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Microarrays containing 1,126 nonredundant cDNAs selected from a chicken activated T-cell expressed
sequence tag database (http://chickest.udel.edu) were used to examine changes in host cell gene expression that
accompany infection of chicken embryo fibroblasts (CEF) with Marek’s disease virus (MDV). Host genes that
were reproducibly induced by infection of CEF with the oncogenic RB1B strain of MDV included macrophage
inflammatory protein, interferon response factor 1, interferon-inducible protein, quiescence-specific protein,
thymic shared antigen 1, major histocompatibility complex (MHC) class I, MHC class II, b2-microglobulin,
clusterin, interleukin-13 receptor alpha chain, ovotransferrin, a serine/threonine kinase, and avian leukosis
virus subgroup J glycoprotein.

Marek’s disease (MD) is a lymphoproliferative disorder of
chickens caused by a herpesvirus, Marek’s disease virus
(MDV) (5). MDV initially infects chickens via the respiratory
tract and then causes early cytolytic infection in B cells fol-
lowed by latent infection in T cells. In some infections, MDV
transforms CD41 T cells and results in the formation of mas-
sive lymphomas in a variety of tissues. MD has been controlled
in the commercial poultry industry since 1970 by the use of live,
nononcogenic vaccines; however, the mechanism of vaccine-
induced immunity is not well understood. Vaccination effi-
ciently prevents tumor formation but does not stop infection.
As a result, variants of MDV with enhanced virulence have
emerged throughout the second half of this century, and peri-
odically new vaccines or vaccine regimens must be introduced
to adequately control field challenges. Little is known about
virus-host cell interactions that relate to MDV pathogenicity.

Microarrays have been widely applied to analyze gene ex-
pression changes on a genome wide scale. They have been used
to assess differences in yeast transcription among strains in
general (39), during growth under various conditions such as
heat or cold shock (27), during growth using different carbon
sources (27), and during aerobic versus anaerobic growth (11).
High-density arrays have been used to identify yeast genes
whose expression depends on transcriptional initiation factors
(21), to profile gene expression changes that accompany acti-
vation of mouse T cells (41), and to explore and compare signal
transduction pathways (14, 28). They have been used to iden-
tify human genes involved in the pathology of diseases such as
rheumatoid arthritis and inflammatory bowel disease (17), to
compare gene expression in cells expressing either a trans-
formed or a nontransformed phenotype (12, 46), and to study
hematopoietic differentiation (40). In combination with cluster

analysis, microarrays have been used to assess variation in gene
expression patterns of human cancers as a means to classify
solid tumors (34). In plant genomics, microarrays have been
exploited to examine differential gene expression for Arabidop-
sis (38). Microarray analysis is widely recognized as a key tool
in drug discovery (16). With regard to virus infections, microar-
rays have been used to assess changes in host cell gene expres-
sion following human cytomegalovirus (HCMV) infection (49)
and to characterize temporal classes of HCMV gene expres-
sion (7).

Microarrays. Our microarray was designed to contain as
many genes as possible with minimal redundancy. Sequences
included were chosen from our poultry activated T-cell data-
base (43). Cytokines, cytokine receptors, chemokines, and fac-
tors involved in apoptosis, transcription, and T-cell activation
were among the arrayed cellular cDNAs. Inserts from selected
clones were amplified using PCR and vector-specific primers.
PCR products were examined by agarose gel electrophoresis
for quality, yield, and concentration. Following alcohol precip-
itation, PCR products were resuspended in 23 SSC (13 SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) and stored in
96-well format. Using a Flexys robot (Genomic Solutions, Ann
Arbor, Mich.), samples were spotted (5 ng in 40 nl) onto 5- by
7-cm nylon membranes at a density of 2,418 spots per mem-
brane. In addition to 26 positive and negative controls, each
microarray contained 1,126 chicken activated T-cell cDNAs, 32
MDV sequences, and 51 herpesvirus of turkeys sequences,
each spotted in duplicate. Once printed, membranes were
treated using standard procedures for adhering DNA to nylon.
Presence of DNA was confirmed by hybridization to a radio-
labeled probe for the multiple cloning region of the vector. The
sensitivity and linear range of array analysis was determined by
hybridizing filters to increasing amounts of labeled RNA. The
linear range covered at least 2 orders of magnitude, with inputs
of 5 3 106 to 5 3 108 cpm [0.05 to 5 mg of poly(A) RNA].

Cultures of secondary chicken embryo fibroblasts (CEF;
1.2 3 107 cells per 75-cm2 tissue culture flask) were mock
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infected or infected with cell-associated RB1B (105 PFU per
flask) at passage level 18 and incubated for either 48 h or 96 h.
Total RNA was purified using guanidinium isothiocyanate fol-
lowed by centrifugation through cesium chloride. Poly(A)1

RNA was purified using a PolyATtract mRNA isolation system
(Promega, Madison, Wis.). Poly(A)1 mRNA (0.5 to 1 mg) was
heat denatured and annealed to oligo(dT) (1 mg). Thereafter,
the RNA was incubated with 3 mM dithiothreitol, 0.8 mM
dATP, dGTP, or dTTP, 40 U of RNasin, 100 mCi of [a-32P]dCTP,
and 400 U of Superscript II reverse transcriptase (Life Tech-
nologies, Gaithersburg, Md.) in a total volume of 30 ml of the
manufacturer’s recommended buffer at 42°C for 1 h. Labeled
cDNA was purified using a ProbeQuant G-50 Micro Column
(Amersham Pharmacia Biotech Inc., Piscataway, N.J.). cDNAs
were labeled to a specific activity of about 108 cpm/mg of
poly(A)1 RNA.

Hybridization of cDNAs to membrane arrays was similar to
protocols routinely used for DNA hybridizations except that
filters were prehybridized for 1 h at 48°C in 6 ml of hybridiza-
tion solution containing sheared, denatured chicken genomic
DNA (50 mg/ml) and salmon sperm DNA (100 mg/ml). For
additional blocking, 50 mg of chicken genomic DNA was added
to the entire probe reaction prior to denaturation for 2 min at
98°C. Hybridization took place overnight at 48°C. Following
hybridization, filters were washed to high stringency and ex-
posed to phosphorimager screens, which were scanned using a
Storm PhosphorImager (Molecular Dynamics, Sunnyvale, Cal-
if.) TIFF files were imported to a Sun workstation (Sun Mi-
crosystems, Inc., Palo Alto, Calif.) for analysis using Visage
high-density grid analysis software (Genomic Solutions).
Spreadsheets were merged with Excel files containing ad-
dresses and identities of each spot. Excel spreadsheets used in
this study are accessible at the University of Delaware chicken
expressed sequence tag website (http://chickest.udel.edu).

Induced host gene expression. Differences in host gene ex-
pression following infection of CEF with MDV were easily
detected. Signals on arrays hybridized with cDNA from MDV-
infected CEF were considered further if they were present in
duplicate and differed 2-fold or more from signals on arrays
hybridized with cDNA from uninfected CEF. Normalization
among arrays was done using global normalization (http:
//www.geneindex.org), a procedure in which the output from
each array is multiplied by a normalization factor such that the
average signal intensities of all arrays are equivalent.

All host genes showing twofold or greater induction above
the uninfected cell background at either 2 or 4 days postinfec-
tion (dpi) in either of two replicate experiments are shown
(Fig. 1). Twenty-one host genes in one experiment and 22 in
the other appeared induced at either 2 or 4 dpi, the overlap
between the two replicate experiments being 13 genes (Fig. 2).
We have elected to maintain the cutoff for further consider-
ation in both experiments at twofold, a value of minimum
stringency that may allow identification of some false positives.
All of these data can be accessed, downloaded, and subse-
quently manipulated from our website (http://chickest.udel.edu)
for individuals wishing to analyze them more stringently or
using customized software tools. Table 1 indicates the relative
induction of each species at both 2 and 4 dpi. In some cases,
the patterns of expression were similar in the two experiments;
i.e., genes that were expressed more heavily at 2 dpi than at 4

dpi showed the same trend in both trials. In other cases, trends
for the two experiments were not the same. The species that
were induced most strongly (fivefold or greater in both repli-
cates at either time point) in these experiments were macro-
phage inflammatory protein (MIP), quiescence-specific pro-
tein, and interferon (IFN) response factor 1 (IRF-1). Species
that were moderately (fivefold or greater in one experiment
and twofold or greater in the other) or somewhat (threefold or
greater in one experiment and twofold or greater in the other)
induced included b2-microglobulin, major histocompatibility
complex (MHC) class II, thymic shared antigen 1 (TSA-1; also
known as stem cell antigen 2), IFN-inducible protein, avian
leukosis virus (ALV) subgroup J (ALV-J) envelope glycoprotein,
and clusterin. Weakly (approximately twofold in both experi-
ments) induced species included interleukin-13 (IL-13) recep-
tor alpha chain (IL-13Ra), MHC class I, a serine/threonine
kinase, and ovotransferrin.

Inconsistency among array experiments makes replication of
results essential for studies of MDV. This inconsistency is not
unexpected given the complexities and limitations of the MDV
system. First, there are no cell lines for propagation of MDV,
and the virus is generally grown in primary or secondary CEF.
Therefore, it is not possible to synchronize infections to the
degree that would be easily achieved with other viruses. We
chose 2 and 4 dpi as the times to sample, as these represent a
relatively early point in the infection before cytopathic effects
are apparent and a relatively late time in the infection when
plaques are visible. Second, MDV is a cell-associated virus and
therefore cannot be used at high multiplicities of infection. We
infect as heavily as possible (105 infected cells/1.2 3 107 unin-
fected CEF), but only a fraction of the cells plated eventually
become infected. This means that a large portion of the mRNA
being purified at the time of harvest is from uninfected cells,
which probably obscures the true magnitude of any differences
observed. One must keep in mind that differences seen are the
result of mRNA levels both in infected cells and in uninfected
cells also present in the culture.

Northern hybridizations were used to confirm gene expres-
sion changes first observed on microarrays for selected genes
(Fig. 3). Poly(A)1 RNA (1 mg) purified from uninfected CEF
or RB1B-infected CEF was electrophoresed, blotted, and
probed using riboprobes transcribed by T7 RNA polymerase
off of NotI-linearized cDNA clones. mRNA levels were ele-
vated at 1 dpi for MHC class I and at 2 dpi for MIP, quies-
cence-specific protein, and b2-microglobulin. The RNA prep-
arations used for Northern analysis were different from those
used for microarrays and therefore reflect variation in the
timing of the infection at harvest. Nevertheless, induced levels
of these species were apparent qualitatively.

Host genes reproducibly induced upon infection of CEF
with MDV can be grouped into those involved in inflammation
and cellular stress (MIP and clusterin), cell growth and differ-
entiation (quiescence-specific protein, TSA-1, and IL-13R),
antigen presentation (MHC class I, MHC class II, and b2-
microglobulin), and IFN responses (IRF-1 and IFN-inducible
protein). Species that did not fall obviously into these classes
were ALV-J, a serine/threonine kinase, and ovotransferrin.

MIP induction in these and other experiments was strong
and striking, a result that is not surprising given that MDV
infection is expected to induce an inflammatory response.
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FIG. 1. Induction of host gene expression following infection of CEF with MDV. For experiment 1 (A) and 2 (B), data are presented as fold
induction above the background microarray, which was hybridized with cDNA from uninfected CEF. All samples that were twofold or greater
above the background in duplicate spots on either the 2-dpi microarray, the 4-dpi microarray, or both microarrays are shown. Each bar represents
the average of duplicate spots on the microarrays. LCK, p56lck; TRAM, translocating chain-associating membrane; ETK, epithelial and endothelial
tyrosine kinase; BP, binding protein; HSP, heat shock protein; cMIF, macrophage migration inhibitory factor.
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MIP-1a is a small, inducible cytokine that belongs to the C-C
chemokine subfamily (9). MIP-1a has proinflammatory activ-
ities and also inhibits growth of hematopoietic stem cells (9).
Null mice that lack MIP-1a are hematopoietically normal but
resist coxsackievirus-induced myocarditis and show decreased
pneumonitis and delayed viral clearance following exposure to
influenza virus (10). Thus, MIP-1a appears to mediate inflam-
matory responses during viral infection.

With regard to herpesvirus infections, MIP-1a plays a key role
in the development of herpetic stromal keratitis, a blinding in-
flammatory condition that develops in mice infected with repli-
cation-competent herpes simplex virus (42, 48). The Kaposi’s

sarcoma-associated herpesvirus genome encodes MIP-related
chemokine homologs, namely, vMIP-I, vMIP-II, and vMIP-III (3,
13). vMIP-I may affect the Th1/Th2 balance during host immune
responses by antagonizing C-C chemokine receptor 8 (CCR8), a
receptor expressed on Th2 T cells. vMIP-II has been shown to
activate and attract human eosinophils via CCR3. vMIP-III has
not been functionally characterized. It is possible that MIP
induction following MDV infection is important for T-cell at-
traction and infiltration at the site of infection. Calnek (4) has
pointed out that in the case of MD, local T-cell immune re-
sponses may contribute significantly to disease, as they provide
targets for latent infection and subsequent transformation.

FIG. 2. Venn diagram showing relationship between induced genes in experiments 1 and 2. Numbers in parentheses indicate maximum fold
induction seen in experiments 1 and 2, respectively. Abbreviations are as in Fig. 1.

TABLE 1. Classification of changes in CEF gene expression following infection with the very virulent RB1B strain of MDV

Category Gene

Fold induction in MDV-infected CEFa

Expt 1 Expt 2

2 dpi 4 dpi 2 dpi 4 dpi

Strongly induced (5-fold in both expts) MIP 6.9 2.5 4.6 4.5
Quiescence-specific protein 2.5 5.9 5.9 6.5
IRF-1 5.7 0.79 3.5 5.5

Moderately induced (5-fold in 1 expt; 2-fold in the other) b2-Microglobulin 5.0 5.6 2.3 4.0
MHC class II 2.2 2.2 5.3 8.4

Somewhat induced (3-fold in 1 expt; 2-fold in the other) TSA-1 3.7 2.3 1.8 2.4
IFN-inducible protein 3.5 1.1 2.0 2.8
ALV-J 3.0 1.8 2.1 2.6
Clusterin 1.7 3.3 1.6 2.9

Weakly induced (2-fold in both expts) IL-13Ra 2.8 1.7 2.0 2.5
MHC class I 2.9 1.6 2.1 2.7
Kinase 2.8 1.0 2.0 2.4
Ovotransferrin 1.1 2.2 1.6 2.3

a Each value is the average of duplicate samples and is the value obtained using MDV-infected CEF RNA for hybridization divided by the value obtained using
uninfected CEF RNA for hybridization.
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Another induced species likely to be related to inflammation
and/or cellular damage is clusterin (29). Clusterin is a con-
served glycoprotein, also known as apolipoprotein J, whose
expression is increased in many cell types in response to stress.
Clusterin has been reported to have chaperonin-like activity
(22) and anti-inflammatory activity (32), and it is expressed
during tissue differentiation and remodeling involving apopto-
sis (26, 29).

Quiescence-specific protein is a 20-kDa protein reported
to be present in contact-inhibited CEF (2, 30). Factors that
induce quiescence, such as serum starvation and hydroxy-
urea treatment, induce this protein, whereas mitogen treat-
ment reduces its levels. Transient expression assays have
indicated that regulation of quiescence-specific protein is, at
least in part, at the transcriptional level. Induction of qui-
escence-specific gene expression following MDV infection sug-
gests that viral infection inhibits cellular proliferation. This is
consistent with the idea that upon infection, a herpesvirus
poises cells to accumulate factors needed for DNA synthesis
and simultaneously inhibits cell cycle progression such that the
virus can exploit the replication-ready environment for its own
benefit.

TSA-1 is a developmentally regulated glycosylphosphati-
dylinositol-anchored differentiation antigen that is identical to
stem cell antigen 2 (33, 37). It plays a key role in T-cell differ-
entiation by participating in T-cell receptor/CD3-mediated ap-
optosis of immature thymocytes (33). It also functions in T-cell
activation via the T-cell receptor signaling pathway (37). Our
results unexpectedly indicate that chicken TSA-1 is expressed
in MDV-infected fibroblasts. Since MDV latently infects and
can transform T cells in vivo, the finding that infection induces
a factor important for T-cell activation and differentiation is
provocative.

Human IL-13 is known to stimulate proliferation, differen-
tiation, and effector functions of B lymphocytes and macro-
phages (47). IL-13 is closely related to IL-4 (8). Receptors for
these human interleukins have been characterized and com-
pared (6). The IL-13 receptor has not been previously de-
scribed for chickens.

Elevation of MHC class I, MHC class II, and b2-microglobu-
lin mRNA levels was unexpected since many viruses, including

herpesviruses, have been reported to down-regulate cell sur-
face expression of species involved in antigen presentation,
particularly MHC class I. For example, herpes simplex virus
ICP47 associates with transporter for antigen processing
(TAP) in a species-specific manner and blocks peptide binding
and subsequent translocation of antigenic peptides across the
endoplasmic reticulum (15, 19, 31, 45). Bovine herpesvirus 1
inhibits MHC class I cell surface expression by down-regulat-
ing TAP activity in bovine epithelial cells, although viral gene
products involved are not known (20). HCMV uses several
mechanisms to interfere with antigen presentation. TAP activ-
ity continuously declines during HCMV infection of fibroblasts
(18). HCMV US3 binds b2-microglobulin-associated class I
heavy chains, making them susceptible to destabilization me-
diated by both HCMV US2 and US11 gene products (25).
Likewise, murine cytomegalovirus m06 binds b2-microglobu-
lin-associated class I molecules and redirects them for endo-
cytosis (36). HCMV US2 mediates degradation of two compo-
nents of the MHC class II antigen presentation pathway,
namely, DRa and DMa (44).

Recent microscopy results suggest that MDV MHC class I
expression is actually down-regulated within individual in-
fected CEF but consistently up-regulated in neighboring cells
present in the culture (J. Kent, E. L. Bernberg, and R. W.
Morgan, unpublished data). Thus, our microarray results re-
flected transcription changes occurring in the entire culture,
one that contained a majority of uninfected cells. Up-regula-
tion in neighboring cells may be IFN mediated. Indeed, a
chicken fibroblast cell line, C32, stably transfected to constitu-
tively overexpress IFN-1 showed enhanced MHC class I sur-
face antigen expression (50). Furthermore, elevation of IRF-1
(24) mRNA was consistently seen in the microarray analyses.
IRF-1 is a highly conserved transcription factor that mediates
responses to viral infections and IFNs. In CEF, IRF-1 is
strongly induced by IFN treatment.

Three other consistently induced species that are less well
understood are ALV-J, a serine/threonine kinase, and ovo-
transferrin. It is likely that ALV-J-specific hybridization in
these experiments was due to gene expression from endoge-
nous retroviruses related to ALV-J. ALV-J is currently a prob-
lematic chicken virus present in flocks worldwide. Serotype 2
MDV is known to augment ALV-induced lymphoid leukosis in
some genetic lines of chickens (1). In addition, serotype 2
MDV has been reported to enhance ALV gene expression and
protein accumulation in coinfected cell cultures (35). Ovo-
transferrin (23) is a key iron delivery and iron-scavenging pro-
tein. The chicken serine/threonine protein kinase represents a
novel homolog, poorly understood at this time.

In summary, we have used a microarray containing more
than 1,000 selected, nonredundant chicken cDNAs to learn
that MDV infection of CEF results in reproducible elevation
of steady-state levels of certain cellular mRNAs. We have
learned that genes involved in virus-induced inflammation and
IFN responses appear consistently induced. Even in CEF,
MDV infection appears to induce expression of TSA-1, a gene
important for T-cell differentiation and activation. These re-
sults provide a powerful platform for additional studies aimed
at understanding the biology of MDV. For example, similar
studies using oncogenic strains with different pathogenicities,
nononcogenic and vaccine strains of MDV, chicken tissues

FIG. 3. Northern analysis of poly(A)1 RNA purified from CEF
that were either uninfected or infected with RB1B. Probes (shown at
the right) consisted of riboprobes transcribed by T7 RNA polymerase
off of NotI-linearized cDNA clones. RNA was harvested at 1 dpi for
MHC class I and at 2 dpi for all other samples.
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following in vivo infections of susceptible and resistant lines of
chickens, lymphoblastoid cell lines, and tumors promise to be
revealing and are in progress.
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