation of large gaps between endothelial
cells, particularly in post-capillary venules?®. Notably, systemic admin-
istration of either of these compounds recapitulated the anatomic
restriction of vascular leak induced by immune complexes. Although
many vascular beds may respond to vasoactive amines with leakage of
small molecules such as dyes, the capacity for leakage of macromo-
lecules as large as immune complexes, as shown here and before20,
seems to be restricted to certain vascular beds, particularly those of the
distal extremities. Moreover, intravenous injection of smaller-molecule
dyes (such as monastral blue B) can lead to leakage ‘preferentially’
around the paws of rodents?°. In contrast, the localized vasoperme-
ability described here is not simply due to passive extravasation
through inherently porous endothelia, as the probe we used remains
in the vasculature until triggering by immune complexes occurs. We
therefore hypothesize that the machinery required for the rapid
induction of macromolecular vasopermeability in response to sys-
temically circulating vasoactive amines is limited to certain anatomical
sites. Possible explanations for heightened sensitivity include higher
expression of vasoactive amine receptors, unique receptor isoforms or
signaling molecules ‘downstream, differential patterns of innervation
(as the vasoactive amines also serve as neurotransmitters) or even
differences in the size of endothelial pores in resistant versus suscep-
tible vascular beds?’.

The vascular response induced by K/BxN serum shares some but
not all of the features of other well defined immune complex—initiated
responses, such as the Arthus reaction and IgG-mediated systemic
anaphylaxis. In the Arthus reaction, local formation of IgG-containing
immune complexes activates a cascade of effector elements, including
mast cells, neutrophils, FcyRIII, complement component C3, C5a and
its receptor, and cytokines such as tumor necrosis factor and inter-
leukin 1 (refs. 28-30). Increased vasopermeability is a hallmark of the
early phase of the Arthus reaction’! and is mediated by vasoactive
amines released by mast cells*2. In contrast, systemic anaphylaxis may
be triggered by either IgE or IgG, although fatal reactions in rodents
seem to be mediated mainly by IgG1 and FcyRIII (ref. 33). In contrast
to IgE-mediated systemic anaphylaxis in which FceRI-expressing mast
cells are the key effectors, IgG-mediated anaphylaxis relies more on
FcyRIIl-expressing macrophages*»?. Like the Arthus reaction and
IgG-mediated systemic anaphylaxis, the vascular response we have
described here was triggered by IgG. However, its lack of dependence
on complement distinguishes it from the Arthus reaction, and its
reliance on mast cells, histamine and serotonin render it distinct from
the present models of IgG-dependent systemic anaphylaxis®>. Involve-
ment of vasoactive amines, particularly serotonin, in promoting
localized inflammatory responses has also been demonstrated for T
cell-dependent contact sensitivity, in which platelets rather than mast
cells seem to be a chief source of serotonin®. If platelets are involved
in the vascular response we have reported here, our results suggest that
they are triggered by a non-FcRy-dependent mechanism.

How do these studies inform the present view of the genesis of
arthritis? First, increased vascular permeability is not sufficient to
induce arthritis. Many of the knockout mice tested here (deficient in
C3, C5aR, interleukin 1 receptor, tumor necrosis factor and the
neonatal Fc receptor) showed typical vascular leak after being injected
with K/BxN serum but develop attenuated (or even no) arthritis”%1°,
These molecules must therefore be recruited and act at a later step in
the disease process. Similarly, vascular leakage itself does not produce
arthritis; arthritogenic autoantibodies are also necessary. Furthermore,
although mast cells, neutrophils, FcRy and FcyRIII were required for
the early vascular permeability after serum transfer, our findings by no
means preclude critical functions for these cells and receptors later
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during arthritis progression. A conceptually similar model of prefer-
ential targeting of autoantibodies exists in which systemic adminis-
tration of lipopolysaccharide allows anti-neuronal antibodies to access
the hippocampus in mice?. These findings collectively suggest that the
pathogenicity of autoantibodies depends not only on their antigenic
specificity but also on their capacity to reach target tissues. Thus,
interventions designed to minimize vascular leak during early phases
of immune complex—associated conditions, or perhaps during ‘flare-
ups’ of disease, may prove therapeutically beneficial.

We postulate that the immune complex—triggered, vasoactive
amine—dependent vascular leak demonstrated here is an early
common pathway in arthritis elicited by immune complexes. This
antigen-nonspecific response may allow enhanced access of immune
complexes to the synovial space, leading to rapid recruitment of
inflammatory cells and mediators and acceleration of arthritis pro-
gression. An amplifying function for vasoactive amines has been
demonstrated in animal models of arthritis’”, but without establish-
ment of their point of effect or recognition of their ‘joint-preferential’
nature. In addition, a function for vasoactive amines in patients with
serum sickness is suggested by the efficacy of antihistamines in treating
the associated arthralgia or arthritis. For transient arthritides (such as
the passive transfer of K/BxN serum or antibodies to collagen type II
in mice, or serum sickness in humans), eventual clearance of the
immune complexes leads to resolution of the arthritis. In contrast, in a
person in whom autoantibody formation is perpetuated because of an
ongoing autoimmune response (such as humans with rheumatoid
arthritis or systemic lupus erythematosus, or K/BxN T cell receptor—
transgenic mice), progressive joint inflammation may ensue, especially
if the autoantibodies remain bound to the joint surface!.

Finally, our observation of joint-localized vasopermeability, in
concert with published reports of joint-specific accumulation of
circulating antibodies!'>?® and ‘joint-preferential’ activation of the
alternative pathway of complement by immune complexes'?, draw
attention to alternative mechanisms for achieving organ-specific
autoimmune disease and emphasize the articulations as frequent
targets of autoimmune pathology. Indeed, many mutant and knock-
out mouse strains develop arthritis, often unexpectedly’®!. In addi-
tion, arthritis is a secondary manifestation in a great variety of human
infections and autoimmune disorders, such as hepatitis virus—
associated and parvovirus B19-associated arthritides; Lyme disease;
post-streptococcal arthritis and the related acute rheumatic fever;
reactive arthritis; and systemic lupus erythematosus. We postulate
that unique vascular characteristics underlie the vulnerability of the
joints to autoimmune attack.

METHODS

Reagents. Chemicals were purchased from Sigma-Aldrich unless noted other-
wise. Normal mouse IgG came from Jackson ImmunoResearch Laboratories,
and the vascular probe AngioSense 680 was from VisEn Medical. IgG subtype—
specific antibodies derived from hybridoma clones MOPC31C (IgG1), UPC10
(IgG2a), MOPC141 (IgG2b), and Y5606 (IgG3) were also from Sigma.

Mice. K/BxN T cell receptor-transgenic mice have been described! and were
maintained at the animal facility of the Harvard School of Public Health
(Boston, Massachusetts) for serum production. B6 mice, CD45.1 congenic B6
mice, BALB/c mice, mice devoid of FcyRIII, mice devoid of interleukin 1
receptor a-chain, mice deficient in tumor necrosis factor, mice lacking mast
cells (W/WY) and WBB6 mice were purchased from the Jackson Laboratory.
Mice devoid of FcRy*? were purchased from Taconic and have been back-
crossed 12 generations onto the B6 background. Mice devoid of C3 were a gift
from M. Carroll (CBR Institute of Biomedical Research, Boston, Massachu-
setts); mice devoid of the C5a receptor were from C. Gerard (Children’s
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Hospital Boston, Boston, Massachusetts); mice devoid of the neonatal Fc
receptor®> were from D. Roopenian (Jackson Laboratory); mice lacking FceRlo,
on a BALB/c background*, were from J.-P. Kinet (Beth Israel Deaconess
Medical Center); mice deficient in arachidonate 5-lipoxygenase®® were from
B. Kohler (University of North Carolina); mice deficient in leukotriene By
receptor 1 (ref. 46) were from A. Luster (Massachusetts General Hospital,
Charlestown, Massachusetts); and neutrophil-deficient mice?” were from
S. Orkin (Children’s Hospital Boston, Boston, Massachusetts). Wild-type
littermates were used as controls. Mice used in experiments were 5-8 weeks
of age unless noted otherwise.

Arthritis scoring. As described before!”, arthritis severity was assigned a score
on a scale of 0-3 for each paw, resulting in a maximum score of 12 for an
individual mouse. Ankle thickness was measured with a hand-held rotary
caliper as described”.

Stimulation of cultured mast cells. Bone marrow—derived mast cells were
cultured from femoral flushes as described!’. Mature bone marrow—derived
mast cells (3 x 10° cells in 200 pl media) were added to flat-bottomed 96-well
plates that had been coated overnight at 4 °C with purified mouse anti-
trinitrophenol IgE (BD Pharmingen) in 0.1 M carbonate buffer, pH 9.5,
at various concentrations. After brief centrifugation to initiate contact
with plate-bound IgE, the bone marrow—derived mast cells were incubated
for 6 h followed by collection of supernatant. The degranulation marker
B-hexosaminidase was assessed as described*S.

Histology. Synovial mast cells were identified by toluidine blue staining of
paraffin sections as described!”.

Bone marrow chimeras. Bone marrow was collected from donor mice using
standard procedures. The 6-week-old recipient mice were irradiated with
1,000 rads and, 4 h later, were injected intravenously with 2 x 10° to
3 x 10° donor bone marrow cells. Before intravital microscopy or arthritis
induction, successful bone marrow engraftment was confirmed by identifica-
tion of the congenic marker CD45.1 (fluorescein isothiocyanate—conjugated
A20; BD Pharmingen) or CD45.2 (allophycocyanin-conjugated clone 104;
eBioscience) on peripheral blood leukocytes by flow cytometry. After induction
of arthritis, sustained bone marrow engraftment was confirmed by analysis of
peritoneal macrophages by flow cytometry, as described above.

Intravital confocal microscopy and quantification. A multichannel upright
Radiance 2100 confocal microscope (Bio-Rad) based on a Nikon Eclipse
upright microscope (Nikon) and with a custom-designed stage for intravital
observations was used for intravital confocal microscopy. The stage was
equipped with a translucent plate that could be regulated by a thermostat
(37 °C) and Fluothane gas anesthesia. Anaesthetized mice were immobilized in
the supine position on the heated stage. Images were acquired with Lasersharp
imaging software (Bio-Rad). The red laser diode (637 nm) was used for
excitation, and images were acquired through a 660-nm long-pass filter with
a 4x dry objective. Unless noted otherwise, the vascular probe (100 pl/mouse)
was administered intravenously to the anaesthetized mouse immediately before
the mouse was transferred to the microscope stage. Single-plane 256- x 256-
pixel confocal micrographs were obtained through intact skin at a depth of
approximately 50-100 pm. Obtaining images every 3 s permitted reconstruc-
tion of the series into a time-lapse movie, allowing assessment of vascular leak
over time. Quantification was done with Amira image analysis software (TGS)
by calculation of the mean fluorescence intensity of each field of view; the
maximum mean intensity per field of view was 256. Further analysis of the
data, including calculation of the maximum rate of leak and duration at half-
maximum rate, was done with a software program written in our Joslin
laboratory (Boston, Massachusetts) using S-Plus (Insightful).

In vitro immune complex formation. The formation of nonspecific immune
complexes was accomplished by heating of normal mouse IgG or purified
myeloma proteins of each mouse IgG subclass (0.5 mg/ml in PBS) at 65 °C for
25 min, followed by cooling to 4 °C. Complex formation was verified by
enzyme-linked immunosorbent assay with plate-bound human Clq (Advanced



‘@y © 2006 Nature Publishing Group http://www.nature.com/natureimmunology

ARTICLES

Research Technology), coated at a concentration of 10 pg/ml in PBS, and
standard alkaline phosphatase detection techniques.

Stimulation of vascular leak and pharmacological inhibition. All compounds
were administered intravenously. The total infused volume was less than 350 pl/
mouse. Serum derived from K/BxN mice was administered at a dose of 8 ml/kg
body weight with a maximum of 200 pl/mouse. Normal mouse serum was
obtained from nontransgenic BxN littermates and was given at a dose of 200 pl/
mouse. IgG isolated from K/BxN serum by purification on a protein G column
was given at a dose of 1 mg/mouse in a volume of 200 pl. The unbound
fraction from the protein G purification was given at a dose of 200 pl/mouse.
Purified normal mouse IgG or heat-aggregated immune complexes were
administered at a dose of 100 pg/mouse in a volume of 200 pl.

Vasoactive amine inhibitors were dissolved in normal saline and were
administered 15 min before serum injection at the following doses
(mg reagent/kg body weight): pyrilamine maleate, 20 mg/kg; cimetidine,
30 mg/kg; thioperamide maleate, 30 mg/kg; cyproheptadine hydrochloride,
15 mg/kg; and ketanserin, 10 mg/kg. Histamine dihydrochloride was adminis-
tered at a dose of 20 mg/kg and 5-hydroxytryptamine hydrochloride (seroto-
nin) was administered at a dose of 10 mg/kg.

Determination of plasma histamine concentration. K/BxN serum or normal
saline (200 pl mouse) was administered intravenously to B6 mice. Then, 5 min
after treatment, mice were killed by CO, inhalation and blood was collected
into EDTA-coated microtubes by retro-orbital bleeding. Samples in which
obvious hemolysis occurred during blood collection were excluded to avoid an
artifactual increase in the histamine concentration due to platelet lysis. After
being centrifuged, the plasma was collected and was assayed for histamine
concentration with a commercially available enzyme-linked immunosorbent
assay kit (Research Diagnostics).

Surgical procedures. ‘Skin windows’ were surgically implanted into the backs
of mice as described?’. At least 1 week elapsed between implantation of the
‘windows’ and vascular imaging. To permit visualization of the cecum,
laparotomies were done on anaesthetized mice, and the cecum was externalized
and immobilized. Surface vessels were visualized by confocal microscopy.
Splenectomy was done by open laparotomy and surgical cauterization. Ligation
of the hepatic pedicle (including portal vein and hepatic artery) was done with
a microsurgical clamp. Surgically manipulated mice were killed immediately
after imaging. All procedures were approved by the Animal Care and
Use Committee of Harvard Medical School (Boston, Massachusetts) and/or
Massachusetts General Hospital (Charlestown, Massachusetts).

Note: Supplementary information is available on the Nature Immunology website.
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