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Lymphocytes sensitized in vitro to syngenic microvascu-
lar smooth muscle and transferred to syngeneic recipients
produced in vivo microvessel vasculitis characterized by
mononuclear cells which adhered to endothelium, infil-
trated the vessel wall, and formed a perivascular cuff.
A granulomatous type ofvascular inflammation was seen
in 20% of the affected recipients in which the vessel

HUMAN VASCULITIS is a fairly common disease en-
tity. It is often an autoimmune disorder which can selec-
tively involve blood vessels or can occur in association
with other diseases, notably the "collagen vascular" dis-
eases such as lupus erythematosus, rheumatoid arthri-
tis, and dermatomyositis. Immune complex deposition
has been observed in a few types of vasculitis and is
probably the cause of those vasculitides in which it is
seen.I Direct, lymphocyte-mediated vasculitis has also
been hypothesized, but not proven. Its existence is sug-
gested by lymphocytic infiltrates of vessels in many vas-
culitides, particularly those vasculitides associated with
the collagen vascular diseases.2
The development of a model of cellular autoimmune

vasculitis would not only show that a lymphocyte-
mediated pathogenesis of vasculitis is possible in hu-
mans but would also allow studies of the mechanisms
involved in general and specific (vasculitis) cellular au-
toimmune diseases. Although cellular autoimmunity
is a much discussed entity, there are only a few promis-
ing models for its study, few of which utilize an in vitro
immunization technique.3 We now report a new model
for autoimmune vasculitis in which lymphocytes are cul-
tured in vitro with syngeneic microvascular smooth
muscle (SM) and then injected into syngeneic recipients,
with resultant inflammatory lesions of microvessels.
We previously reported a similar model in which lym-

phocytes were co-cultured with allogeneic endothelium
and injected into mice syngeneic to the lymphocytes.4
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smooth muscle appeared to be preferentially attacked.
These lesions bear a striking resemblance to certain hu-
man vasculitides, and the model provides an important
means of studying vasculitis as well as general cellular
autoimmune disease mechanisms. (Am J Pathol 1985,
119:448-455)

The current model differs from the previous model in
three ways: first, the co-culture substrate cells are SM;
second, SM is syngeneic both to the co-cultured lym-
phocytes and to the recipient mice, which makes the
model completely autoimmune in nature; and third, a
granulomatous-type vasculitis that was never seen in
the endothelial model develops in 20%7o of the recipient
mice.

Material and Methods

Animals

All animals used were female BALB/c mice between
2 and 4 months of age obtained from Simonson Labora-
tories (Gilroy, Calif). The mice are regularly checked
for histocompatibility by H-2 typing and by skin graft-
ing. They do not develop spontaneous vasculitis. All
injections were intravenous.
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Smooth Muscle Isolates

Lines of BALB/c microvascular SM were developed
in our laboratory by straining an emulsion of mouse
brain through a 153-,u mesh nylon filter which traps
small, muscular blood vessels. The microvessels are
plated onto plastic dishes in Dulbecco's modified Ea-
gle's medium (DMEM) (GIBCO, Grand Island, New
York) with 20% fetal calf serum (FCS) (KC Biological
Co., Lenexa, Kan) and treated for 2 minutes with 1
mg/ml of collagenase (Worthington Biochemical, Free-
hold, NJ). Cells migrate from these vessels and prolifer-
ate sufficiently to be passaged in 2-3 weeks. Analysis
of the a-actin content of the cells and electron-
microscopic studies have shown that they are virtually
all vascular SM. Complete details of the technique are
given in a separate publication.5 The monolayers used
in these experiments were all within 10 passages.

Co-cultures

Splenic lymphocytes from BALB/c mice were har-
vested under sterile conditions and separated from other
splenic cellular elements by a standard Ficoll technique.6
Co-cultures of BALB/c splenic lymphocytes with low-
passage BALB/c SM were carried out in RPMI 1640
medium (GIBCO) with 20%o FCS (KC Biological) 5 x
10-5 M 2-mercaptoethanol, 0.2mM glutamine, 100 U/ml
penicillin, and 100 ,ug/ml streptomycin in T-75 flasks
(Corning Glass Works, Corning, NY) at an average ra-
tio of 8:1 (lymphocytes/SM). The medium was changed
every 2-3 days. After 7 days of co-culture the lympho-
cytes were separated from the SM by gentle agitation
with 0.02% EDTA in phosphate-buffered saline. Prior
to intravenous injection into recipients, the percentage
of activated lymphocytes was determined by counting
the number of large lymphocytes resembling blasts on
a hematoxylin and eosin (H&E)-stained smear and
dividing by the total number of lymphocytes counted.
Lymphocytes cultured in RPMI 1640 medium in the ab-
sence of SM became nonviable within 48 hours, as de-
termined by l1o Evans blue dye exclusion tests.

Tissue Studies

The recipients underwent autopsy at intervals of from
6 to 14 days with two or three sections from each ani-
mal taken routinely of brain, lungs, liver, kidneys, skele-
tal muscle, thymus, spleen, and gastrointestinal tract;
there was only occasional sampling of heart, pancreas,
great vessels, uterus, bladder, and lymph nodes, because
these latter organs never showed lesions. Most recipients
underwent autopsy at 6-8 days, and approximately 10
were autopsied at 14 days. Previous experience had

shown that lesions do not develop earlier than 2-3 days
and are maximal at about 1 week.4 The number of and
severity of lesions were scored 1-4 +, with 1+ indicat-
ing at least 2 vessels involved per animal, 2+ indicat-
ing 3-5 vessels, 3 + indicating 6-15 vessels, and 4+ in-
dicating more than 15 vessels involved. Involvement of
a vessel was defined as either transmural involvement
by lymphocytes or definite evidence of mural destruc-
tion. Perivascular cuffing was not counted.

Experiments With Cyclophosphamide

Cyclophosphamide (Cy) (Meade Johnson & Co.,
Evansville, Ind) was injected into series of donor and
recipient mice in order to enhance the development of
the lesions. In one series, the donors of the splenic lym-
phocytes were given 25 mg/kg of Cy 2-3 days before
donation to effect suppression.7'8 After co-culture, these
lymphocytes were injected into 21 recipients. In another
series of 41 recipient mice, both donor and recipients
received Cy (25 mg/kg to donors; 200 mg/kg to the
recipients). Cy was given to the recipients 7 days prior
to injection. An additional 10-12 mice in this series died
prematurely from the Cy treatment and were not in-
cluded in the study.

Controls

These consisted of 1) injection of normal lympho-
cytes into normal (51) and Cy-treated (33) recipients,
2) lymphocytes activated by co-culture with syngeneic
skeletal muscle and injected into normal (28) and Cy-
treated (52) recipients, and 3) splenic lymphocytes ac-
tivated nonspecifically by incubation for 72 hours with
8.0 ,g/ml of phytohemagglutinin (Miles Laboratories,
Elkhart, Ind) (8 recipients) or for 72 hours with 2 Mg/ml
of concanavalin A (Sigma Chemical Co., St. Louis, Mo)
(8 recipients). In addition, 8 mice were given 200 mg/kg
of Cy and underwent autopsy. Six mice were each given
approximately 1.2 x 106 SM cells and underwent au-
topsy. All of these control animals were autopsied at
7 days after lymphocyte injection.
We injected 3-day co-culture medium without cells

into 10 mice (0.2 ml each) to see whether soluble fac-
tors could elicit vasculitis. An additional 5 mice were
given 0.2 ml of fresh medium alone as a further con-
trol. These groups of animals were autopsied at 5 days
after injection.

Other Experiments

Preliminary experiments performed in our labora-
tory have addressed some of the mechanisms involved
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Figure IA-A thin-walled microvessel in the lung showing lymphocytes cuffing the vessel, adhering to the endothelium, and infiltrating through the wall.
This type of lesion is the predominant one seen in this model. (H&E, x 100) B-A pulmonary arteriole displaying a granulomatous-like vasculitis
with infiltration of lymphocytes, macrophges, and occasional eosinophils and vessel-wall destruction. This type of vasculitis is present in 20% of the
affected recipients. (H&E, x 100)

in the pathogenesis of this autoimmune vasculitis. In
one experiment, we irradiated lymphocytes (2000 rads)
after co-culture but before injection into 6 mice to see
whether nonproliferating cells could cause the lesions.

Phenotyping was performed on a few lesions for the
Ly-1 and Ly-2,3 surface antigens with 10 p frozen sec-
tions fixed for 2 minutes in cold 10007 ethanol on glass
slides. Commercial monoclonal rat anti-Ly antibodies
(Becton-Dickinson, Mountain View, Calif) were used
in an indirect fluorescent (FCA) labeling system. The
primary antibody was diluted 1:50 and secondary,
fluorescein-conjugated goat anti-rat IgG was diluted
1:100. The lesions were also screened for the presence
of immunoglobulin with fluorescein-conjugated goat
anti-mouse IgG, IgA, and IgM (N. L. Cappel Labora-
tories, Malvern, Pa) at a 1:50 dilution on 10-p ethanol-
fixed frozen sections.

In all test and control co-cultures we used 20%7o FCS
in the RPMI 1640 medium. In order to address the pos-
sibility that the lymphocytes in our co-culture system
were recognizing FCS complexed with SM membrane
antigens as foreign, we co-cultured lymphocytes with

SM in the absence of FCS but in the presence of 0.5%
BALB/c serum.

In an experiment designed to localize the lympho-
cytes after injection into the recipients, 6 x 106 co-
cultured, sensitized lymphocytes were labeled with a 60-
minute pulse of 100 pCi of 51Cr (New England Nuclear,
Boston, Mass) in a 1-ml cell suspension, followed by
one wash in Hanks' balanced salt solution (HBSS),
resuspension in HBSS, and injection of 6.6 x 105 cells
into each of 9 recipients. The recipients underwent au-
topsy at 2 and 24 hours, 10-p sections were coated with
a 1:1 dilution of emulsion (Kodak Nuclear Track Emul-
sion Type NTB, Eastman Kodak, Rochester, NY) in
distilled water, exposed at 4 C for 2 weeks, and devel-
oped in Dektol (Eastman Kodak) for 2 minutes at 15 C.

Results

Tissue Studies

In 29% of the initial test animals vasculitis developed,
characterized by adherence of mononuclear cells onto
the endothelium, with invasion of the media and ad-
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ventitia of arterioles and venules (Figure lA). Plasma
cells, eosinophils, and/or polymorphonuclear cells were
found in about 1007o of the lesions. Lesions were most
commonly seen in the lungs and liver, but they were
found to varying degree in every organ sampled except

O"
d - _ibrain parenchyma, gastrointestinal tract, and great ves-

sels. Most of the animals were scored as 1+ or 2+.
There was no apparent relationship between the score
and the pattern of involvement, the use or non-use of
Cy, irradiation of lymphocytes, or the severity of the
lesions. The lesions developed 2-3 days after cell trans-
fer, were maximal at 7-10 days, and abated by 14 days.
Twenty percent of the affected test animals showed, in

4fr fi,_*addition to the above described type of vasculitis, a
granulomatous vasculitis of pulmonary arterioles
characterized by obliteration of the lumen and involve-
ment of the media by lymphocytes, macrophagelike
cells and eosinophils (Figures lB and 2). A few vessels
in random animals showed what appeared to be selec-
tive inflammation and destruction of the media which

4, 4~ was not granulomatous (Figure 3). With the exception
of the granulomatous lesions and the medial inflam-
mation, the vasculitis seen in this model is morpholog-
ically identical to that seen in our earlier model, in which
lymphocytes were co-cultured with endothelium. Nei-
ther granulomatous lesions nor selective medial inflam-
mation were ever seen in that model.4

Figure 2-Granulomatous inflammation of a small vessel showing frag-
mentation of elastica (dark lines) and medial destruction. (Elastic-Van Gie- Cy Experiments
son, x 160)

Injection of Cy into donor mice to kill suppressor
cells and injection of Cy into both donors and recipients

..w~~~~~~~~~~~~~~~~~. W..h

Figure 3-Selective medial
(smooth muscle) inflammation
in a pulmonary arteriole. (H&E,
x 160)
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Table 1

Type of lymphocyte injected

Test*
1. Lymphocytes co-cultured with SM
2. Lymphocytes from donor mice that

were given low dose (25 mg/kg) Cy
before co-culture

3. Lymphocytes from Cy-treated
donors (25 mg/kg) before co-

culture; recipients treated with Cy
(200 mg/kg) before injection

Controlt
1. Fresh unactivated lymphocytes

injected into normal mice
2. Fresh unactivated lymphocytes

injected into Cy-treated (200 mg/kg)
recipients

3. Lymphocytes co-cultured with
syngeneic skeletal muscle

4. Lymphocytes co-cultured with
syngeneic skeletal muscle and
recipients treated with 200 mg/kg
Cy

5. Lymphocytes activated by
a. Concanavalin A
b. Phytohemagglutinin

Other controls
6. 8 mice given 20 mg Cy

7. 10 mice each given 0.2 ml super-
natant from co-culture and 5 mice
each given 0.2 ml RPMI 1640
medium alone

8. 6 mice each given 1.2 x 106 SM
cells intravenously

% and number of
recipients with

lesions

29% (15/51)
52% (1 1/21)

71% (29/41)

0% (0/51)

0% (0/33)

0% (0/28)

110% (6/52)

0% (0/8)
0% (0/8)

Results
Questionable abnormal-

ities of endothelium
One lesion in one

mouse

No lesions

* The use of Cy in the donor mice, followed by its use in both donor
and recipient, progressively increased the number of recipients with le-
sions. Of the 55 test mice with lesions, 11 (20%) showed granulomatous
vasculities.

t Results of the control experiments. In the 6 mice in which lesions de-
veloped in Control 4, there was no detectable differnce between these le-
sions and those of the test mice in terms of distribution, cellular makeup,
or severity.

correspondingly increased the percentage of mice with
lesions (see Table 1), although the percentage of mice
showing granulomatous vasculitis remained at 20% af-
ter these manipulations.

Controls

The results of all of the control experiments are

shown in Table 1. Six of 52 Cy-treated recipients of con-
trol lymphocytes activated to skeletal muscle developed
lesions that were no different in character, severity, lo-
cation or score distribution from those of the test mice.
Two of these control mice had granulomatous lesions.

In none of the 5 mice that received fresh medium did
any lesions develop, but 1 of the 10 mice that received

co-culture medium showed a large collection of lym-
phocytes in a lung with mural involvement of one vessel.

Other Experiments

In the experiment in which lymphocytes were co-
cultured with SM in 0.5 %7o BALB/c serum, they became
blastic, and vasculitis resulted in 2 of 5 untreated recip-
ient mice, indicating that the lymphocytes were proba-
bly not being immunized (sensitized) to FCS.
Animals given 200 mg/kg of Cy either alone or with

fresh lymphocyte transfer showed marked, but not to-
tal, depletion of lymphocytes in their spleens and lymph
nodes. Endothelium of small blood vessels in various
sporadic locations of many of these mice showed ap-
parent abnormalities of endothelium consisting of
edema and/or hypertrophy by light microscopy.
When 5"Cr-labeled, activated lymphocytes were in-

jected into untreated normal recipients, labeled lym-
phocytes were found at 2 and 24 hours in perivascular
locations in the lung and liver as well as in the lymph
nodes and spleens of the recipients.

In the experiment in which the activated lymphocytes
were irradiated (2000 rads) just before injection, typi-
cal lesions developed in all 6 recipient mice.
Both Lyt-I + and Lyt-2,3 + cells were present in the

lesions. No immunoglobulin was seen in the lesions.

Discussion

The results of this study show that co-culture of
mouse lymphocytes with microvascular smooth mus-
cle in a totally syngeneic system results in vasculitis. The
vasculitis is predominantly mononuclear and in most
recipients does not differ from that reported previously
in a lymphocyte-endothelium co-culture model.4 How-
ever, 20%o of the recipients in the present experimental
model developed a granulomatous-appearing vasculi-
tis which was never seen in the endothelial model. The
granulomatous-appearing vasculitis in this model is
similar in appearance to that reported by Johnson et
al, after injection of glucan particles into rats.9 How-
ever, particulate matter was never seen in the present
experimental lesion after examination by either ordi-
nary or birefringent light. The granulomatous-appear-
ing lesions also have a morphologic appearance which
is very similar to that seen in the allergic angiitis and
granulomatous types of vasculitis in humans."1 There
is no apparent relationship between the number and
the site or intensity of lesions in any given animal with
the use of Cy or irradiation of donor cells. This may
reflect individual idiosyncrasies of the animal's immune
system, or it may reflect inadequacies in our sampling
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system. The end point of our experiments is a biologic
assay (vasculitis), and it is logistically (and financially)
impossible to exhaustively section each organ of each
animal. The ability to do so would not result in a de-
crease in the number of affected animals.

Irradiation of sensitized lymphocytes prior to injec-
tion does not hinder the development of lesions. This
observation, in accompaniment with the observation
that labeled lymphocytes initially lodge in areas where
vasculitis is subsequently observed, suggests that in-
jected, sensitized lymphocytes locally recruit host lym-
phocytes to mediate the lesions. On the other hand, ex-

periments in which the recipient's immune system was
severely compromised by Cy resulted in large numbers
of recipients with lesions. This indicates that the injected
cells may also proliferate in situ. It may also indicate
that 200 mg/kg Cy in these animals was not a sufficient
dose to functionally ablate their immune system. This
possibility is supported by our observation of subtotal
lymphocyte depletion in animals given only 200 mg/kg
of Cy. The injection of lymphocytes into Cy-treated
recipients may also help to reconstitute the system. In
addition, high doses of Cy may injure the vascular wall
in such a way as to enhance the deposition of lympho-
cytes. Giving low doses of Cy to the donors probably
increased the percentage of animals with lesions by
selectively killing suppressor cells, since this result of
Cy treatment has been demonstrated in other systems.7'8
The phenotype experiments are preliminary, but they

do indicate that both helper/inducer (Lyt-1 +) and cyto-
toxic/suppressor (Lyt-2,3 +) lymphocytes are present in
the lesions.11 Further experiments must elucidate which
of these phenotypes arrives first, whether the
Ly + 2 + 3 + lymphocytes are cytotoxic or suppressor

cells, and what the respective roles of eosinophils,
plasma, cells and macrophagelike cells are in the lesions.
Further search for immunoglobulin in the lesions must
be undertaken also. It may have an evanescent role in
the development of the lesion.

Six (110o) of the control animals given injections of
skeletal muscle co-cultured lymphocytes developed typ-
ical lesions. This may indicate some sharing of surface
antigens between SM and skeletal muscle. It may also
indicate that one of the effects of Cy is to injure the
vessel wall in such a way that it is made more permea-

ble to activated lymphocytes. Again, noteworthy in this
regard was our finding of endothelial changes in con-

trol mice given 200 mg/kg of Cy alone. One control
animal out of 10 that received co-culture supernatant
developed a lesion in one vessel. Whether this was a

spurious finding due to some other cause or a result
of the supernatant is not known. We plan to address
this question by injecting more mice with concentrated

supernatant. The other control experiments indicate
that injected SM or nonspecifically activated lympho-
cytes do not elicit the lesions.

There is a precedent for the activation (immuniza-
tion) of lymphocytes to syngeneic tissue in vitro. Co-
hen and Wekerle12 have shown that rat lymphocytes ac-
tivated by co-culture with syngeneic reticulum or
fibroblasts will, in turn, lyse syngeneic reticulum or
fibroblast targets in vitro. More recently, Charreire and
Michel-Bechet13 successfully developed autoimmune
thyroiditis by co-culturing mouse lymphocytes with syn-
geneic thyroid epithelial cells and then either directly
injecting the sensitized lymphocytes into the thyroid or
injecting them intravenously. They also demonstrated
anti-thyroid immunoglobulins in their model, indicat-
ing that their sensitized lymphocytes activate B cells in
addition to presumably attacking the thyroid directly.
These studies raise questions regarding the nature of
the surface antigens on the stimulator cells that are rec-
ognized by the lymphocyte. It is known that human or
animal lymphocytes will proliferate when mixed with
syngeneic lymphocytes (autologous mixed lymphocyte
reaction, AMLR) and that the stimulus to proliferation
is the presence of Class II major histocompatibility (Ia)
antigens on the surface of some of the cells in the mix-
ture.14 It is currently believed that T-lymphocytes can
recognize either Ia antigens alone or foreign antigens
in association with Ia determinants. On the one hand,
evidence derived via the AMLR suggests that lympho-
cytes proliferate in response to Ia determinants alone. 15
On the other hand, under most human disease and ex-
perimental conditions it is most plausible that T-
lymphocytes recognize and respond to foreign antigens
in conjunction with self-Ia. This has been shown to be
true in in vitro systems16 as well as in organ transplan-
tation models where host T-lymphocytes may react to
specific antigenic determinants shared by endothelial
cells and macrophages. 17'18 Autoimmunity, however, is
extremely complex, and several pathogenic mechanisms
may be operative. These include aberrancies of anti-
gen presentation to T-lymphocytes, defects in suppres-
sor mechanisms, responsiveness to foreign antigens with
cross-reactivity to self-antigens, and failure to develop
tolerance in neonatal life.19'20 Most autoimmune dis-
eases are antibody-mediated, although abnormalities
of regulatory T-lymphocytes may play the most
significant roles in many of these diseases.19

In the currently reported model, it can be hypothe-
sized that lymphocytes recognize endogenous SM an-
tigens in context with Ia. The endogenous SM antigen
would be recognized as foreign by the lymphocytes be-
cause they do not normally "see" vascular SM. Al-
though nothing is known regarding the antigen-

Vol. 119 * No. 3



454 HART ET AL AJP * June 1985

presenting properties of SM, it is well known that en-
dothelium expresses antigens more or less unique to
endothelium21 21 and variably expresses la deter-
minants.23'24 Endothelium also appears to be able to
substitute for macrophages in the presentation of anti-
gen.25 Perhaps SM also possess similar properties. The
finding of SM antibodies in humans under various cir-
cumstances suggests that some types of SM may have
unique surface antigens.26 Further support for this hy-
pothesis comes from the observation in our model in
which vascular SM appears to be preferentially at-
tacked. Preliminary work in our laboratory suggests
that our SM cells display Class II antigens (IA and IE).
Future experiments will further address this obser-
vation.

In addition to the significance of Ia determinants in
activating immunocompetent cells, there may be a very
important role for these determinants at the effector
level. This is underscored by the observation of attenu-
ation of experimental autoimmune diseases after in-
jection of anti-Ia,27 although it is not clear whether the
action of these antibodies is at the target level or whether
they interfere with immune regulation.27'28
Why normal controls against autoimmunity are ap-

parently lost when lymphocytes have been co-cultured
with syngeneic tissues in vitro is not known. Further
investigation into this question might provide valuable
clues to the pathogenesis of autoimmune diseases.

It is also not known why the brain is not involved
in this model, in spite of the fact that our smooth mus-
cle is brain-derived. Possibly the cerebral endothelium
excludes the activated lymphocytes as one of the facets
of central nervous system "immune privilege."28

This model of autoimmune vasculitis offers promise
for several reasons: 1) The lesions seen in the model
strongly resemble those of certain human vasculitides,
particularly those associated with the collagen vascu-
lar diseases and the granulomatous vasculitides. 2) The
model also mimics human autoimmune disease inas-
much as some individuals get the disease and some do
not - depending upon poorly understood immune
regulatory mechanisms. 3) The in vitro methodology
of the model offers a system in which immunologic
regulatory mechanisms can be easily manipulated. 4)
Antigen-presenting properties of vascular SM may play
a role in the pathogenesis of arteriosclerotic lesions.
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