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The kinetics of gene expression associated with the
development of cutaneous graft-versus-host disease
(GVHD) were examined in a mouse model of MHC-
matched allogeneic hematopoietic stem cell trans-
plantation. Ear skin was obtained from recipient mice
with or without GVHD between 7 and 40 days after
transplantation for histopathological analysis and
gene expression profiling. Gene expression patterns
were consistent with early infiltration and activation
of CD8� T and mast cells, followed by CD4� T, natural
killer, and myeloid cells. The sequential infiltration
and activation of effector cells correlated with the
histopathological development of cutaneous GVHD
and was accompanied by up-regulated expression of
many chemokines and their receptors (CXCL-1, -2, -9,
and -10; CCL-2, -5, -6, -7, -8, -9, -11, and -19; CCR-1 and
CCR-5), adhesion molecules (ICAM-1, CD18, Ly69,
PSGL-1, VCAM-1), molecules involved in antigen pro-
cessing and presentation (TAP1 and TAP2, MHC class
I and II, CD80), regulators of apoptosis (granzyme B,
caspase 7, Bak1, Bax, and BclII) , interferon-inducible
genes (STAT1, IRF-1, IIGP, GTPI, IGTP, Ifi202A), stim-
ulators of fibroblast proliferation and matrix synthe-
sis (interleukin-1� , transforming growth factor-�1),
and markers of keratinocyte proliferation (keratins 5
and 6), and differentiation (small proline-rich pro-
teins 2E and 1B). Many acute-phase proteins were
up-regulated early in murine cutaneous GVHD includ-
ing serum amyloid A2 (SAA2), SAA3, serpins a3g and
a3n, secretory leukocyte protease inhibitor, and me-
tallothioneins 1 and 2. The kinetics of gene expres-
sion were consistent with the evolution of cutaneous
pathology as well as with current models of disease
progression during cutaneous GVHD. (Am J Pathol
2004, 164:2189–2202)

Graft-versus-host disease (GVHD) is a common serious
complication after allogeneic hematopoietic stem cell
transplantation (HSCT) and is a major cause of HSCT-
related mortality.1 Acute GVHD occurs in humans within
the first 100 days of transplantation and comprises der-
matitis, enteritis, and hepatitis with immunosuppression
and cachexia. Chronic GVHD develops after day 100 and
comprises an autoimmune-like syndrome comparable to
ulcerative colitis, primary biliary cirrhosis, Sjögren’s syn-
drome, rheumatoid arthritis, and lupus-like disease with
glomerulonephritis. The skin is a primary target in chronic
GVHD and exhibits either a lichenoid eruption or sclero-
derma. Experimental murine GVHD elicited by minor his-
tocompatibility antigenic differences in H2-identical
transplants has proven to be an informative model for
evaluating the pathogenesis of human disease.2,3 The
pathophysiology of GVHD consists of a cascade of hu-
moral and cellular interactions between donor and host
cells and involves spatial and temporal expression pat-
terns of a variety of genes involved in inflammation, anti-
gen presentation, effector cell recruitment and activation,
apoptosis, and tissue repair. Most analyses of this com-
plex process have focused on a limited number of cell
types or molecules. We hypothesized that the kinetic
analysis of global gene expression profiles using mi-
croarray gene expression technology could provide valu-
able information about the mechanisms involved in the
development of cutaneous GVHD. Therefore, we exam-
ined the clinical and histopathological development of
cutaneous GVHD in a clinically relevant mouse model of
MHC-matched allogeneic HSCT and analyzed whole skin
samples using microarray gene expression technology.

Supported by the National Health and Medical Research Council (Aus-
tralia) Industry (research fellowship grant 143125 to P.B.S.), the National
Institutes of Health (grants HL69929 and HL72412 to M.R.M.v.d.B. and
CA40358 to G.F.M.), and the Leukemia and Lymphoma Society (transla-
tional research grant to M.R.M.v.d.B.).

M.R.M.v.d.B. is the recipient of a Damon Runyan Scholar Award of the
Cancer Research Fund and a research award from the V scholar program
of the V Foundation.

Accepted for publication February 19, 2004.

Supplemental data for this article appears at http://www.amjpathol.org.

Address reprint requests to Marcel R. M. van den Brink, M.D., Ph.D.,
Memorial Sloan-Kettering Cancer Center, Mailbox 111, 1275 York Ave.,
New York, NY 10021. E-mail address: m-van-den-brink@ski.mskcc.org.

American Journal of Pathology, Vol. 164, No. 6, June 2004

Copyright © American Society for Investigative Pathology

2189



Materials and Methods

Mice and HSCT

Protocols were approved by the Memorial Sloan Ketter-
ing Cancer Center Animal Care and Use Committee.
Female donor B10.BR/SgSnJ and recipient CBA/J mice
(both H2k haplotype) (Jackson Laboratory, Bar Harbor,
ME) were between 8 to 12 weeks of age.2,3 Donor bone
marrow (BM) was removed aseptically from femurs and
tibias and depleted of T cells with anti-Thy-1.2 antibody
(30H.12) and low-TOX-M rabbit complement (Cedar
Lane Laboratories, Hornby, Ontario, Canada). Donor
splenic T cells were obtained by purification over nylon
wool. T cell-depleted BM cells (5 � 106) with (GVHD) or
without (control) 1 � 106 splenic T cells were trans-
planted by tail vein infusion into lethally irradiated (1300
cGy in two doses; 137Cs source) recipient mice. Mice
were sacrificed on days 7, 14, 21, or 40 after HSCT.
Survival was monitored daily and ear-punched mice were
individually scored weekly for five clinical parameters
(weight loss, hunched posture, activity level, fur ruffling,
and skin lesions) on a scale from 0 to 2. A clinical GVHD
score was generated by the summation of the five criteria
scores as described previously and mice scoring 5 or
greater were sacrificed.4 Unpunched ears were har-
vested and sectioned longitudinally for gene expression
profiling and histopathological assessment. Four of 20
GVHD mice (days 7, 8, 19, and 20 after HSCT) and 1 of
16 control mice (day 40 after HSCT) died and were
excluded from further investigation. Hence, data were
obtained from four GVHD and four control mice on days
7, 14, and 21 after HSCT and four GVHD and three
control mice on day 40 after HSCT.

Gene Expression

Total RNA was isolated from the ears (RNeasy; Qiagen,
Valencia, CA). Double-stranded cDNA was synthesized
from 10 �g of total RNA (Superscript Choice; Invitrogen,
Carlsbad, CA) and isolated by phase-lock gel centrifu-
gation (Eppendorf, Hamburg, Germany). Biotin-labeled
cRNA was synthesized (Enzo BioArray; Affymetrix, Santa
Clara, CA), cleaned (RNeasy, Qiagen), and fragmented.
Hybridization cocktail was prepared (GeneChip Eukary-
otic Hybridization Control, Affymetrix) and incubated with
the U74Av2 probe array (Affymetrix) for 16 hours at 45°C
and 60 rpm. Arrays were stained and scanned and the
overall fluorescence intensity adjusted to a target inten-
sity value (TIV) of 150. Fluorescence images were ana-
lyzed (Affymetrix) to generate an expression signal for
each probe set.

Quality Control and Analysis

RNA quality was assessed by 260 nm:280 nm absorption
(Spectramax Plus 384; Molecular Devices, Sunnyvale,
CA) at five points, and by electrophoresis (RNA 6000
LabChip; Agilent Technologies, Palo Alto, CA) at three
points throughout the assay. Hybridization quality was

assessed visually and electronically using standard Af-
fymetrix measures. Scaling factors for the TIV adjustment
were comparable between all hybridizations. The 3�:5�
signal ratios for housekeeping genes (�-actin, GAPDH)
were calculated for all hybridizations. Hybridizations with
ratios greater than 5, indicating excessive RNA degrada-
tion, were excluded from further analysis. Within a com-
plex RNA background, the reliable lower limit of transcript
detection is 1 pmol/L.5 In the present study, biotin-la-
beled Escherichia coli BioB cRNA (1.5 pmol/L) was spiked
into every sample immediately before hybridization.
Genes with a mean expression value below the limit of
detection (defined as 2/3 mean BioB signal) in both
GVHD and control groups were excluded from further
analysis. Differences in gene expression between GVHD
and control groups were analyzed by Wilcoxon rank sum
test, with only maximum rank sum differences considered
significant.

Enzyme-Linked Immunosorbent Assay (ELISA)

In parallel experiments, GVHD and control ears were
harvested and homogenized in 4� phosphate-buffered
saline-Tween buffer using a PowerGen 125 laboratory
homogenizer (Fisher Scientific, Pittsburgh, PA). The ho-
mogenate was centrifuged at 14,000 rpm for 10 minutes
and the supernatant stored at �80°C. The concentration
of RANTES protein in the homogenate was determined by
ELISA (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions.

Histopathological Evaluation

Ear skin was semiquantitatively graded according to
the following criteria based on our experience with
sequential pathological alterations that occur in this mu-
rine model:3,6 grade 0: no infiltrate or injury (normal skin);
grade 1: no infiltrate, mast cell degranulation, or superfi-
cial dermal lymphoid infiltrate, no significant epidermal
changes or exocytosis; grade 2: lymphoid exocytosis into
epidermis, focal to diffuse epidermal hyperplasia, apo-
ptosis �1/10 basal cells; grade 3: lymphoid exocytosis,
diffuse epidermal hyperplasia, apoptosis 1 to 2/10 basal
cells; grade 4: lymphoid exocytosis, diffuse epidermal
hyperplasia, apoptosis �2/10 basal cells.

Results

Clinical and Histological GVHD

We used a well-described MHC-matched murine alloge-
neic HSCT model with a disparity in minor histocompat-
ibility antigens (mHAgs): B10.BR 3 CBA/J.2 In this
model, the addition of donor T cells to the T cell-depleted
BM graft (TCD-BM) causes GVHD in recipient mice,
whereas mice that receive only TCD-BM do not develop
GVHD. We chose this model because of its clinical rele-
vance and resemblance to GVHD in patients receiving an
allogeneic HSCT from a MHC-matched unrelated donor.
We added a T-cell dose to the TCD-BM graft that would
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result in significant GVHD morbidity without early mortal-
ity. We monitored all recipients weekly for clinical signs of
GVHD and detected significantly higher clinical GVHD
scores in the recipients of TCD-BM � T cells compared
with recipients of TCD-BM only (Figure 1A). Only two
GVHD mice (days 21 and 40 after HSCT) showed clinical
ear involvement (erythema). The clinical signs of GVHD
correlated with histological changes that are associated
with the development of murine cutaneous GVHD (Figure
1, B and C). On day 7 after HSCT, the skin appeared
relatively normal with the only pathological changes con-
sisting of rare dermal vessels cuffed by occasional lym-
phocytes and dermal mast cells containing clear cyto-
plasmic vacuoles indicating degranulation. By day 14,
lymphocytes were diffusely present within the dermis and
focally within the epidermal layer in association with early

keratinocyte apoptosis. On day 14 and thereafter, the
epidermal thickness exceeded twice that observed on
day 7 and the superficial epidermis exhibited marked
hypergranulosis. By days 21 and 40 after HSCT, there
were multiple foci of epidermal apoptosis and the entire
dermal thickness was more than twice that observed on
days 7 and 14.

Gene Expression Overview and Quality

On days 7, 14, 21, and 40 after HSCT, we isolated RNA
for DNA microarray analysis from the ear skin of four
GVHD mice and four control mice (except day 40 control
group: three mice). Unsupervised hierarchical clustering
(by correlation) was used to assess grouping of the bio-

Figure 1. Lethally irradiated recipients of allogeneic TCD-BM with T cells develop systemic and cutaneous GVHD by clinical and histopathological criteria.
Lethally irradiated (1300 cGy) CBA/J recipients received TCD-BM cells (5 � 106) with (GVHD) or without (control) 1 � 106 splenic T cells. A: Clinical GVHD
was determined weekly using a semiquantitative scoring system as described in Materials and Methods. B: Four mice per group were sacrificed on days 7, 14,
and 21 after HSCT and four GVHD and three control mice on day 40 after HSCT. Ears were harvested for semiquantitative histopathological analysis of cutaneous
GVHD. C: Histopathological analysis of ear skin from animals with GVHD on days 7, 14, 21, and 40 after transplantation revealed a pattern of sequential alterations
that correlated with allostimulation, homing, and targeting stages of disease progression. On day 7 after HSCT (late allostimulation/early homing stage), the skin
appeared relatively normal, with the only pathological changes consisting of rare dermal vessels [top (inset, arrowhead)] cuffed by occasional lymphocytes and
dermal mast cells containing clear cytoplasmic vacuoles indicating degranulation [bottom, arrow; compare with fully-granulated mast cell (inset, arrow) from
control animal]. By day 14 (homing/early targeting stage), lymphocytes were diffusely present within the dermis and focally within the epidermal layer in
association with early apoptosis (top, arrow, and at higher magnification at bottom). On day 14 and thereafter, the epidermal thickness was twice that observed
on day 7 and the superficial epidermis exhibited marked hypergranulosis (bottom, arrow). By days 21 and 40 (targeting stage), there were multiple foci of
epidermal apoptosis (day 21: top, arrows; day 40: top panel to left of field; higher magnifications depicted in respective bottom panels). Note also that at the
day 21 and 40 time points, the entire dermal thickness (top) was more than twice that observed on days 7 and 14 after HSCT.
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logical replicates. This approach grouped the GVHD rep-
licate mice and the control replicate mice on days 7, 14,
and 40 after HSCT, indicating a clear difference in the
overall cutaneous gene expression profile between
GVHD and control mice. Of 141 genes up-regulated in
GVHD in a pilot study (42 days after HSCT; GVHD � 4,
control � 3), 106 (75%) were also up-regulated in the
kinetic study (40 days after HSCT; GVHD � 4, control �
3), indicating considerable reproducibility of the model
and methods. The number of differentially expressed
genes (GVHD versus control) was at least 3.94 times the
number anticipated by chance alone. In groups pre-
dicted to have identical gene expression profiles [control
mice 42 days after HSCT (n � 3) and control mice 40
days after HSCT (n � 3)], the number of differentially
expressed genes (n � 351) was essentially the same as
the number anticipated by chance alone (n � 361),
thereby validating the statistical approach. Of 12,488
genes on the array, 314, 630, 350, and 484 were up-
regulated and 312, 793, 293, and 449 were down-
regulated in the GVHD group on days 7, 14, 21, and 40
after HSCT, respectively. Complete gene expression
data are available in a searchable database at http://
www.amjpathol.org. The most up-regulated genes in
murine cutaneous GVHD are presented in Table 1 and the
most down-regulated genes are presented in Table 2.

Effector Cell Markers

Gene expression data for effector cell markers are pre-
sented in Figure 2. Mast cell protease 7 stimulates eosin-
ophil accumulation in vivo7 and was up-regulated on days
7 and 14 after HSCT, with expression levels approaching
control by day 40 after HSCT. Expression of both CD8-�
and CD8-� was up-regulated modestly in murine cutane-
ous GVHD, although the mean signal for both transcripts
did not exceed the limit of detection. In contrast, CTLA-2�
(expressed on activated cytotoxic T cells and mast
cells8) was up-regulated significantly on day 7 after
HSCT, with expression levels declining steadily through-
out the course of the study. The expression of CD3 ep-
silon and CD4, which are important for T-cell receptor
signaling and T-cell co-stimulation, respectively, was in-
creased throughout the development of cutaneous
GVHD and peaked on day 14 after HSCT, whereas CD8
expression peaked early on day 7 (Table 1). Macrosialin
(CD68), a sialomucin transmembrane glycoprotein found
in tissue macrophages and to a lesser extent in dendritic
cells,9 was up-regulated significantly on day 14 after
HSCT and thereafter. The expression of the glycoprotein
receptor 49A, which is present on the cell surface of
subsets of natural killer (NK) and NK-T cells,10,11 peaked
on day 14 after HSCT and remained above control levels
for the remainder of the study.

Chemokines and Their Receptors

Gene expression data for chemokines and their recep-
tors are presented in Figure 3. Many chemokines were
highly up-regulated in murine cutaneous GVHD on day 7

after HSCT including CXCL-1, CXCL-9 (MIG), CXCL-10
(IP-10), CCL-2 (MCP-1), CCL-6, CCL-7 (MCP-3), CCL-8
(MCP-2), CCL-9 (MIP-1�), CCL-11 (eotaxin, Scya11), and
CCL-19. Of these, CXCL-1, CCL-2 (MCP-1), CCL-7
(MCP-3), CCL-11 (eotaxin, Scya11), and CCL-19 expres-
sion levels decreased throughout the course of the study.
Expression of the mast cell-specific CCR1 chemokine
receptor peaked on day 14 after HSCT, coincident with
peak expression of mast cell protease 7 (Figure 2). Ex-
pression levels of CCL-5 (RANTES), which is primarily
produced by activated T cells, and CCR5 (one of three
RANTES receptors) were up-regulated on day 14 after
HSCT, coincident with peak expression of T-cell markers
CD3-� and CD4 (Figure 2). The kinetics of CCL-5 gene
expression correlated with that of CCL-5 protein expres-
sion as determined by ELISA of homogenized ear skin
samples (Figure 4). S100A8 (MRP8) expression was up-
regulated in murine cutaneous GVHD from day 7 on-
wards. Peak expression of the complement C3 chemoat-
tractant on day 7 after HSCT was followed on day 14 by
peak expression of the C3aR1 complement receptor.

Adhesion Molecules and Their Ligands

Gene expression data for adhesion molecules and their
ligands are presented in Figure 5. Expression of the �M

(CD11b), �2 (CD18), �7, �X (CD11c) integrins, PSGL-1
(CD162), Ly9, and ninjurin 1 were all up-regulated during
the development of cutaneous GVHD from day 14 after
HSCT. Expression of ICAM-1 (CD54), CD2, and the an-
cillary transforming growth factor (TGF)-� receptor en-
doglin (CD105) was up-regulated on day 7 after HSCT
with expression decreasing throughout the course of the
study. VCAM-1 (CD106) expression was up-regulated
throughout the study.

Antigen Processing and Presentation

Gene expression data for antigen-processing and pre-
sentation molecules are presented in Figure 6. MHC
class I expression was up-regulated significantly on day
7 after HSCT but declined steadily throughout the course
of the study. Conversely, MHC class II expression was
up-regulated significantly on day 14 after HSCT and there-
after. The expression of the co-stimulatory receptor CD80
(B7-1),12 which is found on antigen-presenting cells such as
dendritic cells, monocytes/macrophages, and B cells, was
up-regulated throughout the study. Various proteasome
(Psm) subunits were up-regulated throughout the study, as
were transporters associated with antigen processing 1 and
2 (TAP1 and TAP2). The proteasome generates peptides
that are translocated by TAP1 and TAP2 to the endoplasmic
reticulum, where they associate with MHC class I molecules
for export to the cell surface.

Regulators of Apoptosis

The presence of apoptotic keratinocytes is a prominent
feature of acute cutaneous GVHD as we have described
previously.13,14 Gene expression data for apoptosis reg-
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Table 1. Up-Regulated Gene Expression in Murine Cutaneous GVHD

Day 7 after HSCT -Fold Day 14 after HSCT -Fold Day 21 after HSCT -Fold Day 40 after HSCT -Fold

Serum amyloid A
3

199.4 CCL5 (RANTES) 181.5 Serum amyloid A 3 27.2 CCL5 (RANTES) 183

CxCL9 (MIG) 79.7 Serum amyloid A 3 61.8 CCL5 (RANTES) 13.5 Serum amyloid A 3 84.5
CxCL10 (IP-10) 32.6 Small proline-rich

protein 2C
27 TCR � chain 11.6 GenBank

AA689670
32.4

CCL5 (RANTES) 29.8 Granzyme B 17.6 Macrophage C-type
lectin

9.1 Eosinophil
chemotactic
cytokine ECF-L

31.2

Ubiquitin D 22 Zeta-chain (TCR)
associated
protein kinase
zap-70

17.3 TCR zeta-chain
associated
protein kinase
zap-70

7.3 Interleukin-1 beta 24.3

TCR-� chain 20.2 Migration inhibitory
factor-related
protein 8 (MRP8)

16.5 CSF/IL3 cytokine
receptor common
beta chain

6.9 CxCL9 (MIG) 21.9

Interferon-
activated gene
205

20.1 GenBank
AA689670

14.6 Immune-responsive
protein 1

5 Small proline-rich
protein 2E

21.6

Lipocalin 2 18.7 GenBank
AA958903

14.5 GenBank
AA958903

5 Migration inhibitory
factor-related
protein 8

21.5

Interferon-induced
protein with
tetratricopeptide
repeats 1

15 Migration inhibitory
factor-related
protein 8 (MRP8)

12.5 CCL9 (MIP-1
gamma)

4.9 Protease, serine, 18 20.7

CD2 14.9 Interleukin-1 beta 12.1 Eosinophil
chemotactic
cytokine ECF-L

4.7 Keratin 16 20

GenBank
AA689670

12 Lipocalin 2 12.1 Major urinary
protein 2

4.5 Repetin 18.9

GenBank
AA958903

11.8 MMP-12 11.3 MMP-12 4.3 Migration inhibitory
factor-related
protein 14

17.2

Interferon-induced
GTP binding
protein Mx1

11.8 CSF/IL3 cytokine
receptor common
beta chain

10.3 Granzyme B 4.1 Small proline-rich
protein 1B

15.3

CCL17 (TARC) 11.1 Eosinophil
chemotactic
cytokine ECF-L

10 Lysozyme c, type p 3.7 Keratin 5 14

Guanylate
nucleotide-
binding protein
2

10.6 Keratin 16 9.3 Platelet-activating
factor
acetylhydrolase

3.7 Guanylate
nucleotide
binding protein 2

13.2

Migration inhibitor
factor-related
protein 8
(MRP8)

10.6 Keratin 5 9 Lymphotoxin-beta 3.6 Immune-responsive
protein 1

13

GenBank
AV152244

10.3 Small proline-rich
protein 1B

8.5 Neutrophil cytosol
factor 1

3.6 CSF/IL3 cytokine
receptor common
beta chain

12.9

Bcl-3 9.8 Macrophage C-type
lectin

8.5 Lymphocyte-
specific protein
tyrosine kinase

3.6 Elafin-like protein II 12.7

Ubiquitin-specific
protease 18

9.6 CxCL9 (MIG) 8.5 CD64 (IgG high-
affinity Fc
receptor)

3.5 CxCL10 (IP-10) 11.6

CCL2 (MCP-1) 9.5 Immune-responsive
protein 1

8.3 Lymphocyte
antigen 9 (Ly-9)

3.4 Macrophage C-type
lectin

10.9

Keratin 16 9.3 CD18 (integrin �2) 8.2 MMP-12 3.4 Keratin 6 10.5
Interferon-gamma-

inducible
protein, 47 kd

9.1 CD3 epsilon 8.1 Cytochrome b-245,
beta polypeptide

3.3 CxCL2 (MIP-2) 10.1

Onzin 8.8 Platelet-activating
factor
acetylhydrolase

8.1 Lymphocyte
cytosolic protein
2

3.3 GCSFR 9.9

CD8 � opposite
strand

8.8 G-CSFR 7.5 Interferon-activated
gene 205

3.3 T-cell-specific
GTPase

9.5

Protein tyrosine
phosphatase
70z-pep

8.7 MMP-12 7.5 Complement C1q B 3.3 Immunoglobulin
kappa chain
variable 28

9.3

Fold changes were calculated by dividing the mean signal in the GVHD group by the mean signal in the control group. Shown are 25 genes with
the most up-regulated expression in GVHD on each day (7, 14, 21, or 40) after HSCT. Genes not characterized functionally are identified by GenBank
numbers. Because Affymetrix microarrays occasionally use two separate probe sets to assess gene expression level, some genes are listed twice on a
single day after HSCT.
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Table 2. Down-Regulated Gene Expression in Murine Cutaneous GVHD

Day 7 after HSCT -Fold Day 14 after HSCT -Fold Day 21 after HSCT -Fold Day 40 after HSCT -Fold

Long chain fatty acyl
elongase

5.3 Carboxylesterase 3 25.4 Long chain fatty acyl
elongase

3.7 Carboxylesterase 3 8.5

Tyrosinase-related
protein 1

5.2 Carboxylesterase 3 9.3 Monoglyceride lipase 3.2 Carboxylesterase 3 6.8

Alpha-1 type I
procollagen

4.6 Carbonic anhydrase 3 5.1 Cell death-inducing
DNA fragmentation
factor, alpha
subunit-like effector
A

3.2 Long chain fatty acyl
elongase

5.1

Long chain fatty acyl
elongase

4.5 GenBank AW122078 5.0 Alpha-1 type VIII
procollagen

2.5 Slow myosin heavy
chain-beta

4.4

Alpha-1 type III
procollagen

4.5 Myosin heavy chain 2B 5.0 Eosinophil-associated
ribonuclease 3

2.5 GenBank AW124134 4.2

Alpha-1 type I
procollagen

4.4 ATPase, Ca��
transporting, cardiac
muscle, fast twitch 1

4.8 Chondroadherin 2.5 Long chain fatty acyl
elongase

3.9

Type III collagen 4.0 Insulin-like growth factor
binding protein 6

4.8 Serine (or cysteine)
proteinase inhibitor,
clade F), member 1

2.5 Cell death-inducing
DNA fragmentation
factor, alpha subunit-
like effector A

3.9

Dopachrome
tautomerase

3.9 Plexin B2 4.8 Insulin-like growth
factor binding
protein 6

2.5 GenBank AI842353 3.9

Secreted frizzled-
related sequence
protein 2

3.7 Retinol-binding protein 4.4 GenBank AI842353 2.4 GenBank AI834895 3.7

Hemoglobin, beta
adult major chain

3.6 Dermatopontin 4.1 Long chain fatty acyl
elongase

2.4 Insulin-like growth
factor-binding protein
3

3.6

D site albumin
promoter binding
protein

3.5 GenBank AI645694 4.1 Osteoglycin 2.3 Myosin alkali light chain
(exon 1)

3.6

Alpha-2 type I
procollagen

3.5 Phosphoglycerate
mutase 2

4.0 Fibromodulin 2.3 Cysteine-rich protein 3 3.3

Neuronal protein 3.1 3.5 Troponin T3, skeletal,
fast

3.9 Sterol-C4-methyl
oxidase-like

2.2 Monoglyceride lipase 3.2

Hemoglobin, beta
adult minor chain

3.3 Neuronal guanine
nucleotide exchange
factor

3.9 GenBank AA690483 2.2 Dermatopontin 3.2

Silver 3.1 Muscle glycogen
phosphorylase

3.8 Glutathione S-
transferase, mu 5

2.2 Carbonic anhydrase 3 3.2

Hemoglobin alpha,
adult chain 1

3.1 Creatine kinase,
mitochondrial 2

3.8 Aminolevulinate,
delta-, dehydratase

2.1 Four and a half LIM
domains 1

3.1

Immunoglobulin
kappa light chain
variable region

2.9 Thyroid hormone-
responsive SPOT14
homolog

3.8 Ephrin B2 2.1 Mesoderm posterior 2 3.1

GenBank AI853444 2.9 Troponin C, fast
skeletal

3.8 Cytochrome P450,
2b19

2.1 Myosin light chain,
phosphorylatable,
cardiac ventricles

3.0

Stearoyl-CoA
desaturase

2.9 Long chain fatty acyl
elongase

3.7 GenBank AA873956 2.1 Serine (or cysteine)
proteinase inhibitor,
clade F), member 1

3.0

Cell death-inducing
DNA fragmentation
factor, alpha
subunit-like
effector A

2.9 Carboxypeptidase X 2
(M14 family)

3.7 S100 calcium-binding
protein A3

2.1 Troponin T1, skeletal,
slow

3.0

Metallothionein 4 2.9 GenBank AI019679 3.5 Carboxypeptidase X 2
(M14 family)

2.0 GenBank AI842065 3.0

Glutathione S-
transferase, alpha
2 (Yc2)

2.8 Phosphofructokinase,
muscle

3.4 Myocilin 2.0 Troponin T3, skeletal,
fast

2.9

Osteoblast specific
factor 2 (fasciclin
I-like)

2.7 Fatty acid synthase 3.4 Cytokine receptor-like
factor 1

2.0 GenBank AI413993 2.9

Monoglyceride lipase 2.7 Long chain fatty acyl
elongase

3.4 GenBank AW125453 2.0 Similar to orphan
nuclear receptor
NR1D1 (V-erbA
related protein EAR-1)
(Rev-erbA-alpha)

2.8

Alpha-1 type V
procollagen

2.7 GenBank AI847230 3.3 GenBank AV321418 2.0 Sciellin 2.7

Fold changes were calculated by dividing the mean signal in the control group by the mean signal in the GVHD group. Shown are 25 genes with
the most down-regulated expression in GVHD on each day (7, 14, 21, or 40) after HSCT. Genes not characterized functionally are identified by
GenBank numbers. Because Affymetrix microarrays occasionally use two separate probe sets to assess gene expression level, some genes are listed
twice on a single day after HSCT.
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ulators are presented in Figure 7. Granzyme B expres-
sion in murine cutaneous GVHD peaked on day 14 after
HSCT and returned toward control levels thereafter.
Granzyme B is a serine protease used by CTLs and NK
cells to induce apoptosis in target cells, which has a
significant role in GVHD mediated by CD8� T cells.15 The
expression of lymphotoxin B and caspases 1 and 11 was
up-regulated throughout the study. Lymphotoxin B is pri-
marily involved in the organogenesis of lymphoid tis-

sues.16 Caspase 1 (interleukin-1�-converting enzyme) is
essential for the induction of interleukin (IL)-1�, IL-1�,
and IL-18 by lipopolysaccharide.17 Caspase 11 is related
to caspase 1 and is also activated during inflammation.17

The expression of caspases 7 and 14 was up-regulated
in the latter half of the study. Caspase 7 is a downstream
effector caspase.17 Caspase 14 is expressed in the epi-
dermis, choroid plexus, retinal pigment epithelium, and
thymic Hassall’s bodies, although its function is un-
known.18 Proapoptotic members of the BclII family [Bak1,

Figure 2. Kinetics of effector cell gene expression in murine cutaneous
GVHD. Mice were transplanted as described in Figure 1. On days 7, 14, 21,
and 40 after transplantation, four mice per group were sacrificed (except day
40 control group: three mice) and RNA was obtained from ear skin. Data
shown are mean gene expression signals (�SE) in GVHD (open squares)
and control (closed squares) groups. The dotted line represents the mean
gene expression signal in untreated CBA/J mice (n � 4).

Figure 3. Kinetics of gene expression for chemokines and their receptors in
murine cutaneous GVHD. Mice were transplanted as described in Figure 1.
On days 7, 14, 21, and 40 after transplantation, four mice per group were
sacrificed (except day 40 control group: three mice) and RNA was obtained
from ear skin. Data shown are mean gene expression signals (�SE) in GVHD
(open squares) and control (closed squares) groups. The dotted line
represents the mean gene expression signal in untreated CBA/J mice (n � 4).

Figure 4. Kinetics of CCL-5 (RANTES) protein concentration in murine cu-
taneous GVHD. Mice were transplanted as described in Figure 1. On days 7,
14, 28, and 56 after transplantation, three mice per group were sacrificed and
ear skin was harvested and homogenized. Data shown are CCL-5 concen-
trations (pg CCL-5/�g total protein) in ear skin homogenates as determined
by ELISA from individual GVHD (filled circle) and control (open circle)
mice.

Figure 5. Kinetics of gene expression for adhesion molecules and their
ligands in murine cutaneous GVHD. Mice were transplanted as described in
Figure 1. On days 7, 14, 21, and 40 after transplantation, four mice per group
were sacrificed (except day 40 control group: three mice) and RNA was
obtained from ear skin. Data shown are mean gene expression signals (�SE)
in GVHD (open squares) and control (closed squares) groups. The dot-
ted line represents the mean gene expression signal in untreated CBA/J mice
(n � 4).
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Bcl2l11 (Bim), Bax]19 were up-regulated from day 14
onwards. Expression of BclII and BclIII, which inhibit B-
and T-cell apoptosis,20,21 was up-regulated throughout
the study.

Inducible by Interferon (IFN)-�

Although IFN-� expression was not up-regulated, the
IFN-� receptor and many genes associated with IFN-�
stimulation were up-regulated significantly in the early
phase (days 7 and 14) of murine cutaneous GVHD (Fig-
ure 8). The expression of signal transducer and activator
of transcription-1 (STAT1), which translocates to the nu-
cleus after phosphorylation of the IFN-� receptor and
stimulates the expression of various transcription factors
including interferon regulatory factors (IRF) and IFN con-
sensus sequence binding protein (ICSBP), remained el-
evated on days 7, 14, and 21.22 Other up-regulated
genes include IFN-inducible GTPases (IIGP, GTPI, IGTP),
IFN-activated genes (Ifi202A, Ifi205, Ifi204, Ifi47, Ifi1,
Ifi30), and IFN-induced proteins with tetratricopeptide
repeats (Ifit1, Ifit3).22,23

Keratinocyte Proliferation and Differentiation,
Dermal Fibrosis, and Acute-Phase Proteins

Gene expression data relevant to keratinocyte prolifera-
tion and differentiation, dermal fibrosis, and acute-phase
proteins are presented in Figure 9 and Table 1. Keratin 5
(present in basal keratinocytes in the epidermis24) and

Figure 6. Kinetics of gene expression for molecules involved in antigen
processing and presentation in murine cutaneous GVHD. Mice were trans-
planted as described in Figure 1. On days 7, 14, 21, and 40 after transplan-
tation, four mice per group were sacrificed (except day 40 control group:
three mice) and RNA was obtained from ear skin. Data shown are mean gene
expression signals (�SE) in GVHD (open squares) and control (closed
squares) groups. The dotted line represents the mean gene expression
signal in untreated CBA/J mice (n � 4).

Figure 7. Kinetics of gene expression for molecules involved in the regula-
tion of apoptosis in murine cutaneous GVHD. Mice were transplanted as
described in Figure 1. On days 7, 14, 21, and 40 after transplantation, four
mice per group were sacrificed (except day 40 control group: three mice)
and RNA was obtained from ear skin. Data shown are mean gene expression
signals (�SE) in GVHD (open squares) and control (closed squares)
groups. The dotted line represents the mean gene expression signal in
untreated CBA/J mice (n � 4).

Figure 8. Kinetics of gene expression for molecules inducible by IFN-� in
murine cutaneous GVHD. Mice were transplanted as described in Figure 1.
On days 7, 14, 21, and 40 after transplantation, four mice per group were
sacrificed (except day 40 control group: three mice) and RNA was obtained
from ear skin. Data shown are mean gene expression signals (�SE) in GVHD
(open squares) and control (closed squares) groups. The dotted line
represents the mean gene expression signal in untreated CBA/J mice (n � 4).
The apparent up-regulation of IFN-� expression was not statistically signifi-
cant because mean expression in both GVHD and control groups was below
the limit of detection.
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keratin 6 (expressed during wound healing in skin ap-
pendages24,25) were up-regulated in murine cutaneous
GVHD from day 14 after HSCT onwards. The expression
of small proline-rich proteins 1B and 2E, which can func-
tion as cross-bridges in the cornified cell envelope of
stratified squamous epithelia,26 followed a similar pat-
tern. Expression of IL-1� (an inflammatory cytokine with
many other effects27) and TGF-�1, which has anti-inflam-
matory and profibrotic effects,28 was also increased from
day 14 onwards. RAE-3 expression (a potential ligand for
the activating NK receptor NKG2D29) increased during
the development of cutaneous GVHD. One of the most
up-regulated genes at all time points was the acute-
phase protein serum amyloid A3 (SAA3). Other up-regu-
lated acute-phase proteins include SAA2, serpins a3g
and a3n, secretory leukocyte protease inhibitor (SLPI),
metallothioneins 1 and 2, and IL-1 receptor antagonist
(IL-1Ra).

Discussion

We used microarray gene expression analysis (see
http://www.amjpathol.org. for complete data on 12,488
genes) of whole tissues to associate the kinetics of gene
expression with the development of murine cutaneous
GVHD. At the transcriptional level, these data shed light
on the development and composition of the mononuclear
infiltrate, the triggers of keratinocyte apoptosis, and the
mechanisms underlying epithelial hyperplasia and der-
mal fibrosis in murine cutaneous GVHD.

Few studies have used cDNA microarray technology to
analyze kinetic profiles of gene expression in whole tis-
sues. The pattern of chemokines with increased expres-
sion in the current study primarily overlaps that described
by Mitsui and colleagues30 during contact hypersensitiv-
ity in mice and includes CCL-2, CCL-7, CCL-9, CCL-19,
CXCL-1, CXCL-9, and CXCL-10. Mitsui and colleagues30

observed up-regulated expression of these chemokines
within hours of ear challenge with 2,4,6-trinitrochloroben-
zene. Consistent with these findings, the same chemo-
kines were up-regulated at the earliest time point (day 7)
in the current murine cutaneous GVHD study. Mitsui and
colleagues30 also observed up-regulated IFN-� expres-
sion within hours of ear challenge. In contrast, cutaneous
IFN-� expression was not up-regulated at any of the
observed time points in the current study. These data are
consistent with the hypothesis that IFN-� production oc-
curs at sites of antigenic challenge—the skin in contact
hypersensitivity and possibly the secondary lymphoid
organs in GVHD, as discussed below. Ichiba and col-
leagues31 examined gene expression during the devel-
opment of murine hepatic GVHD in the B6 3 irradiated
B6D2F1 transplantation model. As shown in the liver, we
found evidence in murine cutaneous GVHD for early ex-
pression of a variety of chemokines (CXCL-1, CXCL-9,
CXCL-10, CCL-2, CCL-5, CCL-7), adhesion molecules
(ICAM-1, VCAM-1, CD18), antigen processing and pre-
sentation molecules (LMP2, TAP1, TAP2, MHC class II),
IFN-inducible genes (STAT1, IRF-1, IRF-7, ICSBP, IIGP,
GTPI, Ifi202A, Ifi204, Ifit1, Ifit3), and acute-phase proteins
(SAA3, serpin a3g, SLPI, metallothioneins 1 and 2, IL-
1Ra). Similar to the findings in hepatic GVHD,31 cutane-
ous expression of IFN-� was not up-regulated in the
current investigation, suggesting local release of pre-
formed IFN-� or endocrine IFN-� activity in murine cuta-
neous GVHD. The data from Ichiba and colleagues31 and
the current study support the hypothesis that IFN-� is
produced outside of the target organs in murine GVHD
and functions in an endocrine manner to up-regulate
IFN-inducible gene expression in the liver and skin. As
shown by Ichiba and colleagues31 and Baker and col-
leagues,32 the spleen may be the origin of IFN-� in these
models.

Several studies have demonstrated increased secre-
tion of IFN-� in the first phase of the development of
GVHD with peak serum levels on day 7.32–35 IFN-� is an
important type II cytokine in the Th1/Tc1 response and is
primarily secreted by activated T and NK cells.22 IFN-�
may contribute in several ways to the pathophysiology of
cutaneous GVHD, including 1) stimulation of antigen pre-
sentation through up-regulation of MHC class I and II
molecules and molecules involved in antigen processing
(such as proteasomes and TAP proteins) and co-stimu-
lation; 2) induction of a Th1/Tc1 immune response and
IL-12 secretion by monocytes/macrophages; 3) activa-
tion of macrophages including release of incompletely
reduced oxygen intermediates and nitric oxides; and 4)
stimulation of leukocyte-endothelial interactions through
the induction of chemokine secretion [such as CXCL-10
(IP-10), CCL-3 (MIP-1�), CCL-4 (MIP-1�), CCL-5
(RANTES), and CCL-2 (MCP-1)] and adhesion molecule

Figure 9. Kinetics of gene expression related to keratinocyte proliferation
and differentiation, dermal fibrosis, and acute-phase proteins in murine
cutaneous GVHD. Mice were transplanted as described in Figure 1. On days
7, 14, 21, and 40 after transplantation, four mice per group were sacrificed
(except day 40 control group: three mice) and RNA was obtained from ear
skin. Data shown are mean gene expression signals (�SE) in GVHD (open
squares) and control (closed squares) groups. The dotted line represents
the mean gene expression signal in untreated CBA/J mice (n � 4).
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expression (such as ICAM-1 and VCAM-1).22 In addition,
IFN-� can induce the expression of members of the
complement system and the acute-phase response, as
discussed below.

A recent study by Zhang and colleagues36 used a
murine model for sclerodermatous GVHD (B10.D2 BM
and splenocytes 3 lethally irradiated BALB/c), which
resembles chronic GVHD, and analyzed cutaneous ex-
pression patterns of a select group of chemokines, cyto-
kines, and effector cell markers. Similar to our data, they
found evidence of early infiltration of donor T cells and
monocytes/macrophages, and up-regulation of MHC,
chemokine (MCP-1, MIP-1�, RANTES), and TGF-�1 ex-
pression. Moreover, anti-TGF-� antibody treatment of the
recipients inhibited the infiltration of effector cells, colla-
gen synthesis, and the development of sclerodermatous
GVHD. New and colleagues37 studied the expression
patterns from days 1 to 21 of five chemokines by real-time
polymerase chain reaction and ELISA in several GVHD
target organs in an acute GVHD model without recipient
conditioning (B6 splenocytes3 CB-17 SCID mice). They
found similar expression profiles for CCL-2 and CCL-7
(early peak on day 7) and CXCL-2 (increasing levels
throughout time) as in our study.

It is of considerable interest to determine whether the
gene expression data correlate with the histopathological
evolution of lesions in target tissue (see Figure 1). A
three-stage model for the immunopathogenesis of
mHAg-induced murine cutaneous GVHD has recently
been proposed.13 During the initial stage, allostimulation,
which encompasses the first week after transplantation,
only evidence of mast cell degranulation and rare foci of
dermal perivascular lymphocyte accumulation are not-
ed.38 The second stage, homing, involves the second
week during which there is progressive lymphocyte ac-
cumulation within the dermis and epidermis. Finally in the
third stage that follows, targeting, apoptosis is progres-
sively documented within the epidermis and hair folli-
cles.14 In the current study, as early as day 7 after HSCT,
the dermal mast cells contained clear cytoplasmic vacu-
oles indicating degranulation. In the gene expression
study, mast cell markers (eg, mast cell protease 7) and
the CCR1 mast cell-specific chemokine receptor were
up-regulated in murine cutaneous GVHD on day 14 after
HSCT. Early mast cell degranulation, and related biosyn-
thetic activation inherent to regranulation, has been
shown to occur in murine acute cutaneous GVHD.38 In
this and other settings, mast cell secretion appears to
represent an early trigger whereby dermal vessels be-
come primed for T-cell homing.39 This effect is believed
to result from liberation of preformed mediators (vasoac-
tive peptides, proteases, and cytokines) in the immediate
vicinity of dermal microvessels.40–43 Mast cell mediator
release results in endothelial expression of adhesion mol-
ecules such as selectins, ICAM-1, and VCAM-1 that bind
circulating leukocytes.40,41 Consistent with previous ob-
servations, we found increased expression of adhesion
molecules such as ICAM-1 and VCAM-1 as early as day
7 after HSCT.

The formation of the lymphocytic infiltrate requires the
expression of various chemokines and adhesion mole-

cules in the developing cutaneous GVHD lesion. The
expression of many T-cell chemokines including CXCL-9
(MIG), CXCL-10 (IP-10), CCL-2 (MCP-1), CCL-5 (RAN-
TES), CCL-7, CCL-9 (MIP-1�), and CCL-11 (eotaxin) was
highly up-regulated from day 7. Most of these chemo-
kines are associated with inflammation and are induced
by tumor necrosis factor and IFN-�.44,45 Of note, CCR5 (a
receptor for RANTES and MCP-2) expression, which is
associated with Th1 lymphocytes,46 was up-regulated
significantly from day 14 after HSCT. CXCL-9 (MIG) plays
a role in the infiltration of activated CD4� T cells into a
skin allograft and anti-CXCL-9 neutralizing antibodies
can prevent skin graft rejection.47 S100A8 (MRP8) and
complement C3 were up-regulated in murine cutaneous
GVHD on day 7 after HSCT. S100A8 (MRP8) is a small
calcium-binding protein that is highly expressed in neutro-
phils and monocytes during inflammation and promotes
neutrophil chemotaxis.48 As shown in the C57BL/6 3
B10.BR kidney transplant model, IFN-� stimulates com-
plement C3 synthesis by proximal tubular epithelial cells,
and local production of complement C3 is required for
lymphocyte infiltration and T-cell priming during acute
renal transplant rejection.49

Most chemokines were highly expressed before the
appearance of the lymphocytic infiltrate (day 7 after
HSCT), suggesting local production by resident skin cells
including monocytes/macrophages, fibroblasts, and ker-
atinocytes. The notable exceptions to this rule were
CXCL-2 (MIP-2) and CCL-5 (RANTES) whose expression
was significantly up-regulated on day 14 after HSCT,
co-incident with the appearance of lymphocytes diffusely
within the dermis and focally within the epidermis, a
phenomenon also observed in murine hepatic GVHD.31

The stimulus for chemokine up-regulation early (day 7
after HSCT) in murine cutaneous GVHD is unknown. As
discussed, most of these chemokines are induced by
tumor necrosis factor and IFN-�.44,45 Many IFN-inducible
proteins were similarly up-regulated on day 7 after HSCT,
while IFN-� itself was not up-regulated. Together, these
data support the hypothesis that IFN-� is produced ex-
tracutaneously in murine GVHD and functions in an en-
docrine manner to up-regulate cutaneous chemokine
gene expression early after transplantation.

Expression of various integrins, PSGL-1 (CD162), Ly9,
and ninjurin 1 in murine cutaneous GVHD was up-regu-
lated from day 14 after HSCT. The integrins �M (CD11b)
and �2 (CD18) combine to form the �M�2 integrin (also
called complement receptor 3 or Mac-1) expressed on
granulocytes, macrophages, dendritic cells, and NK
cells. The �M�2 integrin binds C3bi and ICAM-1.50 The
integrin �7 chain combines with either the �4 or �E chain
and is involved in lymphocyte migration to the intes-
tines.51 The integrin �X chain (CD11c) binds CD18 to
form gp150,95 expressed on dendritic cells and intestinal
intraepithelial cells.50,52 PSGL-1 (CD162) is a ligand for
P-selectin (CD62P) involved in leukocyte rolling and,
more specifically, in the migration of Th1 T cells into
inflamed skin.53,54 Ly9 is a member of the CD2 subgroup
of the immunoglobulin supergene family, which is ex-
pressed on lymphocytes and hematopoietic precursor
cells.55,56 Ninjurin 1 is a homophilic adhesion molecule
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that is widely expressed in adult and embryonic tis-
sues.57,58

Expression of ICAM-1 (CD54), VCAM-1 (CD106), CD2,
and the ancillary TGF-� receptor endoglin (CD105) was
up-regulated in murine cutaneous GVHD on day 7 after
HSCT. ICAM-1 (CD54) is a ligand for LFA-1 (CD11a/
CD18) and Mac-1 (CD11b/CD18) and is expressed on
lymphocytes, vascular endothelium, high endothelial
venules, epithelial cells, macrophages, and dendritic
cells.59,60 VCAM-1 (CD106) is expressed on myeloid and
endothelial cells and is a receptor for the �4�7 and �4�1
integrins. The expression of ICAM-1 and VCAM-1 on
endothelial cells is up-regulated during inflammation and
is important for the migration of leukocytes into sites of
inflammation.61 CD2 is expressed on T lymphocytes and
at low levels on NK cells and certain BM B lymphocytes.
Interaction between LFA-3 (CD58) on antigen-presenting
cells and CD2 on T lymphocytes is involved in T-cell
activation.62,63 The ancillary TGF-� receptor endoglin
(CD105) is expressed on endothelial cells and long-term
repopulating hematopoietic stem cells64 and is involved
in vasculogenesis and angiogenesis.65 In previous stud-
ies, anti-VCAM-1 and anti-�4 integrin antibodies reduced
the incidence and delayed the onset of murine
GVHD.66,67 Moreover, recent data indicates that VCAM-1
is expressed not only by endothelial cells in murine
GVHD, but also by keratinocytes at sites destined for
eventual targeting.68 In the current study, VCAM-1
(CD106) expression was up-regulated in murine cutane-
ous GVHD from day 7 after HSCT onwards, although �4
integrin (VCAM-1 ligand) was not up-regulated. In con-
trast, both ICAM-1 (CD54) and its ligand (�2 integrin;
CD18) were up-regulated on days 7 and 14 after HSCT,
respectively, consistent with a role for ICAM-1 in
GVHD.69,70

Fourteen days after HSCT, the epidermis doubled in
thickness and there was marked hypergranulosis in the
superficial epithelium. Consistent with these observa-
tions, markers of keratinocyte proliferation (keratins 5 and
6) and differentiation (small proline-rich proteins 2E and
1B) were also up-regulated from day 14. Of interest in this
context is that IL-1� and TGF-� followed a similar pattern
of expression, while both are known to regulate epider-
mal differentiation.71,72 Previous studies documented a
high percentage of Ki-67� epidermal cells, suggesting
up-regulated keratinocyte proliferation in cutaneous
GVHD.73 In addition to inhibiting lymphocyte apoptosis
during the development of the mononuclear infiltrate,20,21

up-regulated BclII and BclIII expression in murine cuta-
neous GVHD may provide a keratinocyte survival signal,
thereby contributing to epidermal thickening. The histo-
pathology of murine cutaneous GVHD was also charac-
terized by increased thickness and sclerosis of the der-
mis that became evident on day 21 after HSCT. In
addition to regulating epithelial differentiation, IL-1� and
TGF-�1 stimulate fibroblast proliferation and synthesis of
extracellular matrix proteins including type I collagen,
elastin, and fibronectin.74–77 As discussed, IL-1� and
TGF-�1 were up-regulated from day 14 after HSCT.
Hence, dermal thickening in murine cutaneous GVHD
may result from IL-1� and TGF-�1 stimulation of dermal

fibroblasts. It is noteworthy that IL-1� and caspase 1
(IL-1�-converting enzyme involved in IL-1� activation)
were up-regulated simultaneously in murine cutaneous
GVHD.

On day 7 after HSCT, there was considerable down-
regulation of �-1 type I procollagen, �-1 type III procol-
lagen, type III collagen, �-2 type I procollagen, and �-1
type V procollagen in murine cutaneous GVHD (Table 2).
This phenomenon was evident before the appearance of
the lymphocytic infiltrate and before the up-regulation of
IL-1� and TGF-�1. As discussed below, SAA3 and other
acute-phase proteins were up-regulated profoundly on
day 7 after HSCT, suggesting that a stress response in
the skin may have shut down collagen synthesis at this
early time point. As described for IFN-inducible genes
and various chemokines, the stress response on day 7 in
murine cutaneous GVHD may be triggered by endocrine
IFN-�. After day 7, local production of IL-1�, TGF-�1, and
possibly other profibrotic cytokines may have overridden
the initial stress response, resulting in dermal thickening
by day 21 after HSCT. As described in murine hepatic
GVHD, many genes associated with metabolic function
were similarly down-regulated in murine cutaneous
GVHD on day 7 after HSCT, probably reflecting the stress
response in this tissue.31

CTLA-2� (activated cytotoxic T-cell marker), CD8�,
TCR�, granzyme B, and lymphotoxin � were up-regu-
lated on day 7 after HSCT, suggesting early infiltration
and activation of cytotoxic CD8� T cells. This is in agree-
ment with the observation that GVHD in this particular
model is mediated primarily by CD8� T cells.78 On day
14 after HSCT, CD3, CD4, TCR zeta chain, granzyme B,
MHC class II, and CD80 expression increased, suggest-
ing subsequent activation and differentiation of Th1
helper T cells. GVHD is thought to be initiated by donor T
cells that recognize host mHAgs, whereas NK cells could
play an important role in the effector phase of the patho-
physiology of cutaneous GVHD.79 Some mHAgs bind to
the activating NKG2D receptor expressed by NK cells
and activated CD8� T cells, �� T cells, and macro-
phages. In mice, NKG2D binds the H60 peptide and
members of the retinoic acid early inducible (RAE) family
of molecules.80,81 In the current study, glycoprotein 49A
(NK cell marker) and RAE-3 expression increased by day
14 after HSCT, coincident with decreasing expression of
MHC class I (an inhibitor of NK cell activity) through an
unknown mechanism. These data could suggest that,
after an initial wave of cytotoxic T-cell activity, keratino-
cyte apoptosis may be triggered by granzyme B pro-
duced by RAE-activated NK cells.79,82 Other triggers of
apoptosis (tumor necrosis factor-�, p55 tumor necrosis
factor receptor, FasL, Fas) were not up-regulated in the
current study, consistent with the finding that host Fas
deficiency does not alleviate murine cutaneous GVHD.83

In contrast, Fas expression was up-regulated in murine
hepatic GVHD on day 7 after transplantation, consistent
with a role for Fas-mediated T-cell cytotoxicity in the
development of hepatic GVHD.31

One of the most up-regulated genes at all time points
was serum amyloid A3 (SAA3). SAA is a 12,500 d acute-
phase protein produced primarily by hepatocytes. Amy-
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loid A (AA) is the 7500 d cleavage product of SAA that
accumulates in various tissues in AA amyloidosis asso-
ciated with chronic inflammatory diseases. SAA is also
produced extrahepatically during inflammation by epithe-
lial and adipose tissue, smooth muscle, endothelial cells,
and macrophages. SAA is involved in the suppression of
the immune response, inhibition of platelet aggregation,
detoxification of endotoxin, migration of monocytes, poly-
morphonuclear leukocytes and T cells, and inhibition of
the neutrophil oxidative burst.84,85 SAA binds the FPRL1
(LXA4R, ALXR) G protein-coupled receptor that also
serves as a receptor for lipoxin A4 (LXA4).86 LXA4 is a
potent anti-inflammatory eicosanoid that requires 5-li-
poxygenase for its biosynthesis. Ligation between LXA4

and its receptor inhibits the production of many proin-
flammatory cytokines including IL-6, IL-8, IL-12, IFN-�,
and MMP-3 via inhibition of the NF-�B pathway.87–90

Hence, in murine cutaneous GVHD, blockade of the LXA4

receptor by SAA3 may inhibit LXA4-mediated anti-inflam-
matory activity. Furthermore, SAA3 was highly up-regu-
lated in murine cutaneous GVHD before the appearance
of the lymphocytic infiltrate, suggesting that SAA3 ex-
pression may be stimulated (at least initially) by IFN-� in
an endocrine manner, as described for IFN-inducible
genes and various chemokines.

In conclusion, the data suggest early infiltration and
activation of cytotoxic CD8� T and mast cells, followed
by CD4� T, NK, and myeloid cells in this experimental
model of cutaneous GVHD. The sequential infiltration and
activation of effector cells correlates with the histopatho-
logical development of cutaneous GVHD and is accom-
panied by the up-regulated expression of many chemo-
kines and their receptors (CXCL-1, -2, -9, and -10; CCL-2,
-5, -6, -7, -8, -9, -11, and -19; CCR1 and CCR5), adhesion
molecules (ICAM-1, CD18, Ly69, PSGL-1, VCAM-1), mol-
ecules involved in antigen processing and presentation
(TAP1 and TAP2, MHC class I and II, CD80), regulators of
apoptosis (granzyme B, caspase 7, Bak1, Bax, and
BclII), IFN-inducible genes (STAT1, IRF-1, IIGP, GTPI,
IGTP, Ifi202A), acute-phase proteins (SAA3, serpin, SLPI,
metallothionein, IL-1Ra), stimulators of fibroblast prolifer-
ation and matrix synthesis (IL-1�, TGF-�1), and markers
of keratinocyte proliferation (keratins 5 and 6) and differ-
entiation (small proline-rich proteins 2E and 1B). More-
over, this study is one of the first to demonstrate that
kinetic gene expression profiling of whole organs can be
correlated with morphological alterations in tissue, pro-
viding insight into the fundamental pathways that are
responsible for disease initiation and progression. Data
from recent reports and the current investigation support
the hypothesis that, after allogeneic HSCT, IFN-� is pro-
duced in the spleen and possibly other secondary lym-
phoid organs and functions in an endocrine manner to
up-regulate proinflammatory gene expression in GVHD
target organs.31,32 Furthermore, as transplantation of
IFN-��/� BM does not prevent recipient GVHD,91,92 it
appears that host-derived IFN-� synthesized in the sec-
ondary lymphoid organs is sufficient to trigger target
organ GVHD after allogeneic HSCT.
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