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Vascular cell adhesion molecule-1 (VCAM-1; CD106),
the receptor for VLA-4, is an important mediator of
adhesive and co-stimulatory interactions that govern
cutaneous immune responses. Initial studies designed
to elucidate temporal aspects of endothelial adhesion
molecule induction in murine acute graft-versus-host
disease (aGVHD) revealed unexpected and novel
VCAM-1 expression by cutaneous and mucosal epithe-
lial cells. Immunohistochemical techniques con-
firmed VCAM-1 staining as early as 7 days after trans-
plantation in a distinctive subpopulation of squamous
epithelial cells that normally occupy focal domains
within the epidermal basal cell layer, the follicular
infundibulum, and the dorsal lingual epithelium. Spe-
cifically, VCAM-1 expression was intimately associ-
ated with rete ridge-like prominences in footpad epi-
dermis and in dorsal lingual epithelium. VCAM-1, as
evaluated by serial section-labeling techniques, was
preferentially expressed at sites of early epithelial
infiltration by CD4� T cells. Western blot analysis
confirmed expression of the 110-kd isoform of
VCAM-1 in epithelium isolated from aGVHD animals,
and immunoelectron microscopy demonstrated
VCAM-1 reactivity restricted exclusively to epithelial
cell plasma membranes. It is concluded that VCAM-1
is selectively expressed by discrete squamous epithe-
lial subpopulations in murine aGVHD. As such,
VCAM-1 may play a previously unrecognized role in
mediating interactions between donor effector T lym-
phocytes and host epithelial cell targets. (Am J
Pathol 2002, 161:763–770)

Acute graft-versus-host disease (aGVHD) is a major com-
plication of allogeneic bone marrow transplantation, ac-
counting for significant morbidity and mortality in patients
receiving bone marrow transplantation for treatment of
hematopoietic malignancies and certain solid tumors.1

Implicit to the development of aGVHD are 1) initial allo-
stimulation of donor T cells by host histocompatibility
antigens [often minor histocompatibility (mHC) antigens];
2) homing of these effector T cells to microvascular beds
in target tissues; and 3) migration and spatial association
of effector T cells with specific cellular targets.1 The
precise molecular mechanisms that govern these events
are incompletely understood, although it is likely that
co-stimulatory and adhesion molecules play critical roles.

VCAM-1 (CD106) is an adhesion molecule that serves
as the receptor for the leukocyte-associated integrin,
VLA-4.2 VCAM-1 is expressed by microvascular endothe-
lial cells as a component of the adhesion cascade that
orchestrates spatial localization and diapedesis of leuko-
cytes during early stages of tissue inflammation.2,3 Ac-
cordingly, expression of VCAM-1 has been demonstrated
in activated human and murine endothelial cells in vitro3–7

and in vivo in a variety of inflammatory disorders.2,8–18 In
addition, cells other than endothelium may express
VCAM-1, including epithelial and fibrohistiocytic cells in
the setting of tissue inflammation.8–12,14,16,19–30 Induc-
tion of VCAM-1 involves cytokine pathways, with tumor
necrosis factor-� playing a major role in determining
VCAM-1 expression.4,7,16,18,21,22,29–33 Other factors and
agents known to induce VCAM-1 in a variety of experi-
mental systems include interleukin (IL)-1,4,7,21,22,29,30,34

IL-4,4,21,25,29 interferon gamma,22,30 IL-13,4,5 lipopoly-
saccharide,6,7,17,30 hyaluronan fragments,23,24 �2-micro-
globulin,27 substance P,15 respiratory syncytial virus,35

and rhinovirus.36 In addition to its role in mediating
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endothelial-leukocyte interactions, VCAM-1 also may
function as a co-stimulatory molecule in antigen-driven
immune responses.37 Indeed, VCAM-1 has been impli-
cated as a mediator of both leukocyte adhesion and of
allogeneic co-stimulation in the setting of experimental
aGVHD.38

In experimental aGVHD provoked by mHC antigenic
differences, we and others have shown that initial leuko-
cyte homing to skin is preceded by mast cell degranula-
tion,39 a potent source of preformed tumor necrosis fac-
tor capable of inducing adhesion cascades.40,41 In the
course of consequent studies examining the kinetics of
adhesion molecule induction and expression during dis-
ease evolution, it was noted that in addition to endothelial
VCAM-1 induction, this molecule also was expressed by
a restricted population of epithelial cells destined for
eventual apoptotic injury mediated by cytotoxic effector
cells.42 The expression of VCAM-1 by squamous epithe-
lial cells in aGVHD heightens interest in this molecule as
a potential key mediator of spatial restriction and selec-
tive targeting of specific epithelial subpopulations.

Materials and Methods

Animals

Two different strain combinations were used to produce
aGVHD across mHC barriers. B10.D2/oSnJ (B10) and
C57BL/6Byn (B6) male mice (Jackson Laboratory, Bar
Harbor, ME) between the ages of 7 to 12 weeks were
used as donors, and DBA/2Ncr (DBA; NCI Animal Pro-
duction Program, Bethesda, MD) and C.B10-H2b/LiMcdJ
(Balb.B; Jackson Laboratory) male mice between the
ages of 9 to 16 weeks were used as recipients, respec-
tively. The B10 3 DBA and the B6 3 Balb.B strain
combinations have been previously shown to produce
aGVHD as a result of allostimulation of CD4� donor T
cells by host mHC.43 In addition, syngeneic transplants
involving C57BL/6Byn (B6) 3 C57BL/6Byn (B6) were
also performed as negative controls. Mice were housed
in a sterile environment in microisolator cages (Lab Prod-
ucts, Maywood, NJ) and provided with acidified water
(pH 2.5) and autoclaved food.

Transplantation Protocol

Antibodies

Anti-Thy-1.2 (J1j, ascites fluid, rat IgM)44 and anti-CD8
(3.168, rat IgM)45 monoclonal antibodies were used for
donor transplant cell preparations. Anti-B-cell antibody
(goat anti-mouse IgG) was purchased from ICN Immu-
nobiologicals, Costa Mesa, CA. Guinea pig serum was
used as a source of complement (C).

Preparation of Donor Cells

Donor cells were prepared according to previously
described protocols.43 Bone marrow cells were obtained
from the femurs and tibiae of donor mice by flushing with

buffered saline solution supplemented with 0.1% bovine
serum albumin (Hyclone, Logan, UT). To prepare anti-
Thy 1-treated (T cell-depleted) bone marrow (ATBM),
cells were incubated with J1j monoclonal antibody (dilut-
ed 1:100) and C (diluted 1:25) for 45 minutes at 37°C,
followed by four washes. T-cell-enriched donor cell pop-
ulations were prepared by treating pooled spleen and
lymph node cells with Gey’s balanced salt lysing solution,
followed by a low ionic strength buffer to remove dead
cells, and then panning on plastic Petri dishes precoated
with goat anti-mouse IgG (40 �g/ml) for 1 hour at 4°C to
remove B cells. This treatment generally resulted in a
population of 90 to 95% Thy 1� cells, as measured for
phenotyping by flow cytometry.

For preparation of purified T-cell subset populations,
as described elsewhere,43 T-cell-enriched preparations
were further treated with the appropriate monoclonal an-
tibody directed against the undesirable subset plus C. To
purify CD4� T cells, lymphocytes were treated with anti-
CD8 monoclonal antibody (3.168; diluted 1:50) plus C
(1:25) for 45 minutes at 37°C, initially, and again for 30
minutes with a wash in between. Cells were phenotyped
by flow cytometry and were routinely found to be negative
for CD8.

Bone Marrow Transplantation and aGVHD Induction

The B10 3 DBA (n � 3) and B6 3 Balb.B (n � 2)
strain combinations were used for studies of CD4� T-cell-
mediated aGVHD. Recipient mice were irradiated using a
Gammacell 137Cs source (130 cGy/min) (Atomic Energy
of Canada, Kanata, ON, Canada). Approximately 6 hours
later, these recipients were injected intravenously with
donor cells via the tail vein. The inoculum consisted of
either ATBM cells (2 � 106) alone as a negative disease
control or a mixture of ATBM (2 � 106) and donor-purified
CD4� T cells (at 2 to 5 � 106 cells, depending on the
particular strain combination). Morbidity and mortality
were monitored daily. Weights of the mice were moni-
tored twice weekly.

Tissue Harvesting

Three animals per experimental group (ATBM-negative
control group, CD4� effector group) were sacrificed on
days 4, 7, 14, and 21 after transplantation (sacrifice was
limited to two animals in the CD4� group on days 14 and
21 because of animal mortality). These time points have
been previously shown to correlate with early and peak
inductive phases of aGVHD pathology.42,43 Tissue sam-
ples from the ear, tongue, and footpad were harvested for
routine histology and frozen tissue analysis. Dorsal lin-
gual squamous mucosa, unlike murine integument, is
characterized by rete rete-like epithelial prominences
that resemble the epidermal rete ridges42,46,47 that are
early targets in human aGVHD.48 In one experiment, ear
samples were fixed with 4% paraformaldehyde for 1 hour
at 4°C, washed with 7% sucrose in phosphate-buffered
saline (PBS), embedded in OCT compound (Miles Lab-
oratories, Elkhart, IN), and then snap-frozen in liquid ni-
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trogen for subsequent examination by immunofluores-
cence.

Immunohistochemistry

Cryosections (5 �m) were fixed in acetone and stained
using a three-step avidin-biotin-horseradish peroxidase
(ABC) method (Vector Laboratories, Burlingame, CA). To
determine T cell/VCAM-1 co-localization, appreciation of
spatial localization was enhanced by the use of serial
sections, each separated by 5-�m intervals, evaluated by
different primary antibodies. Briefly, tissue sections were
incubated with primary monoclonal antibody or isotype-
matched control antibody either overnight at 4°C or for 1
hour at room temperature. After washing in PBS, a spe-
cies-specific biotinylated antibody was applied for 30
minutes at room temperature followed by ABC. Immuno-
reactivity was revealed using either 3,3� diaminobenzi-
dine (Sigma Chemical, St. Louis, MO), VIP (Vector), or
NovaRED (Vector) chromagens. Primary and isotype-
matched control antibodies were purchased from Phar-
mingen, San Diego, CA. Anti-CD4 and -CD8 rat mono-
clonal antibodies were used at concentrations of 1.25
�g/ml, hamster anti-intercellular adhesion molecule-1
(ICAM-1; CD54) was used at 2.5 �g/ml, rat anti-CD106
was used at 2.5 �g/ml, and rat anti-platelet-endothelial
adhesion molecule-1 (PECAM-1; CD31) was used at 1.25
�g/ml. Polyclonal goat anti-mouse VCAM-1 antibody (R &
D Systems, Inc., Minneapolis, MN) was used at 0.25
�g/ml for immunohistochemistry and at 0.8 �g/ml for
Western blot analysis.

Immunofluorescence

Anti-CD106 monoclonal antibody was incubated on 4%
paraformaldehyde-fixed and frozen ear tissue sections
for 1 hour at room temperature. After thorough washing,
biotinylated rabbit anti-rat antibody (1:200) was applied,
followed by avidin-conjugated Texas Red or avidin-fluo-
rescein isothiocyanate (Leinco, Ballwin, MO). Specimens
were examined using a Nikon Microphot SA fluorescent
microscope attached to an Optronics digital camera.

Immunoelectron Microscopy

Tongue and footpad cryosections were fixed with 4%
paraformaldehyde in PBS for 10 minutes followed by
three washes. Immunohistochemistry was performed as
described above for CD106, and immunoreactivity was
revealed using the chromagen, VIP.49 After washing, the
sections were refixed with 2.5% glutaraldehyde in PBS
overnight at 4°C. The sections, with and without exposure
to 1% osmium tetroxide for 15 minutes, were processed
through graded alcohols and propylene oxide; infiltrated
with epoxy resin; and embedded by an inverted Beem
capsule method using Taab Epon 812 (Marivac, Ltd.,
Nova Scotia, Canada).

Western Blot Analysis

Cell-free lysates were prepared from epithelial sheets of
either aGVHD or ATBM tongue tissue at day 10 after
transplantation using the B103 DBA strain combination.
Lysates also were prepared from normal DBA tongue
tissue and the SV-40 transformed murine endothelial cell
line 3B-11 (American Type Culture Collection, Rockville,
MD) as a source of VCAM-1-negative and -positive con-
trol lysate, respectively. Tongue tissue was cut into strips
longitudinally and incubated overnight at 4°C in 2 mg/ml
of dispase (Life Technologies, Inc., Grand Island, NY) in
Dulbecco’s modified Eagle medium/nutrient mixture F-12
(Ham) 1:1 F12 medium with 100 IU/ml of penicillin and
100 �g/ml of streptomycin (Life Technologies). After
overnight incubation, lingual epithelial sheets were
readily separated from the underlying submucosa and
floated onto lysate buffer [150 mmol/L NaCl, 10 mmol/L
Tris-HCl, pH 8.0 containing 1% Triton X-100 and protease
inhibitor cocktail (Sigma)] for 1 hour at 4°C. The epithelial
sheet remnants were removed and the supernatant cleared
by centrifugation twice at 11,000 � g. VCAM-1-positive
cell-free lysate was prepared by incubating 25 � 106 3B-11
cells in 1 ml of lysate buffer at 4°C for 1 hour. Lysates were
cleared as described above. Protein concentration of lysate
preparations was determined using the Micro BCA Protein
Assay Kit per the manufacturer’s instructions (Pierce, Rock-
ford, IL).

To verify the absence of endothelial contamination
as a possible source of VCAM-1 reactivity in epithelial
lysate preparations, dot blot analysis of aGVHD, ATBM,
and normal DBA epithelial lysates was performed us-
ing the murine panendothelial cell antibody, clone
MECA-32 (Pharmingen). All epithelial lysate prepara-
tions were negative using the MECA-32 antibody with
the 3B-11 endothelial cell lysate serving as a positive
control.

Lysate preparations diluted 1:1 in sample buffer or
molecular weight markers (Sigma) were loaded onto a
7.5% Tris-glycine-sodium dodecyl sulfate gel (Ready
Gel; Bio-Rad Laboratories, Hercules, CA) and run at 100
V constant voltage. Proteins were transferred to Immo-
bilon-P polyvinylidene difluoride membrane at 280 mA
constant current for 3 hrs and blocked with 5% milk, 10%
horse serum, and 0.1% Tween 20 in PBS (blocking
buffer) overnight at 4°C. Membranes then were incu-
bated with goat anti-murine VCAM-1 polyclonal antibody
(0.8 �g/ml) or normal goat IgG diluted in blocking buffer
for 2 hours at room temperature, followed by washing in
0.1% Tween 20 in PBS (wash buffer). Horseradish per-
oxidase-conjugated horse anti-goat antibody at 1 �g/ml
(Vector) was used as the secondary antibody for 1 hour
at room temperature. Membranes were washed several
times and left overnight in wash buffer at room tempera-
ture. Antibody reactivity was detected by chemilumines-
cence using an ECL Plus Western blotting detection kit
(Amersham Pharmacia Biotech, Piscataway, NJ) with a
7.5-minute exposure to X-OMAT film (Eastman Kodak
Co., Rochester, NY).
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Results

Mice transplanted with purified CD4� T cells in both
strain combinations developed clinical evidence of
aGVHD (weight loss, hunched posture, ruffled fur, and
diarrhea) consistent with previous studies.50–53 Histolog-
ical examination of dorsal lingual epithelium, ear skin,
and footpad from CD4� T cell-transplanted mice demon-
strated evidence of epithelial target cell injury and lym-
phocytic infiltration associated with aGVHD.51,52,54 Con-
trol animals that received only ATBM cells did not
develop clinical or histological evidence of disease at any
time during the study.

By day 4 after transplantation, submucosal lingual up-
regulation of endothelial VCAM-1 and increased vascular
and diffuse epithelial basal and suprabasal cell layer
expression of ICAM-1 were noted, as previously reported
(data not shown).55,56 By day 7, and with progressive
intensity thereafter for the duration of the experiments,
VCAM-1 expression was observed to selectively involve
domains that correlated with rete rete-like prominences
(RLPs) of the dorsal tongue (Figure 1, C and E).
VCAM-1� RLPs accounted for �10% of total RLPs at day
7, and between 25 to 50% at both days 14 and 21.

CD4� T cells preferentially infiltrated the RLPs, as pre-
viously described42,57,58 (Figure 1, D and F). Anti-CD8
antibody staining was uniformly negative. Apparent
VCAM-1 keratinocyte reactivity was also documented in
focal basal cell layer domains of involved ear skin (Figure
1, A and B) and lateral foot pad (Figure 1G). In these
regions, focal staining of follicular infundibular keratino-
cytes was also noted. Although CD4� T cell infiltration
preferentially involved VCAM-1-positive epithelial do-
mains (Figure 1, C to H, and Figure 2, C and D), occa-
sional VCAM-1-negative RLPs and epidermal basal layer
domains were also infiltrated by CD4� T cells (Figure 2, A
and B), consistent with expression of VCAM-1 exclusively
by epithelial cells and not by infiltrating T cells. Recipients
of syngeneic transplants and ATBM-treated recipients of
allogeneic transplants failed to show VCAM-1 expression
or CD4� T cell infiltration of RLPs at any of the sites or
time points examined.

The SV-40 transformed murine endothelial cell line 3B-
11, which uniformly expresses VCAM-1 constitutively,59

was used as a positive control for both immunohisto-
chemistry and Western blot analysis (Figure 2E) using a
commercially available polyclonal antibody to murine
VCAM-1. Cell-free lysate prepared from 3B-11 cells dem-
onstrated an immunoreactive band with a molecular
weight of �110 kd (Figure 2E) corresponding to that
reported for murine VCAM-1.17,33,34 A similar, less in-
tense, immunoreactive band also was detected in cell-
free lysates prepared from separated lingual epithelial
sheets of aGVHD mice at day 10 after transplantation.
Lysate preparations from mice receiving ATBM-treated
transplants and normal control mice were negative for
VCAM-1 by Western blot analysis (results not shown).

Immunoultrastructural techniques were used to local-
ize subcellular VCAM-1 expression in aGVHD. The sub-
mucosal lingual vasculature demonstrated prominent lu-
menal and focal ablumenal VCAM-1 membrane reactivity

(Figure 3A). Ultrastructural localization of VCAM-1 on
lingual squamous epithelium was restricted to cells ex-
clusively within the RLPs, which showed circumferential
expression of VCAM-1 (Figure 3B). Similarly, cell mem-
branes of keratinocytes predominantly within the basal
layer of footpad epidermis showed circumferential cell
membrane reactivity with patchy accentuation along the

Figure 1. Immunohistochemical patterns of VCAM-1 expression by epider-
mal and lingual squamous cells in murine aGVHD. A and B: Ear skin 21 days
after transplant, characteristically devoid of rete ridges, demonstrates inter-
mittent single cell (A, Texas red) and contiguous zonal (B, fluorescein
isothiocyanate) reactivity for VCAM-1 in two separate regions of murine
epidermis. Inset in A represents a 1-�m section showing a similar contiguous
patch of VCAM-1 reactivity in lateral foot skin also devoid of rete ridges. The
cells in this field were further sectioned for immunoelectron microscopy (see
Figure 3C). C and D: VCAM-1 (C) and CD4 (D) expression in lingual
squamous epithelium in adjacent sections 14 days after transplant. VCAM-1
staining is preferentially restricted to RLPs (C, arrow) that also are infiltrated
by CD4 T cells (D, arrow; v � capillary loops that characteristically separate
the epithelial ridges). Inset in C shows isolated individual VCAM-1-positive
lingual squamous cells observed as early as day 7 after transplantation. E and
F: VCAM-1 (E) and CD4 (F) expression in lingual squamous epithelium in
adjacent sections 21 days after transplant. In addition to localization of
VCAM-1 to RLPs (E, arrows) and spatially-associated CD4� T cell infiltration
of these prominences identified in adjacent sections (F, arrows), central
unstained foci consistent with cellular targeting (satellitosis) are also seen (F,
asterisks). G and H: VCAM-1 (G) and CD4 (H) expression in ventrolateral
footpad epithelium 14 days after transplant. Note site-related admixture of
rete ridges (arrows) and hair follicle (HF) infundibular epithelium, both
showing preferential expression of VCAM-1. The adjacent section shows
CD4� T cell infiltration of these VCAM-1-positive sites; the follicular epithe-
lium is replaced by hair shaft (HS) at this level. Chromagen � VIP in C–H.
Original magnifications: �400 (A, B, and inset in C); �125 (inset in A);
�250 (C–H). Note that arrows in C/D, E/F, and G/H pairs identify adjacent
regions separated by �5 �m in adjacent serial sections.
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basal lamina interface (Figure 3; C to E). Melanocytes,
Langerhans cells, epidermotropic lymphocytes, and den-
dritic cells were consistently negative for VCAM-1.

Discussion

In this study, we have shown that: 1) VCAM-1 is ex-
pressed by epidermal and follicular keratinocytes, and by
lingual squamous epithelial cells, in addition to microvas-
cular endothelial cells, in experimental aGVHD; 2)
VCAM-1 expression is restricted to epithelial cell mem-
branes at an ultrastructural level; and 3) VCAM-1 is re-
stricted to epithelial subpopulations within RLPs that are
preferentially infiltrated by effector T cells.

VCAM-1 expression has been observed previously in
the setting of human and experimental GVHD, although
not on squamous epithelium. Specifically, VCAM-1 has
been demonstrated in human aGVHD on dermal,55,60

intestinal,61,62 and salivary gland14 endothelium; dermal
perivascular dendritic cells and macrophages;56,63 and
salivary gland ductular epithelium.14 VCAM-1 immunore-
activity and mRNA has been documented, however, by
neoplastic cells in the setting of undifferentiated naso-
pharyngeal carcinoma.64 In addition to squamous epithe-
lial cells, other potential sources of VCAM-1 expression in
aGVHD could include dendritic Langerhans cells, intra-
epidermal dermal dendrocytes,65 and dissociated endo-
thelial VCAM-1 bound to its ligand on the surfaces of
epidermotropic T cells. The immunohistochemical finding
of T cell infiltration focally independent of VCAM-1 ex-
pression in serially-sectioned rete-like domains of lingual
epithelium argues against the possibility of shed VCAM-1
on T cell surfaces, and immunoelectron microscopy of
the involved epidermis and lingual epithelium confirmed
VCAM-1 expression exclusively on the plasma mem-
branes of epithelial cells.

Evidence for a pathogenic role for VCAM-1 in aGVHD
comes from murine models, in which antibodies to both
VCAM-1 and its receptor, VLA-4, have been shown to inhibit
disease.38,66 This effect could result from blockade of ad-
hesive pathways that regulate homing of effector T cells to
activated microvascular beds in target tissues. However,
inhibition of VCAM-1/VLA-4-mediated co-stimulation also
seems to be involved, because VCAM-1 blockade effec-
tively abrogates mixed lymphocyte cultures across mHC
barriers as well as aGVHD in recipients of antigenically
relevant bone marrow transplants.38 Moreover, allostimu-
lated donor T cells capable of eliciting murine aGVHD show
increased VLA-4 expression during allogeneic expansion,
and in vivo inhibition of this molecule via IL-12 treatment is
associated with amelioration of disease.67

In squamous epithelia, the functional significance of
VCAM-1 expression by discrete subpopulations could
involve effector T cell adhesion to spatially-restricted ep-
ithelial domains, or co-stimulatory pathways involving
recognition of relevant mHC determinants expressed by
specific target cells. In this regard, it is of note that the
restricted areas of VCAM-1 expression observed in this
study (eg, RLPs of lingual epithelium) have been previ-
ously observed to correlate precisely with early effector T
cell infiltration and eventual apoptotic injury.42 The spatial
association between VCAM-1 expression by epithelial
cells and T cell infiltration was further confirmed in this
study. Because VCAM-1 epithelial expression was invari-
ably coincident with T cell infiltration of lingual retia, but
not vice versa, it is inferred that VCAM-1 induction fol-
lows, not precedes, spatially-directed intraepithelial T cell
homing. Cytokines and factors potentially responsible for
epithelial VCAM-1 induction at sites of effector T cell
infiltration include tumor necrosis factor, interferon
gamma, IL-1, IL-4, IL-13, and lipopolysaccharide. Prelim-
inary in vitro experiments have failed to demonstrate
VCAM-1 induction on murine epithelium in lingual organ
cultures using recombinant tumor necrosis factor, inter-
feron gamma, IL-4, or IL-1329 (GF Murphy, unpublished
observations). Additional studies are underway to exam-
ine further the potential roles of these and other candi-
date molecules in epithelial VCAM-1 induction.

Figure 2. Correlative immunohistochemistry and Western blot analysis of
VCAM-1 in murine GVHD lingual mucosa and the SV-40-transformed 3B-11
murine endothelial cell line. T cells consistently infiltrated RLPs (A and C),
which were either VCAM-1-negative (B) or -positive (D) in corresponding
areas of adjacent sections. Note VCAM-1 reactivity in submucosal vessels (B
and D). This demonstrates that migrating T cells are not reactive for VCAM-1
and that VCAM-1 epithelial expression is coincident with T cell infiltration of
lingual retia, but not vice versa. Lysates obtained from isolated lingual
epithelial sheets from day 10 aGVHD animals (50 �g total protein) and
transformed endothelial cells (2.5 �g total protein) that constitutively express
VCAM-1, as confirmed by immunohistochemistry in cytospin preparations
(E), demonstrated similar 110-kd bands by Western blot analysis consistent
with VCAM-1 protein. Chromagen � NovaRED. Original magnifications,
�400.
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It has not escaped our notice that VCAM-1 expression in
lingual epithelium is restricted to RLPs that have been pre-
viously shown to harbor epithelial stem cells.46,47 Moreover,
VCAM-1 induction was observed to involve follicular infun-
dibular keratinocytes and focal domains within the basal
cell layer of the epidermis, both possessing potential for
overlap with stem cell compartments previously elucidated
in these regions.68,69 Sale and co-workers48,58 have pro-
vided compelling evidence for correlation of target cell in-
jury and squamous epithelial stem cell compartments in
aGVHD. Although we have established correlation between
sites of epithelial VCAM-1 expression, T cell infiltration, and
epithelial apoptosis in lingual aGVHD in this and other stud-
ies,42 we have not as yet determined whether VCAM-1
expression precisely defines label-retaining cells with stem
cell characteristics or whether it directly correlates with in-
dividual cells undergoing apoptosis. Nonetheless, it is con-

ceptually intriguing to speculate that cytotoxic targeting in
aGVHD may be focused initially at cells critical to epithelial
self-renewal. Further studies are therefore indicated to elu-
cidate the molecular basis for epithelial basal cell layer
heterogeneity and its relationship to cytotoxic targeting in
aGVHD.

In conclusion, VCAM-1 is expressed by spatially-de-
fined, discrete epithelial subpopulations that potentially
represent target cells in aGVHD. This observation may
facilitate understanding of the pathogenic underpinnings
of lesion formation and suggests that significant target
cell heterogeneity exists at a molecular level within epi-
thelial tissues. Evolving recognition of the relationship of
squamous epithelial heterogeneity to cellular targeting
should foster development of novel strategies to specifi-
cally insulate these subpopulations from cytotoxic injury
in aGVHD.

Figure 3. Immunoultrastructural localization of VCAM-1 reactivity in murine acute GVHD. A: Submucosal lingual blood vessel with prominent lumenal (arrow
and inset) and focal ablumenal (arrowheads) membrane reactivity (n � nucleus). B: Circumferential basal cell membrane expression of VCAM-1 involving
lingual squamous mucosa (basal lamina region indicated by asterisks). C: Similar circumferential staining is present in basal cells of footpad epidermis (arrows),
with patchy accentuation along the inferior membrane that interfaces with the basal lamina (arrowheads). Inset represents light microscopic view of
VCAM-1-positive cell cluster that was sampled. D and E: Higher magnifications of cell membrane VCAM-1 expression by keratinocytes. Note that desmosomes
(E, arrowheads) fail to demonstrate staining. Original magnifications: �3800 (A); �7500 (inset in A); �5700 (B); �5000 (C); �400 (inset in C); �11,000 (D);
�33,750 (E).
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