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ABSTRACT Recent studies have identified a novel popula-
tion of blood-borne cells, termed fibrocytes, that have a distinct
cell surface phenotype (collagen*/CD13*/CD34*/CD45%), rap-
idly enter sites of tissue injury, and synthesize connective tissue
matrix molecules. We found by flow cytometry that purified
human fibrocytes express each of the known surface components
that are required for antigen presentation, including class II
major histocompatability complex molecules (HLA-DP, -DQ, and
-DR), the costimulatory molecules CD80 and CD86, and the
adhesion molecules CD11a, CD54, and CD58. Human fibrocytes
induced antigen-presenting cell-dependent T cell proliferation
when cultured with specific antigen and this proliferative activity
was significantly higher than that induced by monocytes and
nearly as high as that induced by purified dendritic cells. Mouse
fibrocytes also were found to express the surface components
required for antigen presentation and to function as potent APCs
in vitro. Mouse fibrocytes pulsed in vitro with the HIV-proteins p24
or gp120 and delivered to a site of cutaneous injury were found to
migrate to proximal lymph nodes and to specifically prime naive
T cells. These data suggest that fibrocytes play an early and
important role in the initiation of antigen-specific immunity.

The skin is a vital barrier to infection or tissue invasion and plays
amajor role in host immunity (1). Neutrophils and monocytes are
an essential first line of defense in the skin and function to kill
microorganisms by phagocytosis and by the release of radical
species and bactericidal proteins (2). Resident antigen-presenting
cells (APCs) such as the Langerhans cell can then initiate
antigen-specific responses by processing and presenting microbial
antigens to CD4* T cells by a class II major histocompatibility
complex (MHC)-dependent pathway (3).

We recently described a population of novel, blood-borne
fibroblast-like cells that rapidly enter sites of tissue injury, synthe-
size connective tissue matrix, and express fibrogenic cytokines (4).
Termed fibrocytes, these cells comprise ~0.5% of peripheral
blood leukocytes and display an adherent, spindle-shaped mor-
phology (ref. 4 and J.C., unpublished observations). Fibrocytes
obtained from blood proliferate in vitro and synthesize the fibro-
blast products collagen I, collagen III, and fibronectin, but express
several leukocyte-associated cell surface antigens, including the
leukocyte common antigen CD45RO, the pan-myeloid antigen,
CD13, and the hematopoietic stem cell antigen CD34. Fibrocytes
do not express a variety of epithelial, endothelial, or smooth
muscle markers and are negative for nonspecific esterases as well
as the monocyte/macrophage-specific markers, CD14 and CD16
(4). Fibrocytes also do not express the Langerhans cell marker
CDl1a, proteins produced by dendritic cells or their precursors
(CD25, CD10, and CD38), or the pan-B cell antigen CD19 (3-7).

In the present study, we report that fibrocytes express the
cell surface molecules that are required for antigen presenta-
tion and are potent inducers of antigen-specific T cell prolif-
eration. Mouse fibrocytes pulsed in vitro with foreign antigen
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and injected into skin were found to migrate to regional lymph
nodes and to specifically prime naive T cells. Fibrocytes
present in human cutaneous scar tissue also were found by
immunohistochemistry to express high levels of the class II
MHC molecule HLA-DR in situ. These data indicate that
fibrocytes may play an early, critical role in the initiation of
antigen-specific immunity and significantly expand the impor-
tance of these cells in the host response to tissue injury.

MATERIALS AND METHODS

Mice. BALB/c (H-2¢), DBA-2 (H-24), C3H/HeJ (H-2¥),
and DBA-2 X C3H/HeJ (H-2%) mice of both sexes were
purchased from The Jackson Laboratory.

Fibrocyte Isolation. Fibrocytes were harvested and cultured as
previously described (4). Briefly, peripheral blood mononuclear
cells (PBMCs) were isolated from human or murine blood by
centrifugation over Ficoll/Paque (Pharmacia) following the man-
ufacturer’s protocol. After overnight culture on fibronectin-
coated plates (human; 6-well plates, 5 X 10° PBMCs per well,
murine; 24-well plates, 3 X 105 PBMCs per well) (Becton
Dickinson) in DME medium (Life Technologies, Gaithersburg,
MD) supplemented with 20% fetal calf serum (FCS; HyClone),
the nonadherent cells were removed by a single, gentle aspiration.
Following 10 days of continuous culture, the adherent cells were
lifted by incubation in cold 0.05% EDTA (Sigma) in PBS (Life
Technologies) and were depleted by immunomagnetic selection
of contaminating T cells (human: Dynabeads M-450 pan-T,
aCD2; murine: pan-T, «CD90, Dynal, Great Neck, NY), mono-
cytes [human: Dynabeads M-450 aCD14; murine: Dynabeads
M-450 sheep anti-rat IgG (Dynal), aCD14, rat IgG;, clone
rmC5-3 (PharMingen)], and B cells [human: Dynabeads M-450
Pan-B, «CD19; murine: pan-B, B220 (Dynal)]. Fibrocyte purity
was verified to be >95% (70-80% prior to depletion of contam-
inating cells) by fluorescence-activated cell sorter (FACS) anal-
ysis (described below) using both phycoerthrin-conjugated anti-
CD34 mAb (Becton Dickinson) and fluorescein-conjugated anti-
collagen I mAb (Chemicon) (4). Cell viability was determined to
be >90% by trypan blue exclusion.

Dendritic Cell and Monocyte Isolation. Dendritic cells and
monocytes were prepared using methods previously described (8,
9). For the isolation of human dendritic cells, T cells first were
depleted from PBMC:s by rosetting with neuraminadase-treated
sheep erythrocytes (Cocalico, Reamstown, PA) (10). The T-
depleted mononuclear cells were cultured in RPMI 1640 medium
supplemented with 5% human AB serum (6102; Biocell Labo-
ratories) for 2 days and the adherent cells (i.e., monocyte en-
riched) separated from the nonadherent cells. The adherent
monocytes then were lifted from culture wells by incubation in
cold PBS/0.5% EDTA and counted. The nonadherent cells were
depleted of contaminating monocytes by adherence to human
gamma globulin-coated Petri dishes (Calbiochem-Behring) (11).
The remaining nonadherent cells then were layered onto 14%
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metrizamide gradients, centrifuged, and the low-density interface
(which contains the dendritic cells) was collected. The dendritic
cells were washed twice with PBS, enumerated (purity > 70%),
and cultured for further studies.

FACS Analysis. A total of 2 X 105 cells per sample were washed
twice in PBS containing 0.1% sodium azide (Sigma) and 1% BSA
(Sigma) (FACS medium). The cells were resuspended in 25 ul of
diluted antibody (in PBS) and incubated for 30 min on ice (12).
The cells then were washed twice in PBS and resuspended in 200
wul of FACS medium. At least 10,000 cells were analyzed on a
FACScan instrument (Becton Dickinson). Human cells were
stained with the following phycoerythrin or fluorescein-
conjugated mAbs: anti-CD11a (clone G-25.2), anti-CD54 (clone
LB-2), anti-CD58 (clone L.306.4), anti-CD80 (clone L307.4) (each
from Becton Dickinson); and anti-HLA-DP (clone HI43), anti-
HLA-DQ (clone TU169), anti-HLA-DR (clone TU36), and
anti-CD86 (clone IT2.2) (each from PharMingen). Murine fibro-
cytes were stained with the following phycoerythrin or fluores-
cein-conjugated mAbs: anti-I-A¢ (clone AMS-32.1), anti-CD11a
(clone M17/4), anti-CD54 (clone 3E2), anti-CD86 (clone GL1)
(each from PharMingen), and anti-I-EY (clone E-E-D6) (Accu-
rate Laboratories, Westbury, NY). Direct-conjugated isotype
controls and cell only samples were analyzed with each antibody.

Human Antigen-Dependent Autologous T Cell Proliferation
Assay. Three human blood donors were boosted intramuscularly
with 4 units of tetanus toxoid (Connaught Laboratories). One
month later, the PBMCs were isolated from the peripheral blood.
T cells were isolated by high-affinity negative selection (human T
Cell Enrichment Column, R & D Systems). FACS analysis of
anti-CD3 (PharMingen) labeled cells indicated that 85-95% of all
cells recovered were CD3*. APCs were prepared as described
above and treated with 25 ug/ml mitomycin C (Sigma) in RPMI
medium 1640 containing 10% human AB serum (RPMI/10%
HS) for 30 min and then washed five times with RPMI/10% HS.
For each assay, the T cells (2 X 10°) were incubated with
mitomycin C-treated autologous fibrocytes, monocytes, or den-
dritic cells at various T cell: APC ratios in the presence of 2 ug/ml
tetanus toxoid in RPMI/10% HS (13). After 4, 5, and 6 days of
coculture, the proliferative activity was measured over 12 hr by the
incorporation of [*H]thymidine (4 uCi/ml; 1 Ci = 37 GBq) into
DNA as measured by liquid scintillation counting. Controls that
were included in each experiment were APCs alone, T cells alone,
APCs + tetanus toxoid, T cells + tetanus toxoid, and APC + T
cells. Mixed leukocyte reactions were conducted similarly except
that the fibrocytes and T cells were isolated from allogeneic donors
and no antigen was included in the coculture (13). Statistical
significance was assessed by two sample ¢ tests (assuming unequal
variances) (14).

Antibody Neutralization Studies. The effect of the following
neutralizing mAbs on fibrocyte antigen presentation was deter-
mined: anti-CD11a, anti-CD54, anti-CD86, and anti-HLA-DR.
The helper assay was conducted as described above except that 5
pg/ml of receptor-specific or isotype control mAb was added to
a 20:1 T cell:fibroctye coincubation just prior to the addition of
tetanus toxoid. Control studies established that these accessory
cell receptor-specific mAbs have no effect on human T cell
proliferation induced by phorbol 12-myristate 13-acetate (1 ng/
ml) plus ionomycin (5 ng/ml) (Sigma) (data not shown).

Murine Antigen-Dependent Autologous T Cell Proliferation
Assay. BALB/c mice were immunized by i.p. injection of 100
pg of native p24 or gp120 (purified from HIV-1yyp infected H9
cells, Advanced Biotechnologies, Columbia, MD) emulsified
at 1 mg/ml with Freund’s complete adjuvant. After 14 days, the
T cells were purified from spleens by chromatography over a
T cell enrichment column (R & D Systems). Mouse fibrocytes
were purified from peripheral blood as described above and
treated with 25 pg/ml mitomycin C (Sigma) in RPMI medium
containing 10% FCS (RPMI1/10% FCS) for 30 min and then
washed 5 times with RPMI/10% FCS. For each assay, the T
cells (2 X 10°) were incubated with mitomycin C-treated
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fibrocytes at various ratios in the presence of 2 ug/ml p24 or
gp120 in RPMI/10% FCS (15). After 5 days of coculture, the
proliferative activity was measured over 12 hr by the incorpo-
ration of [*H]thymidine (4 nCi/ml) into DNA as measured by
liquid scintillation counting. Controls that were included in
each experiment were fibrocytes alone, T cells alone, fibro-
cytes + antigen, T cells + antigen, and fibrocytes + T cells.

Priming of Naive T Cells ir Situ with Antigen-Pulsed Murine
Fibrocytes. Following the methods described by Steinman et al.
(16), purified BALB/c fibrocytes were cultured for 3 days with 50
pg/ml of p24 or gp120 in DME/20% FCS, washed five times in
PBS, and injected intradermally (5 X 10* cells in 20 ul PBS) into
the right rear footpad. The proximal popliteal lymph nodes were
explanted 5 days later and cell suspensions prepared by teasing
with fine forceps. A total of 2 X 10° lymph node cells per well were
cultured with 50 ug/ml of antigen in Click’s medium (GIBCO)
supplemented with 1% heat-inactivated mouse serum (Sigma)
and 50 uM 2-mercaptoethanol (Sigma) for 72 hr. The prolifer-
ative activity was measured over the last 12 hr of culture by the
incorporation of [*H]thymidine (4 wCi/ml) into DNA. Prolifer-
ating cells were identified to be primarily CD4* T cells through
depletion of CD4* T cells by immunomagnetic selection (Dyna-
beads M-450 L3T4, CD4, Dynal) just prior to liquid scintillation
counting. In certain experiments, DBA-2 X C3H/HeJ F; mice
(H-29K) were injected with pulsed fibrocytes from either parent
strain (DBA-2, H-29 or C3H/HelJ, H-2¥), and, 5 days later, the
proximal popliteal lymph nodes were isolated and depleted of
endogenous class Il MHC* APCs by immunomagnetic selection
(Dynabeads M-450 sheep anti-rat IgG, Dynal, anti-murine class
II MHC, rat IgGa,, clone ER-TR 3, Accurate Laboratories).
APC-depleted lymph node cells (1 X 10°) then were cocultured
with 1 X 10° mitomycin C-treated F; or parent spleen cells as
APC with or without gp120 for 72 hr. The proliferative activity
was measured as described above.

Cell Migration Studies. Mouse fibrocytes purified from pe-
ripheral blood were stained with the PKH26-GL red fluorescent
cell linker compound (Sigma) following the manufacturer’s pro-
tocol. Prior to staining, a subset of fibrocytes was fixed in 0.1%
glutaraldehyde for 30 min at room temperature and washed three
times in PBS, 1% FCS. After staining, the cells were washed five
times in PBS, counted, and assessed for labeling efficiency by
fluorescence microscopy (=~60% for nonfixed, ~40% for fixed)
and viability by trypan blue exclusion (=80% for nonfixed, 0% for
fixed). Labeled cells (3 X 10%) in 20 ul PBS were administered
intradermally into the right rear footpad of BALB/c mice. After
24 hr, the mice were killed by CO, asphyxiation and the popliteal
lymph nodes were removed and the cells dissociated. The entire
resultant cell suspension from each lymph node (3 X 10 cells in
100 wl PBS) then was examined at X400 by fluorescence micros-
copy and the labeled cells enumerated (all fields). Data are
expressed as mean * SD (n = 3).

Immunohistochemistry. Human cutaneous scar tissue speci-
mens were obtained 2-3 weeks after initial injury from individ-
uals without systemic disease. The tissue was fixed in 3.5%
paraformaldehyde, sectioned, and processed for immunohisto-
chemical analyses. After blocking endogenous peroxidases with
H,0; (3%), the deparaffinized sections were incubated with an
anti-CD34 mAD (1:50 dilution) (clone QB-END/10) (Accurate,
Westbury, NY) or an IgG; isotype control. After washing, an
immunoperoxidase-linked secondary antibody (Dako) was
added, followed by diaminobenzidene as substrate. The sec-
tions then were labeled with anti-HLA-DR mAb (Pharmacia)
or an IgGyy, isotype control, incubated with an alkaline phos-
phatase-linked secondary antibody, and developed with new
fuchsin (Dako) as substrate. Control sections stained with an
isotype control or without primary antibody showed no im-
munoreactivity.
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RESULTS

Antigen-presenting cells are known to express cell surface proteins
that enhance T cell stimulation in response to the MHC-peptide
complex (reviewed in ref. 17). Specific receptor:coreceptor pairs
which have been found to be essential include CD11a/18-CD54,
CD58-CD2, and CD86-CD28. To characterize the ability of hu-
man fibrocytes to activate T cells, we first examined the expression
of these molecules on the surface of purified, human fibrocytes. As
shown in Fig. 1, fibrocytes isolated from peripheral blood express
high levels of the adhesion molecules, CD11a, CD54, and CD58.
The level of expression is similar to that observed in purified,
peripheral blood monocytes that had been cultured for 36 hr.
Fibrocyte expression of the class I MHC molecules HLA-DP and
HLA-DQ is higher in fibrocytes than in monocytes, although the
expression of HLA-DR appears equivalent in both cell types.
Fibrocytes express the costimulatory molecule CD86 (B7-2) at a
level similar to that of monocytes. Fibrocytes also weakly express
the costimulatory molecule CD80 (B7-1) (data not shown). These
data indicate that fibrocytes constitutively produce the full com-
plement of surface proteins that have been shown in other cell
types to be necessary for antigen presentation.

To assess the potential capacity of fibrocytes to present antigen,
we next examined the ability of purified human fibrocytes to
activate allogeneic T cells in a mixed leukocyte reaction. Various
concentrations of mitomycin C-treated fibrocytes were cocultured
with allogeneic T cells for 96 hr and the T cell proliferative activity
assessed by the incorporation of [*H]thymidine into DNA. Fibro-
cytes thus were found to induce a significant T cell activation
response (5 X 103 fibrocytes + 2 X 10° T cells = 70,321 = 10, 111
cpm, versus <300 cpm for T cells or fibrocytes alone, n = 3
experiments, P < 0.001). We then proceeded to examine the
capacity of fibrocytes to present soluble antigen in an autologous,
T cell proliferation assay. T cells were purified from the peripheral
blood of tetanus toxoid-immunized individuals and stimulated
with tetanus toxoid in vitro together with fibrocytes as APCs. As
shown in Fig. 24, mitomycin C-treated fibrocytes induced a
powerful, antigen-dependent T cell proliferative response when
coincubated with autologous T cells. T cell proliferation, as
measured by [*H]thymidine incorporation, was greatest when
3,750 fibrocytes were coincubated with 2 X 10° T cells (30,475 +
3,692 cpm). The level of T cell activation was not significantly
different on days 4, 5, or 6 after the start of the coincubation.
Fixation of fibrocytes with paraformaldehyde prior to coincuba-
tion with T cells and tetanus toxoid did not induce antigen-
dependent proliferation (1,050 = 378 cpm, 3,750 fibrocytes + 2 X
10° T cells), suggesting that the intracellular processing of tetanus
toxoid is a required step in fibrocyte antigen presentation.

For comparison purposes, we also examined the antigen-
presenting capacity in vitro of two other purified cell types:
monocytes and dendritic cells (Figs. 2 B and C). Using the same
preparation of purified, autologous T cells, the peak antigen-
dependent T cell proliferation response induced by monocytes
was significantly lower than that induced by fibrocytes (14,555 =
5,404 cpm, P < 0.005). Furthermore, more monocytes than
fibrocytes (10,000 monocytes versus 3,750 fibrocytes) were re-
quired to reach maximum stimulation in the coincubation assay.

The peak antigen-dependent T cell proliferation induced by
dendritic cells was higher than that induced by fibrocytes
(37,348 = 2,019 cpm, P < 0.01). However, more dendritic cells
than fibrocytes (10,000 dendritic cells vs. 3,750 fibrocytes) were
required to achieve this level of proliferative activity. Inter-
estingly, an inhibition of T cell stimulatory activity with higher
APC numbers was observed with monocytes and fibrocytes,
but not with dendritic cells.

We next examined the functional requirement of HLA-DR,
CD86, and the coligands, CD54 and CD11a, for antigen presen-
tation by human fibrocytes. Neutralizing mAbs were added to the
fibrocyte, T cell cocultures prior to the addition of tetanus toxoid
and their effect on antigen-dependent T cell proliferation mea-
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sured. As shown in Fig. 3, fibrocyte-induced T cell proliferation
was inhibited significantly by neutralizing mAbs to HLA-DR,
CD86, CD11a, or CD54. Taken together, these data indicate that
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FiG. 1. Accessory molecule expression by human fibrocytes and
monocytes. Purified, human fibrocytes or monocytes were incubated with
phycoerythrin-conjugated (4) or fluorescein isothiocyanate-conjugated
(B) mAbs and analyzed by flow cytometry as described. The horizontal
line in each panel marks fluorescence intensity greater than the back-
ground staining that was observed with an isotype control mAb.
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fibrocyte antigen presentation is class II MHC dependent and
requires both costimulation through CD86 and adhesion through
a CD11a:CD54 interaction.
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F1G.2. Functional comparison of human fibrocyte, monocyte, and
dendritic cell antigen presentation in vitro. Human T cells (2 X 10°)
purified from a tetanus toxoid-immunized individual were incubated
with 2 pug/ml tetanus toxoid together with various numbers of autol-
ogous fibrocytes (4), autologous monocytes (B), or autologous den-
dritic cells (C). After incubation for 4 (O), 5 (&), and 6 (m) days, the
cultures were pulsed for 12 hr with 4 uCi/ml [*H]thymidine and cell
proliferation analyzed by liquid scintillation counting. Controls are
illustrated on the left side of each figure: APCs alone (FC, fibrocytes;
MC, monocytes; DC, dendritic cells), T cells alone, APCs + Ag
(tetanus toxoid), T cells + Ag (tetanus toxoid), and APCs + T cells.
Data are expressed as mean * SD and are representative of one
experiment that was performed three times.
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To examine more closely the ability of fibrocytes to present
antigen in vivo, we also studied the functional responses of fibro-
cytes purified from mouse blood. Mouse fibrocytes share many of
the same phenotypic properties with human fibrocytes and express
both type I collagen and CD34 (4). By flow cytometry analysis,
mouse fibrocytes also were found to express the class II MHC
molecules, I-A and I-E, the adhesion molecules, CD11a and CD54,
and the costimulatory molecule, CD86 (data not shown).

Mouse fibrocytes also induced a significant antigen-
dependent T cell proliferation response when coincubated
with primed, autologous T cells. T cells were purified from the
peripheral blood of BALB/c mice immunized with the HIV
proteins p24 and gp120 and stimulated in vitro with p24 or
gp120 utilizing fibrocytes as APCs (Fig. 4). T cell proliferation,
as measured by [*H]thymidine incorporation, was greatest
when 15,000 murine fibrocytes were coincubated with 2 X 103
T cells (p24: 22,272 = 7,751 cpm, and gp120: 24,276 = 2,680).

Although several cell types have been shown to be capable of
presenting antigen to memory T cells, the priming of naive T cells
has been considered to be a specialized function of “professional”
APCs, particularly dendritic cells (16, 25). To test the ability of
mouse fibrocytes to prime naive lymph node T cells in vivo, we
pulsed mouse fibrocytes with p24 or gp120 in vitro and injected
them intra-dermally into the rear foot pad of unprimed BALB/c
mice. Five days later, the popliteal lymph nodes were removed
and the constituent cells tested for a restimulation proliferative
response. Injected, antigen-pulsed fibrocytes thus were found to
induce a strong T cell proliferative response (Fig. 5). This
response was specific for the priming antigen (p24 or gp120) and
consisted predominantly of CD4* T cells since immunodepletion
of this T cell subset resulted in no detectable proliferation signal.

That antigen-pulsed fibrocytes were not simply transferring
antigen to other host APC types was established by experiments in
which antigen-pulsed fibrocytes from two parent mouse strains
were injected into F; offspring mice. The T cell reactivity of F;
offspring is confined predominantly to antigens presented by one
of the parental strains, and the priming and restimulation APCs
must necessarily share the same haplotype (16, 18, 19). DBA-2 X
C3H/HeJ F; mice (H-2%¥) thus were injected with pulsed fibro-
cytes from either parent (DBA-2, H-2¢ or C3H/HeJ, H-2¥) and,
five days later, the proximal popliteal lymph nodes were isolated
and depleted of endogenous class I MHC* APCs by immuno-
magnetic selection. The F; APC-depleted lymph node cells then
were cultured with F; (H-29K) or parent strain (H-2¢ or H-2¥)
spleen cells as the source of APC, with or without gp120. As shown
in Fig. 6, the F; APC-depleted lymph node cells were reactive to
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FiG. 3. Effect of neutralizing anti-HLA-DR, anti-CD86, anti-
CD54, or anti-CD11a mAbs on fibrocyte antigen presentation in vitro.
Receptor-specific or isotype control (5 ug/ml) mAb were added to a
20:1 autologous T cell:fibrocyte coincubation prior to the addition of
tetanus toxoid. The antigen-dependent T cell proliferation assay was
conducted as in Fig. 2. Data are expressed as mean * SD and are
representative of one experiment that was performed three times.
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antigen in the presence of the F; restimulation APCs when priming
was performed with fibrocytes from either parental strain. How-
ever, if a parental strain was used as the source of restimulation
APCs, the F; APC-depleted lymph node cells would only prolif-
erate if the priming fibrocytes were from the same parental strain.
These data indicate that fibrocyte priming and APC restimulation
of sensitized T cells occurs only in the setting of a shared MHC
haplotype. Thus, fibrocytes do not function merely to deliver
antigen to other APCs, but rather act to directly sensitize naive T
cells in a MHC-specific manner.

We also sought to quantify the migration of fibrocytes from
a site of peripheral injury into regional lymph nodes. Fluores-
cent-labeled murine fibrocytes were administered intrader-
mally into the rear footpads of mice and, 24 hr later, the
popliteal lymph nodes were removed, dissociated, and exam-
ined by fluorescence microscopy. Approximately 5% of the
labeled fibrocytes that were injected were observed in the
popliteal lymph node (1,567 = 251 of 30,000 fibrocytes in-
jected, n = 3 mice). By contrast, fibrocytes which were
glutaraldehyde-fixed prior to the injection were not observed
to migrate into the lymph node [<10 cells (detection limit) of
30,000 fibrocytes injected, n = 3 mice].

Additional evidence for a role of fibrocyte antigen presentation
in vivo was obtained by immunohistochemical studies of human
cutaneous scar specimens. Human cutaneous scar specimens
were examined for the presence of spindle-shaped cells that
coexpressed CD34 and HLA-DR. Fig. 7 shows a subdermal
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F16. 4. Murine fibrocyte antigen presentation in vitro. Murine T
cells (2 X 10%) purified from the spleens of p24 (4) or gp120 (B)
immunized BALB/c were incubated with 2 pg/ml p24 or gp120
together with various numbers of mitomycin C-treated autologous
fibrocytes. After incubation for 5 days, the cultures were pulsed for 12
hr with 4 pCi/ml [*H]thymidine and cell proliferation analyzed by
liquid scintillation counting. Controls are illustrated on the left side of
each figure. Data are expressed as mean * SD and are representative
of one experiment that was performed three times.
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Fi1G. 5. Priming of naive T cells in situ with antigen-pulsed murine
fibrocytes. Purified BALB/c mouse fibrocytes were cultured for 3 days
without (NO PULSE), or with 50 wg/ml of p24 (p24 PULSE), or gp120
(gp120 PULSE) in DME/20% FCS, washed, and injected i.d. (5 X 10*
cells) into the right rear footpad. The proximal popliteal lymph nodes
were explanted 5 days later, dissociated, and cultured with PBS or 50
pg/ml of p24 or gp120 for 72 hr. To verify the proliferating cell type,
CD4* T cells were depleted by immunomagnetic selection just prior
to liquid scintillation counting (p24-CD4, gp120-CD4). The prolifer-
ative activity was measured over the last 12 hr of culture by [3H]thy-
midine incorporation. Data are expressed as mean * SD and are
representative of one experiment that was performed three times.

region in which numerous connective tissue matrix-associated
inflammatory cells were found to stain positively for both CD34
and HLA-DR. Under high power, the expression of both mole-
cules is evident and appears to localize predominately to cyto-
plasmic extensions. The expression of HLA-DR by human fibro-
cytes in vivo suggests that these cells may be active participants in
the antigen presentation processes associated with wound repair.

DISCUSSION

Fibrocytes are unique among connective tissue cells in that
they express collagens but circulate in blood and display the
hematopoietic/leukocyte cell surface marker CD34. Studies
employing implantable wound chambers have established that
fibrocytes may account for as many as 10% of the cells that
infiltrate sites of acute tissue injury (4). Immunohistochemical
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FiG. 6. Requirement of shared MHC haplotype between priming
fibrocyte and restimulation APC. DBA-2 X C3H/HeJ F; mice (H-
2dxk) were injected with antigen-pulsed fibrocytes from either parent
strain DBA-2, H-24 (d) or C3H/HeJ, H-2* (k). Five days later, the
proximal popliteal lymph node cells were isolated and depleted of
endogenous class II MHC* APCs by immunomagnetic selection.
APC-depleted lymph node cells (1 X 10%) then were cocultured with
1 X 10° mitomycin C-treated F; (dxk) or parental spleen cells (d or k)
as restimulation APCs, with or without gp120. The proliferative
activity was measured over the last 12 hr of culture by [*H]thymidine
incorporation. Data are expressed as mean * SD and are represen-
tative of one experiment that was performed three times.
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analyses of tissues undergoing fibrosis and tissue remodeling
also have identified fibrocytes to be present within areas of
extracellular matrix deposition, providing direct evidence for
the participation of fibrocytes in the host repair response to
tissue injury. Utilizing sex-mismatched, bone marrow chimeric
mice together with DNA amplification of the male-specific
SRY gene, it was found that circulating fibrocytes do not
appear to originate from radiosensitive, hematopoietic stem
cells but arise instead from a radioresistant, bone marrow or
other tissue source. Importantly, fibrocytes do constitutively
express the leukocyte common antigen, CD45, a marker of
bone marrow-derived cells (4).

In the present study, we show that peripheral blood fibrocytes:
(¢) express the full complement of surface proteins required for
antigen presentation, (i) are potent stimulators of antigen-specific
T cells in vitro, and (iif) migrate to lymph nodes and sensitize naive
T cells in situ. The constitutive expression by fibrocytes of the
surface proteins known to be necessary for antigen presentation
contrasts with what has been described for tissue fibroblasts that
require activation by interferon-vy to express measurable quantities
of HLA-DR (20). Although several tissue-derived cells have been
shown to be capable of presenting antigen to memory T cells,
including dermal fibroblasts, endothelial cells, and melanocytes
(20, 23, 24, respectively), the sensitization of naive T cells has been
considered to be a particular function of dendritic cells (16, 25).
Fibrocytes are distinct from dendritic cells and their precursors not
only in their growth properties (fibrocytes are an adherant, pro-
liferating cell population whereas dendritic cells are nonadhering
and poorly proliferating) but also in their surface protein expres-
sion (collagen*/CD13%/CD34%/CD25~/CD10~/CD38"). That
fibrocytes also have a specialized and potent antigen presentation
activity suggests that they may play a critical role in the initiation
of immunity during tissue injury and repair.

HLA-DR expression is considered a prerequisite for antigen
presentation in vivo (20) and human fibrocytes participating in
cutaneous tissue repair were found to express high levels of
HLA-DR in situ. Although these data do not establish conclu-
sively that fibrocytes actively present antigen in human tissue, they
are consistent with a role for fibrocytes in the immune response
associated with skin injury. In mice, an appreciable portion (5%)
of fibrocytes were found to home to regional lymph nodes after
intradermal injection into skin. Fibrocytes may function in vivo to
capture foreign proteins at sites of tissue injury and to migrate
into regional lymph nodes for the purpose of sensitizing naive T
cells and/or activating memory T cells. Fibrocytes also have been
shown to secrete a number of inflammatory cytokines in vitro and
are a particularly abundant source of the potent CD4* T cell
chemoattractants, macrophage inflammatory proteins (MIP-1«
and 1) (ref. 21, unpublished work). The entry of CD4* T cells into
areas of tissue damage is considered to be an essential requirement
for the generation of an antigen-specific immune response (22).

Proc. Natl. Acad. Sci. USA 94 (1997)

C Fig. 7. Coexpression of
CD34 and HLA-DR by cells in a
human cutaneous tissue scar.
Skin specimens were fixed, sec-
tioned, and labeled with both an-
ti-CD34 mAb and anti-HLA-DR
mAb. Binding was detected with
an immunoperoxidase-linked
(anti-CD34) and an alkaline
phosphatase-linked (anti-HLA-
DR) secondary antibody. The
anti-CD34 positive areas appear
brown and granular and the anti-
HLA-DR positive regions stain
red. The isotype control displays
no immunoreactivity. [ X200 (A4);
X1,000 (B and C).]

Fibrocytes thus may act to not only activate but to also recruit
CD4+ T cells into the tissue repair microenvironment.

The ability of fibrocytes to secrete collagen and other matrix
components suggests that these cells may play an important role
in certain autoimmune and connective tissue disorders. A per-
sistent fibrocyte:T cell activation response may lead to patholog-
ically significant fibrosis and scarring, such as occurs in sclero-
derma, schistosomiasis, or graft vs. host disease. Schistosomiasis,
for instance, is characterized by a fibrosing, granulomatous
reaction directed against schistosome eggs that can lead ulti-
mately to fulminant liver failure (26). Fibrocytes have been
identified recently to colocalize to areas of matrix deposition in
S. mansoni infected livers (J. Chesney, in preparation). Further
investigation into the normal and pathological role of this novel
cell population may provide important insight into the control of
the fibrotic responses associated with inflammation. Additionally,
fibrocytes may find clinical utility as a readily accessible source of
APCs that are capable of initiating and promoting T cell immunity.
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