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Human papilloma virus (HPV) causes focal infections
of epithelial layers in skin and mucosa. HIV-infected
patients on highly active antiretroviral therapy
(HAART) appear to be at increased risk of developing
HPV-induced oral warts. To identify the mechanisms
that allow long-term infection of oral epithelial cells
in these patients, we used a combination of laser-
dissection microscopy (LDM) and highly sensitive
and quantitative, non-biased, two-step multiplex real-
time RT-PCR to study pathogen-induced alterations of
specific tissue subcompartments. Expression of 166
genes was compared in three distinct epithelial and
subepithelial compartments isolated from biopsies of
normal mucosa from HIV-infected and non-infected
patients and of HPV32-induced oral warts from HIV-
infected patients. In contrast to the underlying HIV
infection and/or HAART, which did not significantly
elaborate tissue substructure-specific effects, changes
in oral warts were strongly tissue substructure-spe-
cific. HPV 32 seems to establish infection by selec-
tively enhancing epithelial cell growth and differen-
tiation in the stratum spinosum and to evade the
immune system by actively suppressing inflamma-
tory responses in adjacent underlying tissues. With
this highly sensitive and quantitative method tissue-
specific expression of hundreds of genes can be stud-

ied simultaneously in a few cells. Because of its large
dynamic measurement range it could also become a
method of choice to confirm and better quantify re-
sults obtained by microarray analysis. (Am J Pathol
2004, 165:707–718)

Human papilloma virus (HPV)-induced pre-neoplastic le-
sions can precede cancerous transformation of skin and
mucosal surface epithelium.1,2 Innate and/or adaptive
immunity seem to provide some control of HPV infection
and/or replication, since HPV-induced oral warts are
more common in HIV-infected patients and in immuno-
compromised renal transplant recipients compared to
fully immunocompetent persons.3,4 Interestingly, the in-
cidences of oral warts seem to increase in HIV� patients
on highly active anti-retroviral therapy (HAART),5,6 a
treatment that leads to the reconstitution of the peripheral
immune system.7,8 This finding together with the fact that
peripheral immunity to HPV seems poorly induced,9,10

points to a crucial role for local, oral mucosa-specific
immune functions in controlling HPV infection. This con-
trol mechanism might not be completely restored by
HAART.

Laser-dissection microscopy (LDM) can facilitate the in
situ study of biological processes in solid tissues and
organs by precisely isolating cells and tissue substruc-
tures for further analysis. Individual gene expression
studies by quantitative single-gene RT-PCR analysis or
multi-gene microarray technologies from cells isolated by
LDM have been reported.11–16 Single-gene analysis has
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obvious limitations and although microarray analyses
provide the most comprehensive approach to date for
gene expression studies, they require large amounts of
starting RNA and/or extensive pre-amplification with
complex quality control issues because of possible bias
introduced by non-linear amplification.11–14 Importantly,
microarray-based hybridization methods have signifi-
cantly lower sensitivities and dynamic ranges compared
to PCR-based methodologies.17 Furthermore, technolo-
gies are lacking that allow the independent verification of
multi-gene changes indicated by microarray analyses. To
overcome these limitations we have developed a novel,
highly sensitive and quantitative approach of laser-dis-
section microscopy (LDM)-assisted multiplex nested re-
al-time RT-PCR that allows gene expression studies for
hundreds of genes in situ from distinct tissue subcom-
partments isolated from biopsy materials. We show the
great potential of this approach by demonstrating highly
compartmentalized focal effects of HPV32 infection on a
single epithelial layer (stratum spinosum) of the oral mu-
cosa in HIV-infected patients.

Materials and Methods

Patients and Biopsy Material

Five-mm punch biopsies, snap-frozen in liquid nitrogen
and stored until sectioned, were taken at the University of
California, San Francisco (UCSF) Oral AIDS Center Clinic
from oral warts of six HIV� male and one HIV� female
patient (46 � 7.8 years) and from non-diseased buccal
mucosa of three male and five female HIV� patients
(46.0 � 6.1 years) and from seven male and five female
(31.7 � 6.9 years) HIV� patients. Non-diseased buccal
mucosa was taken from patients with no oral lesions at
the time of biopsy. Overall CD4 counts were similar be-
tween patients that presented with oral warts and those
that presented without lesions (385 � 217 and 354 � 185
CD4� cells/�l blood, respectively). Viral loads in both
patient groups varied from undetectable to 95,000 cop-
ies/L plasma with no statistical significant differences
between the groups (P � 0.934). All HIV� patients were
on HAART. All procedures followed protocols approved
by the UCSF Internal Review Board. The Tissue Core,
UCSF Comprehensive Cancer Center, provided tonsil
materials.

Diagnosis of HPV-Induced Oral Warts and
HPV-Typing

Clinical diagnosis of oral warts as single or multiple mu-
cosal nodules, usually with multiple papillomatous sur-
face projections was confirmed microscopically on H&E-
stained paraffin-embedded tissue sections as mucosal
nodules with verruciform projections, hyper- or hyper-
para-keratosis and koilocytosis. Part of the OCT-embed-
ded biopsy underwent DNA extraction and PCR analysis
for HPV typing.18,19 All oral wart biopsies were identified
as HPV consensus sequence positive, HPV 32 positive,
and negative for all other HPV types tested, confirming

previous reports on the prevalence of HPV32 in oral
warts.20

Laser-Dissection Microscopy

Seven �m cryosections from freshly frozen tonsils and
10 �m sections from oral biopsies were placed on un-
coated slides and fixed for 1 minute in 70% ethanol. The
sections were then subjected to the following series of
reagents, each for 30 seconds (5 seconds for oral biop-
sies): water, Mayer’s hematoxylin, water, bluing reagent,
70% ethanol, 95% ethanol, eosin (alcoholic with phlox-
ine), 70% ethanol, 95% ethanol, and 100% ethanol. For
capturing with the Arcturus PixCell II system (Arcturus,
Moutain View, CA), sections were incubated twice for 5
minutes in xylene then allowed to air dry for 20 minutes
before proceeding to microdissection. Microdissection
was performed using the Arcturus PixCell II system with
high sensitivity caps (Arcturus), or a P.A.L.M system
(P.A.L.M. Microlaser Technologie GmbH, Bernried, Ger-
many), using polyethylene naphthalene membrane-cov-
ered slides. For the Arcturus system, loosely adherent
tissue was removed first using “LCM prep strips” (Arctu-
rus). Cell populations were captured using 75 mW, 1
msec pulses, and lysed in RLT buffer (Qiagen, Valencia,
CA) containing linear acrylamide (20 �g/ml).

RNA Purification

Depending on the experiments conducted, different
amounts of tissue were collected by LDM for RNA purifi-
cation. For the analysis of oral warts and normal oral
mucosa close to the entire tissue substructure (stratum
spinosum, basal layer or superficial connective tissue)
from several 5 mm � 10 �m 127 section was isolated.
The number of sections from which tissue was collected
had to be adjusted from biopsy to biopsy depending on
the way the biopsy was cut and the depths of the biopsy.
The goal was to keep the overall captured surface area
similar for all biopsies, as evaluated by studying the raw
GAPDH values obtained (see below). Successful ampli-
fication, however, was achieved with as little as 5 to 6
cells captured by LDM (data not shown, see also discus-
sion). Larger amounts of tissue were captured mainly to
avoid sampling bias. RNA was purified using the RNeasy
system (Qiagen) following manufacturer’s protocol. RNA
was eluted with RNase-free water (Sigma-Aldrich, St.
Louis, MO), subjected to RQ1 RNase-free DNase (5 U,
Promega, Madison, WI) for 1 hour at 37°C and re-purified
following the “RNA cleanup” protocol (Qiagen) and
eluted into 30-�l storage buffer (Ambion, Austin, TX) in
the presence of linear acrylamide. Total RNA from entire
sections of snap-frozen tonsils before and following stain-
ing were assessed with a Bioanalyser (Agilent Technol-
ogies, Palo Alto, CA) to determine RNA quality. Although
staining did affect RNA quality slightly (ratio of 28S to 18S
rRNA: 1.67 and 2.14, respectively) as also noted by
others14 the overall RNA quality was very good (data not
shown).
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RT-Multiplexed-Nested-Real Time-PCR

Purified RNA (one-third of total obtained) was reverse
transcribed in 20-�l volume following the manufacturer’s
instructions (80 U RNase H- Superscript II (Invitrogen,
Carlsbad, CA), 250 ng random hexamers (Invitrogen), 20
nmoles dNTPs each (10 nm for oral biopsies; Clontech,
BD Biosciences, Palo Alto, CA), 20 U RNase inhibitor
(Superase In, Ambion)). Following reverse transcription,
two separate amplification steps were performed. First,
half of the cDNA obtained from the reverse-transcription
step was used for a multiplex pre-amplification step in a
volume of 50 �l. Pre-amplification was done using the
Advantage 2 cDNA polymerase system (Clontech) with a
mixture of all “outer” primers (10 pmoles each, dNTPs at
10 nmoles each) for the genes to be analyzed, including
the housekeeping genes. This cDNA/outer primer mix
was amplified in a thermocycler (Perkin Elmer Applied
Biosystems, Foster City, CA): 1 cycle at 94°C for 1
minute, 25 cycles at 94°C for 15 seconds, 55°C for 15
seconds, 70°C for 40 seconds, and 1 cycle at 70°C for 5
minutes.

Second, individual real-time RT-PCR reactions were
set up using individual sets of “inner” primers. This in-
cluded separate reactions for the housekeeping genes.
Preliminary experiments established that for the amount
of RNA obtained by LDM in the experiments involving oral
biopsies, addition of between 0.1 to 0.5 �l of pre-ampli-
fication material to 25 �l total real-time PCR mix (for oral
biopsies 10 �l reactions) containing universal master mix
(Applied Biosystems), primers (300 nmol each), and a
6-FAM and BHQ-1-labeled probe (100 nmol, Biosearch
Technologies, Novato, CA) would result in linear second-
round amplification (see Figure 2 and data not shown).
Amplification occurred on a 7700 or 7900 Sequence
Detection System (Applied Biosystems): 1 cycle at 50°C
for 2 minutes, 1 cycle at 95°C for 10 minutes, 40 cycles at
95°C for 15 seconds, 60°C for 1 minute. Great care was
given to the analysis of all raw Ct values obtained from
these amplifications. Amplifications resulting in Ct values
�6 (threshold 0.04) were repeated with smaller amounts
of input pre-amplification cDNA to ensure that amplifica-
tion plateaus were not reached. Outer and inner primers
were designed with the “Primer Express” software (Ap-
plied Biosystems). Amplicon lengths for outer primers
was kept �250 bp. Second round amplicon lengths were
between 75 to 120 bp. Because of the large number of
primers needed, further primer optimization was done
only when primers designed by the software did not
provide amplification with commercial available positive
bulk control RNA. Primer sequences are provided on
request.

Cloning of PCR Products

PCR products for 11 randomly chosen genes were am-
plified with outer primer sets under pre-amplification con-
ditions (see above). Purified products were cloned into
the pCRII-TOPO plasmid vector (Invitrogen) and se-
quenced (UC Davis Sequencing Facility). RNA was gen-

erated using AmpliScribe T7polymerase (Epicenter,
Madison, WI) according to the manufacturer’s instruc-
tions and quantified by spectrophotometry.

Data Normalization and Statistical Analysis

To identify a robustly expressed control gene, eight
genes (glucoronidase �, glyceraldehydes-3-phosphate
dehydrogenase (GAPDH), peptidylprolyl isomerase A,
phosphoglycerate kinase 1, polymerase II polypeptide G,
protein phosphatase 2, transferring receptor, and ubiq-
uitin) were compared by geometric averaging their mean
Ct values, obtained from 10 oral epithelium and 10 basal
layer samples of 10 HIV� patients with or without oral
warts, using the GeNorm software (www.wzw.tum.de/
gene-quantification/) as outlined by others.17 GAPDH
was consistently identified as one of the most stably
expressed genes (data not shown) and was used for data
normalization. All eukaryotes express GAPDH and con-
tamination with for example, yeast, could affect those
values. Therefore, we ensured by BLAST search (data
not shown) that the primer and probe sets do not amplify
known sequences of GAPDH from species other than
human.

Ct values were normalized using the raw GAPDH val-
ues obtained for each of two separate collections of tonsil
epithelium and follicles of the same patient. Statistical
evaluation was conducted using the rank test. Statistical
analysis for oral warts was conducted on the gene ex-
pression profiles of stratum spinosum, basal plus super-
basal layers, and superficial connective tissue isolated
by LDM from oral warts and normal buccal mucosa,
respectively. After Ct values were normalized using the
raw GAPDH values, log Ct values were obtained for all
167 genes because of the logarithmic correlation be-
tween Ct value and gene expression levels. The genes
were classified into six gene families (chemokines, che-
mokine-receptors, cytokine/growth factor receptors, cy-
tokines/growth factors, effector molecules, and surface
markers). An analysis of variance model was used to
determine the effects of the tissue substructure (epithe-
lium versus basal layer/superbasal layer versus superfi-
cial connective tissue), individual genes, gene family,
and diagnosis (oral wart versus normal mucosa) on gene
expression profiles. Least squares means comparisons
were performed to determine statistical significance of
each of those comparisons. A separate analyses of male-
and female-derived samples revealed no significant gen-
der differences (P � 0.37) and data from combined
analysis are therefore presented.

Results

Gene Expression Profiles from Tissue
Substructures Using an Assay with a Large
Dynamic Range and a Low Threshold of
Detection

To obtain unbiased quantitative gene expression profiles
from small numbers of cells while retaining information on
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their tissue location, we have combined LDM with nested
multiplex real-time RT-PCR. The major steps in this ap-
proach include the isolation of total RNA from cells iso-
lated by LDM followed by bulk reverse transcription then
pre-amplification of cDNA by multiplex RT-PCR using a
cocktail of specific primers. From this step, sufficient
material is obtained to perform hundreds of nested real-
time RT-PCR reactions with single gene-specific (inner)
primers and probes to create expression profiles of the
isolated cells (Figure 1).

Multiplex Pre-Amplification Using Gene-Specific
Primers

Isolation of small amounts of RNA such as the amounts
obtained after LDM requires pre-amplification to yield
sufficient amplifying material. However, pre-amplification
potentially biases any down-stream attempts of quantifi-
cation through unequal amplification. The following ex-
periments were conducted to ensure that the pre-ampli-
fication step used by this approach does not bias the final
real-time RT-PCR measurements and to determine the
optimal number of multiplex pre-amplification cycles for
LDM-assisted gene expression profiling (Figure 2). RNA

obtained from fresh-frozen tonsils after cryo-sectioning,
staining, and LDM-assisted tissue isolation was reverse-
transcribed as outlined in Materials and Methods. Eighty-
eight genes were amplified from four identical aliquots of
this sample that underwent 15, 20, 26, and 30 cycles,
respectively, of pre-amplification. The results showed a
strong linear correlation between the numbers of pre-
amplification cycles performed and the Ct values ob-
tained after the second (real-time RT-PCR) amplification
step (Figure 2). Non-linear correlations for some genes
were observed when �15 or 30 or more pre-amplification
cycles were run, consistent with a previous study.21 Am-
plification done with gene non-specific primers never
resulted in good linear amplification over these numbers
of cycles (data not shown). Importantly, optimal numbers
of pre-amplification cycles were determined similarly with
each different primer mix used to ensure linear amplification
for every amplification condition used. Because of the small
amounts of RNA isolated by laser-dissection microscopy,
26 pre-amplification cycles (well within the linear range of
the assay, Figure 2) were chosen for all experiments pre-
sented here to maximize assay sensitivity.

We amplified 10 to 100,000 copies of a randomly cho-
sen control RNA (CCR6) in the presence or absence of
100,000 RNA copies each of 10 other randomly cloned
control RNA (Figure 3, a and b), to determine the effects
of the simultaneous pre-amplification of large numbers of
genes. There was no difference in the threshold of de-
tection, nor the linearity of the assay, when amplification
of CCR6 occurred in the presence of amplification of 10
other genes added at 100,000 copies each to the reac-
tion (Figure 3b). There appeared to be a slight decrease
in Ct values when primers for 90 genes were used. The
presence of large numbers of primers increased Ct val-
ues by between 0.4 and 1.7 Ct (1.3- to 3.2-fold), without
significantly affecting the linearity of the assay. Thus,
multiplexing at the pre-amplification step has only a min-
imal effect on the threshold levels of detection and allows
the analysis of hundreds of genes from extremely small
sample sizes.

Relationship between Gene Copy Number and
Ct-Value

Real-time RT-PCR has a large linear range of measure-
ment and a low threshold of detection, criteria that are
crucial for accurately determining the gene expression
profiles of small amounts of biological material. To ana-
lyze the relationship between Ct values and RNA gene
copy number, we generated RNA from the cloned PCR
products of 11 randomly chosen genes. A known amount
of RNA was then amplified identically to the steps used
for amplification of cellular RNA (Figure 1). RNA input
amounts (5 to 50,000 copies) inversely correlated with
the obtained Ct values in a strong linear fashion (r2 �
0.99) (Figure 3a). Furthermore, the assay is exquisitely
sensitive, detecting as little as 5 to 10 copies RNA.

Figure 1. Schematic outline of LDM-assisted multiplex real-time RT-PCR.
Shown are the steps involved in generating gene expression profiles of tissue
subcompartments and small clusters of cells from frozen sections isolated by
laser-dissection microscopy. For details, see Materials and Methods.
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Repeated amplification of the same control RNA (Fig-
ure 4) or of RNA extracted from biological samples (not
shown) demonstrated the high reproducibility of the as-
say. Using control RNA we estimated assay-to-assay
variation of 0.17 to 1.3 Ct (ie, 1.13- to 2.5-fold differences
in gene expression), with most variations being in a range
well below 1.0 Ct (median 0.67 Ct or 1.6-fold, Figure 4).
Next we determined whether amplification of the same
amount of RNA from different genes would result in sim-
ilar Ct values, thus whether Ct values could be converted

into biologically more meaningful gene copy numbers.
For most of the amplified genes, 5000 copies of RNA
resulted in a Ct value of 10.9 (�1.8) (Figure 4). However,
of the 11 genes that were analyzed repeatedly, two
(GAPDH and IL11R�) gave consistently higher Ct values
with two different preparations of RNA and despite the
fact that their sequence was a perfect match for the
primers. Further analysis showed that one of the outer
GAPDH primers could form a hairpin structure, providing
a possible explanation for the reduced amplification of

Figure 2. Multiplex pre-amplification yields linear amplification over a
wide range of pre-amplification cycles. A–E: Results from real-time RT-
PCR analysis of 88 genes (A, strongest expressers; E, weakest expressers)
quantified in LDM-isolated tonsil material following multiplex RT-PCR
pre-amplification when varying 15 to 30 pre-amplification cycles were
used. Note the good correlation between Ct values obtained with real-
time RT-PCR and the number of amplification cycles used during the first
(multiplex) amplification step between 20 and �30 amplification cycles.
Ct value of 40, 0 copies of RNA.
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GAPDH compared to the other genes. Thus, although for
most genes a conversion of Ct values in absolute gene
copy number can be done, this is not the case for all
genes and should be avoided unless a standard RNA is
available for all amplified genes.

Gene Expression Differences within Similar
Tissue Structures of the Same Patient

We determined the gene expression profiles for two dif-
ferent follicular and epithelial areas taken from one hu-
man tonsil. For each tissue compartment 88 genes were
studied encoding cell surface markers, cytokines, growth
factors, chemokines and their respective receptors, and
other effector molecules. Differences between Ct values
obtained from repeated sampling were very small (Figure
5) and not significant when genes were studied that
yielded mean normalized Ct values of �27 (P � 0.05 and
0.68 for follicle and epithelial data, respectively). In con-
trast, genes that gave Ct values above 27 showed larger
variation. Overall, the data were not statistically signifi-
cantly different for the epithelium (P � 0.68) but did reach
apparent statistical significance for the follicular data
(P � 0.019). Similarly normalized Ct values of 25 and
above represent very small input RNA copy numbers for
most of the genes under study (Figure 3). These experi-
ments also showed an extremely high degree of repro-
ducibility for gene copy numbers down to �5 copies of
RNA, thus larger differences likely represent true sample-
to-sample variation. These differences are unlikely to be
of biological significance, since they represent overall
very small differences in RNA input amount.

Figure 4. Relationship between RNA input copy number and Ct value.
Shown are the mean � SD Ct values obtained by repeated amplification of
5000 copies of cloned PCR product (RNA) from the indicated genes. Al-
though Ct values are similar for each gene, differences in Ct values exist
between amplification of same amounts of RNA from different genes. Titra-
tion of control RNA for each gene showed a near perfect correlation between
input RNA and cycle threshold value (Figure 3 and data not shown).

Figure 3. Strong correlation of gene copy number and cycle threshold in
multiplex RT-PCR. Indicated numbers of RNA copies obtained from cloned
PCR products (CD23 for top, CCR6 for bottom) were amplified by real-time
RT-PCR in the absence (a, r2 � 0.9862) or presence (b) of an excess of 10
different control RNA (100,000) copies) (diamonds, solid line; r2 � 0.9957)
and 10 (squares, dashed line; r2 � 0.9987), or 90 (triangles, speckled
line; r2 � 0.9845) distinct primer sets. None of those conditions significantly
affected the linearity or sensitivity of the assay.

Figure 5. Strong correlation between gene expression levels and tissue of
origin. The degree of variation for expression of individual genes within
similar tissue structures from the same patient was studied. For this amplifi-
cation of 88 genes was conducted for two different epithelial and follicular
areas from the same human tonsil isolated by LDM. Shown are the Ct values
for each of the two collections, plotted against each other. The tightest
correlations were found for genes that resulted in Ct values below 25 (area
between dotted lines marks Ct value differences of �2). Higher Ct values
often resulted in one analysis not showing any gene expression (Ct, 40).
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Relationship between Numbers of Cells
Captured by LDM and Cycle Threshold
Ct-Value of Housekeeping Genes Measured
by Real-Time RT-PCR

Data must be normalized when comparing gene expres-
sion in small tissue samples isolated by LDM to account
for possible differences in the amounts of mRNA present
in the starting material. Genes that are expressed consti-
tutively at roughly equal levels in all cell types (“house-
keeping genes”) are the preferred method for data nor-
malization when RNA concentrations cannot be
measured directly. When properly applied, the use of
housekeeping genes is fast, highly reproducible, and
requires little input RNA.17 Of eight different housekeep-
ing genes tested, GAPDH was one of the most stably
expressed and was therefore used for normalization pur-
poses (see Materials and Methods, data not shown).
Because the primer sets for GAPDH amplified less effi-
ciently compared to those for other genes (Figure 3), we
could use them to amplify this abundant gene under the
same conditions as used for all other genes. Importantly,
there was a direct relationship between the size of the
tissue area (oral mucosa from HIV� patients) from which
RNA was isolated and the Ct values for GAPDH that were
obtained (Figure 6 and Table 1). Figure 6A visualizes the
relative tissue areas as calculated by the raw GAPDH
values obtained for the indicated capture (Table 1). Fig-
ure 6B shows how closely related the areas of the actual
tissue capture are with those mathematically generated
from the GAPDH values. Similar analysis on small cell
numbers sorted by flow cytometry (1 to 100 cells) con-
firmed the precise relationship between input cell num-
bers and GAPDH Ct values (data not shown and21).
Furthermore, amplification of known amounts of cloned
GAPDH PCR products consistently gave the same Ct
values (Figure 4). For comparisons of tissue-specific
gene expression in various patient groups (see below)
we therefore attempted to isolate RNA from similar size
tissue areas. The raw GAPDH Ct value was used to judge
whether similar amounts of tissue were taken and patient
materials were compared that gave similar raw GAPDH
values (within the range of 2 Ct).

Highly Tissue Substructure-Specific Effects of
Human Papillomavirus Infection

To study the extent and quality of the local immune re-
sponse to HPV infection of HIV� patients on HAART, we
performed a detailed gene expression analysis on the
stratum spinosum and two adjacent tissue layers (basal
layer/superbasal epithelial layer and superficial connec-
tive tissue) of HPV32-induced oral warts. Results from the
gene expression analysis were compared to similarly
LDM-dissected tissue layers from non-diseased oral mu-
cosa of HIV-infected individuals on HAART (Figure 7).
Analysis focused on cell surface receptors, cytokines,
chemokines, and other effector molecules as well as their
receptors (Table 2).

Within the patient groups, overall gene expression pro-
files of each tissue layer differed significantly from each
other (P � 0.0001), with significant differences (P �
0.0001) for all but one gene family (effector molecules).
Thus, this method allows us to specifically monitor dis-
tinct patterns of tissue substructure-specific gene ex-
pression with high sensitivity.

The value of tissue sublocation specific measurements
became apparent, albeit only on a statistical basis, in the
comparison of oral warts and normal mucosa. Using all of

Figure 6. Amplification of GAPDH accurately reflects the size of captured
tissue areas. B: Indicated areas marked 1 to 8 of normal oral mucosa from
HIV� patients were captured by laser-dissection microscopy, RNA was ex-
tracted and expression levels for GAPDH were determined as described in
Materials and Methods and shown in Table 1, column 2. From this relative
areas of tissue were calculated as “relative diameters” shown in Table 1,
column 4 and are displayed graphically in (A) (see also Table 1).

Table 1. Correlation of Measured Ct Values and Size of
Captured Tissue Area

Sample*
Ct value
GAPDH

Relative RNA
amounts†

Relative diameter of
corresponding

circle‡

1 20.06 1.00 1.00
2 22.15 0.23 0.48
3 19.69 1.29 1.14
4 18.01 4.13 2.03
5 19.93 1.09 1.05
6 21.30 0.42 0.65
7 16.96 8.55 2.92
8 17.45 6.12 2.47

*, Numbers refer to tissue areas shown in Figure 6B.
†, Calculated by setting sample 1 captured area arbitrarily as 1.00.

Relative RNA amounts of other captures were then calculated as
fold-differences: 2 raised to the power of (Ct sample 1—Ct sample x).

‡, Graphic representation is shown in Figure 6A. Relative diameter
calculated as diameter for sample x divided by diameter for sample 1.
Diameter was calculated as two times the radius (radius � square root
of (relative area divided by pi).
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the �7000 comparisons (166 genes in 15 patients and 3
tissues), no significant differences (P � 0.77) in gene
expression profile of HPV affected and non-affected mu-
cosa were measurable. More detailed comparisons be-
tween individual tissue subcompartments, however,
identified significant differences in gene expression in the
stratum spinosum from oral warts and normal mucosa
(P � 0.0056), but not in the basal layer/superbasal stra-
tum spinosum and superficial connective tissue (P �
0.59 and 0.73, respectively). Thus, HPV replication in the
epithelium of the oral mucosa affects host gene expres-
sion at that particular anatomical location, but does not
seem to induce significant alterations even in the imme-
diately adjacent underlying tissues.

This was in strong contrast to the underlying HIV infec-
tion itself. A similar analysis performed on normal oral
mucosa from HIV-infected and HIV-non-infected patients
showed no significant differences (P � 0.998) in expres-
sion of the 166 genes when each of the three individual
tissue layers were compared separately. However, com-
bined analysis of gene expression for the nearly 10,000
comparisons (166 genes in 20 patients and 3 tissues)
resulted in significant (P � 0.0001) differences. For this
comparison, the two gene groups associated with iden-
tification of cell subsets, namely surface markers and
cytokine receptors, showed no significant differences
(P � 0.9515 and P � 0.2074). All other gene groups (see
Table 2 for listing of gene groups and genes) showed
statistical significant differences (data not shown). Thus,
HIV infection and/or HAART affect the overall steady-
state gene expression in the oral mucosa. The changes
induced in these patients appear subtle and not tissue
sublocation-specific because large number of measure-
ments (combined measurements of all layers) were re-
quired for those differences to reach significance.
Whether these overall subtle differences could explain
the increased susceptibility of this patient group to HPV
infection remains to be studied.

Since significant alterations in gene expression be-
tween normal mucosa and HPV32-induced oral warts
were found only in the stratum spinosum further analysis
concentrated on the changes at this tissue site. Signifi-
cant differences in the gene expression profile between
non-HPV-affected and HPV-affected stratum spinosum
existed for all but two of the gene groups tested, chemo-
kine receptors and surface markers (Table 2). Of the 166
individual genes tested, 28 showed significant differ-
ences in gene expression in oral warts compared to
normal mucosa (Figure 8, Table 2, and Supplemental
Table 1 at http://ajp.amjpathol.org). Three major obser-
vations were made: genes involved in HPV-induced ep-
ithelial growth and differentiation were increased (partic-
ularly EGF, FGF1, and IL1�); genes associated with local
innate immune responses were increased suggesting
polymorphonuclear cell accumulation/activation (CCR3,
IL8� receptor, P-selectin, PMN-elastase, gelatinase-B
(matrix metalloproteinase 9), and macrophage activation
(MIG, MIP1� and IL10R�, HBEGF, and GM-CSF); and no
increase in expression of genes involved in antiviral ef-
fector T cell and NK cell responses were found (Table 2).

Immunohistochemical analysis confirmed a lack of
strong inflammatory infiltrate in and around HPV-induced
warts in these HIV-infected patients (data not shown).
However, IL1�, a strong pro-inflammatory cytokine
known to also promote HPV-induced cell growth in
vitro22,23 and a gene induced by IL1�, defensin �2,24

showed highly increased expression in oral wart epithe-
lium compared to that normal control mucosa (Table 2,
Figure 8). Importantly, increased expression of the IL1
receptor antagonist was found in the underlying connec-
tive tissue (770-fold increase in gene expression com-
pared to normal mucosa, P � 0.0002) but not in the
stratum spinosum (Table 2) of oral warts or in the normal
mucosa from HIV-non-infected patients (data not shown),
suggesting that this differences is HPV-induced.

Taken together, this analysis identifies remarkable tis-
sue sublocation-specific effects of HPV32 infection on
local gene expression in oral mucosa. The underlying HIV
infection in these patients appeared to have much more
subtle effects on steady-state expression for the ana-
lyzed genes and seems to affect all tissue layers equally.

Discussion

We describe the development and application of a novel
approach for studying alterations in gene expression for
hundreds of genes in a highly tissue-specific manner
from small amounts of biopsy material. The technique
enables comprehensive and highly sensitive measure-
ments on local biological processes in precise anatomi-
cal subcompartments. This method provides an addi-
tional tool for performing gene expression studies on
precious clinical materials. It can be used as a cost-
effective stand-alone technology if known groups of
genes are to be analyzed. Alternatively, it could become
a method of choice for confirming and extending microar-
ray studies. Applying this approach to HPV32 infection in
those patients with underlying HIV disease, we demon-

Figure 7. Isolation of mucosal tissue substructures by LDM. Fresh-frozen
normal buccal mucosa is shown before sectioning by LDM (A) and following
removal of (e) stratum spinosum (B) and (b) basal layer, and suprabasal
stratum spinosum (C). Box in (A) indicates area shown in (C). Isolation of
superficial connective tissue was done from area marked (c). Isolated tissue
samples were verified by microscopy as shown in (D) for stratum spinosum
and processed for RNA isolation as outlined in Materials and Methods.
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strate the highly tissue sublocation-specific effects of
HPV 32 on the oral epithelium. Our results are consistent
with the hypothesis that HPV actively down-modulates
local immune responses to evade elimination by the host.

Because real-time RT-PCR has a larger dynamic range
and is more sensitive than microarray-based assays,17 it
is a superior assay for defining changes in gene expres-
sion. However, setting-up large numbers of individual
real-time RT-PCR reactions is labor intensive and re-
quires large amounts of starting material, making it un-
suitable for large-scale gene expression studies. The
approach detailed here provides a technique that uses
the advantages of the real-time RT-PCR approach, while
enabling analysis of hundreds of genes simultaneously.
In theory there is no limit to the number of genes that can

be analyzed simultaneously by this assay and we have
successfully analyzed more than the 166 genes studied
here (Szubin R, Baumgarth N, unpublished observa-
tions). Careful evaluations of all reagent cocktails are
necessary however to ensure that none of the reagents
are amplification-rate limiting. Particularly, the quality and
amount of dNTP’s and enzyme added at the pre-amplifi-
cation step need careful adjustment to ensure optimal
performance. Furthermore, the use of gene-specific prim-
ers is required21 (Szubin R, Baumgarth N, unpublished
observations) to achieve linearity between input RNA
amount and Ct values. This also points to a potential
problem associated with microarray analyses on samples
isolated by LDM. In that case, pre-amplification has to be
done with non-specific primers. Confirmation of results

Table 2. Differential Gene Expression in Stratum Spinosum of Oral Warts and Normal Mucosa

Gene group* Sig. diff.† Genes analyzed‡ Fold increased (decreased) gene expression in warts§

Chemokine receptors
(P � 0.46)

No CCR1, CCR2, CCR5, CCR7 CCR8, CXCR3, CXCR4, CXCR5, IL8R�

Yes CCRL2 2,200x
CCR3 n160
CCR6* (28)
IL8R� 390

Chemokines
(P � 0.0041)

No CCL1, CCL16, CCL17, CCL18, CCL23, CXCL13, Eotaxin, IL8, IP10, MCP1, MCP4, MIF,
MIP1�, MIP3�, MIP3�, S100A8, SDF, SLC

Yes MIG 110x
MIP1� 100
RANTES* (39)
S100A9 5.4

Cytokine and growth
factor receptors
(P � 0.0034)

No CSF1R, EDG2, EDG4, EGFR, FGFR4, IFNR, IFN�R2, IL1R type II, IL2R�, IL2R�, IL2R�,
IL3R�, IL5R�, IL6R�, IL7R, IL9R�, IL11R�, IL12R�1, IL13R�1, IL13R�2, IL15R�, IL17R,
IL18R, MDFA, MGFA, MGFB, TGF�R1, TGF�R2, TGF�R3, TNFR

Yes EDG1* (25x)
IFN�R1 8.9
IL10R� 24
IL4R� 32

Cytokines and growth
factors (P � 0.0001)

No CSF1, ENA78, Endothelin 1, Endothelin 3, FGF6, G-CSF, IFN�, IK, IL1�, IL2, IL4, IL5, IL6,
IL9�, IL10, IL11, IL12�, IL12�, IL13, IL14, IL15, IL17, IL18, IL19, IL21, IL22, SCF, LEF1, LIF,
Lmphotoxin B, Osteopontin, TGF�1, TGF�2, TGF�3, TNF�, VEGF

Yes EGF 960
EGR1 58
FGF1 230
GM-CSF 2,200
HBEGF 8
IL1� 67
IL16 24
TNF�* (59)

Effector molecules
(P � 0.0013)

No Anexin, Defensin �1, Defensin �3, Defensin �4, Defensin �5, Defensin �1, Granulysin,
Granzyme A, Granzyme B, IL1 receptor antagonist, Interferon regulatory factor 1,
Myeloperoxidase, NOS2A, Perforin, SLP1, TRAIL

Yes Defensin �6 450x
Defensin �2 190
Gelatinase B 120
PMN elastase 140

Surface markers
(P � 0.17)

No CD1�, CD4, CD8, CD14, CD16, CD19, CD23, CD27L, CD34, CD40L, CD44, CD56, CD62E,
CD62L, CD69, CD80, CD86, Fc�R1, Hevin, ICAM1, ICAM2, ICAM3, KIT, PECAM1, TCR�,
TCR�, Thy1, VCAM1, VLA4

Yes CD3� (430x)
CD62P 270
CD79� 3,000
TCR�* (30)

*, P-value indicates significance level for overall expression differences between oral warts and normal mucosa for all genes within the indicated
group.

†, No, P � 0.05; Yes, P � 0.05 (bold gene names: P � 0.0003, highly significant after Bonferoni correction) for individual genes.
‡, Increased gene expression in stratum spinosum of oral warts compared to normal buccal mucosa, except for those marked with an asterisk (*).
§, Calculated as 2 raised to the power of the absolute value of delta Ct (delta Ct of 1 equals a 2-fold change in gene expression, see Supplemental

Table 1 at http://ajp.amjpathol.org), and shown in parentheses if expression is lower in the oral warts compared to normal buccal mucosa.
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obtained by microarray analyses by other means is there-
fore of great importance. The assay described here
avoids this problem and thus provides a powerful alter-
native to evaluating multi-gene alterations in small sam-
ples. The assay might even be used to determine abso-
lute RNA copy numbers within groups of individual cells.
However, as shown in Figure 4, it is necessary to include
standard RNA for each of the genes analyzed as ampli-
fication efficiencies between genes might vary.

Although this technology can be used to analyze gene
expression on individual FACS-purified cells21 (Szubin R,
Baumgarth N, unpublished observations), we have not
been able to reliably do this on LDM-isolated single cells
(Szubin R, Baumgarth N, unpublished observations).
There might be a number of reasons for this, including the
fact that in many cases sectioning of the tissue might cut
through cells causing loss of RNA, or that slight RNA
degradation through the cell isolation process does oc-
cur (see Materials and Methods).11 Nonetheless, we
have obtained reliable results from as few as five to six
cells captured by LDM. Efforts are now focusing on com-
bining this approach with immunofluorescence to more
accurately identify the phenotype of cells before capture.

Using the LDM-real-time RT-PCR approach we dem-
onstrate that HPV infection induces highly localized alter-
ations in gene expression solely in the stratum spinosum
and not in the immediately adjacent tissue substructures.
These changes are related to cell biological processes
affecting epithelial cell growth and differentiation and to
innate immune responses, including stimuli that can pro-
mote DC activation and maturation. Transfection of
HPV16-derived E6 and E7 oncoproteins into keratino-
cytes resulted in changes in gene expression similar to
those induced by in vivo infection with HPV32 revealed by
this study.25 In contrast, comprehensive expression anal-
ysis by microarray on in vitro HPV11- and 31-infected
keratinocytes and a HPV33-expressing cell line26,2728 did
not reveal significant induction of EGF, FGF, or EGR1 in
vitro.26,27 Indeed, a moderate reduction in EGR1 and
EGR2 gene expression and an up-regulation of TGF�
was reported. Thus HPV11 and HPV33 might differentially

affect cell growth and differentiation compared to HPV32.
Virus subtype specific differences have been reported for
a number of different HPV subtypes.26

We believe the highly localized effects in gene expres-
sion seen in the oral warts point to HPV-initiated effects
and are not due to the underlying HIV infection, since HIV
infection plus HAART itself appears to induce only minor
changes. However, because we did not have access to
paired oral wart and adjacent normal mucosa samples
from the same patient we cannot exclude the possibility
that, in the HPV-lesion-carrying patients, HIV has effects
different from those in the HPV-non-infected patients, or
from HPV-infected but non-lesion developing patients.
Future work is aimed at addressing these issues. A com-
parison of HPV-lesions and normal mucosa that studies
gene expression in whole biopsies (non-dissected) ver-
sus the analysis performed here, namely combining mea-
surements obtained from each individual tissue layer,
might further demonstrate the sensitivity of the approach
taken here.

Similar to the present study with tissues from HIV-
infected patients, previous reports noted an absence of
inflammatory infiltrates around HPV lesions in HIV-nega-
tive fully immunocompetent patients,9 suggesting that
HPV infection might selectively inhibit local immune re-
sponses. Evidence for direct inhibition of immunity by
HPV is indeed mounting,9,26 although in the present
study we cannot exclude the possibility that the underly-
ing HIV infection might have been responsible for the
inability to mount normal immune effector function. Our
clinic has not seen HIV-negative patients with oral warts,
unless otherwise immunocompromised, hence we were
unable to address this question experimentally.

LDM-assisted gene expression analysis did show sig-
nificant differences for a number of genes related to
innate immune responses, but immunohistochemistry
performed on those sections did not show significant
increases in inflammatory infiltrates (data not shown).
Increased expression of genes was noted that suggests
polymorphonuclear cell (PMN) accumulation/activation,
namely CCR3, IL8� receptor, P-selectin, PMN-elastase,
gelatinase-B (matrix metalloproteinase 9); and macro-
phage activation namely MIG, MIP1� and IL10R�,
HBEGF, and GM-CSF. The strongly increased GM-CSF
expression in oral warts is noteworthy, since it was sug-
gested that HPV infection reduces expression of GM-CSF
by keratinocytes, thereby preventing the induction of DC
activation/maturation.29 In contrast, our data show strong
induction of GM-CSF gene expression in HPV-infected
epithelial cells or cells that infiltrate this layer. Post-tran-
scriptional modification of protein expression, however,
cannot be excluded. We found no evidence for reduced
DC presence in the oral warts by gene expression anal-
ysis or immunohistochemistry (not shown). Expression of
two defensins, defensin-�6 and defensin-�2 was in-
creased in oral warts. Defensin-�2 is expressed by epi-
thelial cells on various mucosal surfaces.30 Its increased
expression during inflammation is thought to provide di-
rect antimicrobial activity and to attract immature DC to
the site,31,32 thus providing another indication that sig-
nals for the migration of immature DC to the oral warts are

Figure 8. Significant differences in gene expression of stratum spinosum
from oral warts and normal mucosa from HIV-infected patients. Shown is a
graphic representation of the fold-differences in gene expression (listed in
Table 2) between the stratum spinosum of normal oral mucosa and of oral
warts both from HIV-infected patients on HAART.
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present. Thus far, defensin-�6 production has been re-
ported only for Paneth cells in the small intestine.33 Iden-
tification of the exact cell type that expresses this gene in
the oral mucosa will be of importance.

If innate immune responses are induced, including the
activation of DC at the site of HPV infection, why then is
there no evidence for the presence of antiviral T cell
effector responses? This study indicates that these re-
sponses might be actively down-modulated. Remarkable
is the down-modulation of TNF�, a potent pro-inflamma-
tory cytokine and the induction of the IL1R antagonist in
the connective tissue underlying the stratum spinosum in
the presence of large increases of Il-1� expression at that
latter site. This presumably inactivates the pro-inflamma-
tory capacity of this cytokine, while the growth-promoting
capacity of IL-1 for HPV in the epithelium is maintained.
There is an increasing list of viruses that employ mecha-
nisms to achieve exactly this objective. Given the impor-
tance of HPV-induced lesions and malignancies, identi-
fying possible targets of the virus to inhibit immune
responses will be significant. The technology developed
in this study could help to achieve this goal.

In summary, the new technological strategy outlined in
this study provides a means to broadly evaluate highly
localized alterations in gene expression within defined
tissue substructures. While it cannot replace existing mi-
croarray technologies, it provides significant advantages
in ensuring linear pre-amplification of very small amounts
of input RNA/cDNA, exquisite specificity, higher levels of
sensitivity, and broader dynamic measurement ranges
than microarray analyses. Thus, for studies requiring the
analysis of hundreds of known genes or multiple candi-
date genes identified by microarray, this technology pro-
vides an important additional tool for gene expression
studies.
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