plant pathogenic fungi, M. grisea produces a
mucilage around the growing germ tube
and appressorium (20, 21). Conidial attach-
ment may thus represent the first step in a
multicomponent attachment process.
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Perivascular Microglial Cells of the CNS Are Bone
Marrow—Derived and Present Antigen in Vivo

WiLLiaM F. Hickey aAND HiroMITSU KIMURA

A crucial question in the study of immunological reactions in the central nervous
system (CNS) concerns the identity of the parenchymal cells that function as the
antigen-presenting cells in that organ. Rat bone marrow chimeras and encephalitogen-
ic, major histocompatability—restricted T-helper lymphocytes were used to show that a
subset of endogenous CNS cells, commonly termed “perivascular microglial cells,” is
bone marrow—derived. In addition, these perivascular cells are fully competent to
present antigen to lymphocytes in an appropriately restricted manner. These findings
are important for bone marrow transplantation and for neuroimmunological diseases

such as multiple sclerosis.

HE CENTRAL NERVOUS SYSTEM

(CNS) of mammals has long been

considered an immunologically priv-
ileged site (1). In healthy animals the CNS is
virtually devoid of lymphocytes. The blood-
brain barrier also excludes immunoglobulin,
and molecules of the major histocompatibil-
ity complex (MHC) necessary for restricted
antigen recognition are nearly undetectable
in the CNS (2). However, during immuno-
pathological processes that involve the CNS,
this organ must allow the entry of immuno-
specific effector cells and permit antigen
recognition by T cells in an MHC-restricted
fashion. In multiple sclerosis, there is a
malfunction of mechanisms that ordinarily
protect the CNS from immune attack, and
an autoimmune disease results. One of the
persistent questions central to our under-
standing of this disease, and CNS immunol-
ogy in general, concerns the identity of the
cell or cells in the nervous system that can
present antigen to T cells. Experimental
allergic encephalomyelitis (EAE), an animal
model of multiple sclerosis, has been exten-
sively studied in an attempt to answer this

question, but to date no specific cell type has
been functionally identified in vivo as an
endogenous CNS antigen-presenting cell
(APC).

Three primary candidates for the role of
APC in the nervous system are endothelial,
astrocytic, and microglial cells. In vitro stud-
ies have shown that both the astrocyte and
the endothelial cell can express MHC-en-
coded molecules on their cell surfaces and
present CNS-related antigens to T lympho-
cytes in an MHC-restricted manner (3).
Nevertheless, the possibility remains that
these cells in vitro may be exhibiting second-
ary functions not normally performed in
vivo. In both multiple sclerosis and experi-
mental allergic encephalomyelitis (EAE);
immunohistochemical studies have shown
that class I and class II MHC antigens are
exhibited by both endothelial cells and mi-
croglial cells (4, 5). Astrocytes appear to
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Table 1. Results of adoptive transfer of EAE. These results were obtained with encephalitogenic cells of
a single GP-MBP- and EP-reactive line derived from a Lewis rat.

Recipient Number with Number with
rat strain clinical EAE histological EAE
Lewis 3/3 3/3
BN* 0/1 0/1
DA* 0/2 0/2
(Lewis X BN)F, - BN 3/5 5/5
(Lewis X DA)F, — DA 5/6 6/6

*A number of other rats of these strains were tested for EAE development with similar encephalitogenic Lewis T

lymphocyte cell lines with consistently negative results.

express these antigens only rarely in EAE,
and to a greater extent in multiple sclerosis;
yet in both situations the inflammatory reac-
tion is already fully developed or resolving
by the time these molecules are detected (4,
5). The identification of an endogenous
APC prior to the development of inflamma-
tion in an organ that does not normally
express MHC-encoded antigens presents a
dilemma.

EAE in the rat is an acute, transient
paralytic illness that can be induced by the
injection of activated lymphocytes of the T-
helper phenotype specific for myelin basic
protein (6, 7). These effector cells require
antigen recognition in association with
MHC class IT molecules (8). Singer et al. (9)
demonstrated that EAE could be induced in
rats made chimeric with bone marrow de-
rived from an appropriate F; hybrid. Their
work, however, was not directed at identify-
ing this cell and did not permit a conclusion
concerning the nature of this APC, since the
encephalitogenic T lymphocytes they used
could have been restricted by the MHC class
II molecule of either parental rat strain (8,
10). In unrelated studies, Ting ez al. (11)
found that the detectable MHC molecules
from the CNS of chimeric mice were bone
marrow—derived; however, cells bearing these
marrow-derived molecules could not be speci-
fied by their methods. We used the EAE
model and graft-versus-host (GvH) disease in
chimeric rats to identify an endogenous CNS
cell derived from the bone marrow that can
express MHC class I and II antigens and that
functions in vivo as an APC.

Rats were made chimeric with bone mar-
row from F, hybrids as previously described
(9). In brief, DA rats (MHC type RT1?)
and BN rats (RT1") were lethally irradiated
(1000 rads) and given 10® bone marrow
cells from (Lewis x DA)F; and (Lewis X
BN)F, hybrid rats, respectively. After wait-
ing 2 months for chimerism to become
established, we determined the percentage
of chimerism on dissociated lymph node
cells by immunofluorescence with I1-69, a
murine monoclonal antibody specific for
Lewis class I molecules (12). In all chimeras,
80% to 90% of the lymph node cells ex-
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pressed the Lewis class I molecule, an indi-
cation that a high percentage of the immune
system was repopulated with donor F; hy-
brid cells. In these chimeras only bone mar-
row—derived cells of the F; hybrid donor
could express molecules of the Lewis MHC
(RT1Y); somatic tissues, including endothe-
lial cells and astrocytes, could not elaborate
the Lewis MHC molecules.

A long-term T lymphocyte cell line of the
T-helper phenotype (CD4*CD87) specific
for guinea pig myelin basic protein (GP-
MBP) was established. [*H]Thymidine
incorporation assays demonstrated a highly
specific antigen reactivity to GP-MBP and
to the encephalitogenic peptide (EP) (ami-
no acid residues 68 to 88) derived from GP-
MBP (13). Antigen presentation was re-
stricted to the Lewis class II MHC mole-
cules. No antigen reactivity or alloreactivity
occurred with BN or DA accessory cells.
Ten million of these cells produced typical
symptoms of EAE in a Lewis rat.

Activated T lymphocytes (1.5 x 107)
from a single line were injected intravenous-
ly into the bone marrow chimeras and con-
trol nonchimeric rats (Table 1). The recipi-
ents were observed daily for the appearance
of clinical EAE which became manifest in 4
to 6 days. The severity of clinical EAE was
scored as previously described (14). At the
point of paralysis or on the 8th day after
injection the rats were killed and their CNS
was examined histologically to determine
the presence of inflammation (Table 1). All
Lewis controls and many of the chimeras
exhibited clinical EAE. Histologically, all
chimeras and Lewis rats had CNS inflamma-
tion indicative of EAE. The distribution of
the EAE infiltrates was the same as in typical
EAE, being more severe in the lower spinal
cord and brainstem with few infiltrates in
the high spinal cord and cerebrum. None of
the nonchimeric DA or BN rats had either
clinical or histological evidence of disease.

Lymphocytes of the T-helper phenotype
(CD4") typically require antigen recogni-
tion in the context of the appropriate MHC
class IT molecule (15). Since the chimeric
animals developed EAE, whereas the synge-
neic controls did not, we concluded that a

bone marrow—derived cell must have be-
come established in the CNS. Furthermore,
this cell must be functioning as an APC in
that organ, if, indeed, MHC-restricted anti-
gen presentation is required in the target
organ. Nevertheless, identification of the
specific APC by immunohistochemical ex-
amination of the CNS of EAE rats could not
be performed because of the extensive na-
ture of the inflammatory reaction. Most of
the cells infiltrating the CNS of the chimeras
bore Lewis MHC molecules because most
of the bone marrow—derived elements of the

‘immune system participating in the infil-

trates were of F; hybrid origin.

Since it was impossible to identify this
RT1"-expressing donor-derived APC amid
the extensive inflammatory infiltrates, a
method of inducing MHC molecules
throughout the CNS of the chimeras with-
out producing inflammation was required.
We recently showed that GvH disease elicits
strong MHC molecule expression in the
nervous system without any attendant in-
flammation (16). Chimeric rats in which
EAE had not been induced were given
5 x 10® splenocytes and lymph node cells
syngeneic to the host [(Lewis X DA)F, —
DA chimeras were given cells from naive
DA rats]. This intravenous injection of a
large number of syngeneic lymphocytes pro-
duced a systemic immune reaction similar to
classical GvH disease because of the alloanti-
gens recognized on the marrow-derived cells

A

i

Fig. 1. Immunohistochemical staining of the spi-
nal cord of DA rats given (Lewis X DA)F, bone
marrow in which GvH disease had been induced.
(A) Elongate cells external to a tangentially cut
vessel; these cells are positive for Lewis class I
MHC molecules (I1-69 antibody, x200). (B)
Cells around a vessel cut in cross section; these
cells are positive for the Lewis Ia molecule (MRC
OX-3 antibody, x400).
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of the immune system in the chimeras.
Seven to 10 days after such injections the
chimeras had clinical GvH disease. Immu-
nohistochemical staining (14, 16) with mu-
rine monoclonal antibodies specific for the
Lewis Ia molecule [RT1B!, MRC was OX-3
(17)] and Lewis class I molecule [RT1A!,
11-69 (12)] was used to demonstrate which
cells in the CNS of these chimeras with GvH
disease were of F, hybrid origin. Cells of the
DA or BN hosts do not express the epitopes
recognized by these antibodies. The only
cells expressing these Lewis rat MHC mole-
cules were elongated perivascular cells lying
external to blood vessels of small diameter
(Fig. 1). Perivascular cells with the Lewis-
derived antigens were also found associated
with the leptomeninges, and very rare arbo-
rizing parenchymal cells were observed. The
perivascular cells corresponded in location
to those termed “perivascular microglial
cells” (18). They were found around blood
vessels at all levels of the CNS.

These experiments were also performed
with (Lewis X DA)F; — Lewis chimeras
and an encelphalitogenic cell line derived
from DA rats. The results of EAE suscepti-
bility were similar. Again, in these chimeric
Lewis rats given GvH disease, perivascular
cells were the only cells in the CNS that
expressed DA-derived MHC antigens.

Because microglial cells are the only native
CNS cells with the membrane antigen rec-
ognized by the monoclonal antibody MRC
OX-42, which identifies monocytes, macro-

Fig. 2. Immunofluorescent double-labeling of the
neural parenchyma in a chimeric DA rat with
GvH disease demonstrating (A) microglial cells,
some in a perivascular location, that are positive
(MRC OX-42 antibody with rhodamine); (B)
some of the same perivascular cells express Lewis
Ia molecules [MRC OX-3 antibody with fluores-
cein isothiocyanate (FITC), x300].
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phages, dendritic cells, granulocytes, and
microglia (19), immunofluorescent double-
labeling was performed . with MRC OX-3
and MRC OX-42, and with I1-69 and
MRC OX-42, as previously described (5).
The perivascular cells positive for the Lewis
rat MHC molecules were also positive for
MRC OX-42 (Fig. 2). The close relation of
these perivascular cells to other known types
of APCs is further supported by their selec-
tive positivity with the murine monoclonal
antibodies ED-1 and ED-2 that identify
cells of this type in tissues of the immune
system (20). Since OX-42*, ED-1%, and
ED-2" cells are present in similar numbers
and location in the CNS of healthy naive
rats, it seems certain that they are a normal
CNS constituent and not merely macro-
phages entering the CNS in response to the
chimeric state or GvH disease. Endothelial
cells that expressed Lewis rat MHC mole-
cules were not detected in DA or BN chime-
ras, and no cells doubly positive for the
astrocyte marker protein glial fibrillary acid-
ic protein and Lewis MHC molecules were
found. No inflammation or structural alter-
ation was noted in the nervous system of
these chimeras with GvH disease. Thus, the
perivascular microglia resident in the CNS
of these chimeric rats were bone marrow—
derived and were able to express the appro-
priate MHC restriction molecules required
to present antigen to the encephalitogenic
Lewis T-helper cells used to induce EAE.

The terminology, origin, physiology, and
role of these perivascular cells has long been
the subject of debate that was based on data
obtained from various experimental systems
(18). Our experiments provide strong evi-
dence that in the rat the perivascular micro-
glia derive from a bone marrow precursor
and enter the CNS to assume their positions
within 2 months. In addition, it appears that
they can function as APCs. It is probable
that the rare arborizing parenchymal cells
expressing Lewis MHC molecules are also
microglial cells; however, we were unable to
confirm this by double-labeling because of
their rarity.

These studies do not necessarily exclude
the possibility that astrocytes or endothelial
cells or both may function as APCs in the
CNS. Because of the way these chimeras
were constructed, this possibility could not
be explored. Nevertheless, our results do
show that the perivascular microglia are
sufficient for antigen presentation in the
induction of EAE in vivo. In their anatomic
arrangement, wrapping about blood vessels
with diameters corresponding to those of
venules or -arterioles, the perivascular mi-
croglial cells are ideally situated to contact
cells entering the CNS from the blood.
Their relation to cells of the monocyte-

macrophage-dendritic cell family, as demon-
strated by their MRC OX-42, ED-1, and
ED-2 positivity, is another feature in favor
of their potential APC role.

On the basis of our findings, we propose
that the perivascular microglia, and possibly
their parenchymal counterpart, can function
as the accessory APCs in the CNS. As such,
they are appropriate subjects for in vitro
investigation of their roles in antigen pro-
cessing and interactions with T lympho-

cytes.
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