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INTRODUCTION
Recurrent respiratory papillomatosis

(RRP) is a rare but devastating disease in
which papillomas recurrently grow in
and block the airway. It poses a signifi-
cant cost to society and burden on the
patients because of the high frequency of
surgery (on average, four times per year)
(1). Respiratory papillomas also have the
potential for malignant conversion, espe-
cially if they involve the lower airway.
We previously reported that key signal-
ing proteins, including the epidermal
growth factor receptor (EGFR) and the
small Rho-GTPase Rac1 and the proin-
flammatory molecule cyclooxygenase-2

(COX-2) and its product prostaglandin
(PGE)2, are overexpressed in papillomas
when compared with normal tissues
from non-RRP patients (2–4).

These proteins have been implicated in
other neoplasms. EGFR activity increases
proliferation and inhibits apoptosis, con-
tributing to the growth of many epithe-
lial cancers, and is a target for multiple
drugs currently used to treat lung, colo-
rectal, pancreatic and head and neck can-
cers (5). Rac1 is a key node in signal
transduction networks that regulates
many biological functions, including cy-
toskeletal structure and proliferation (6),
and has been implicated in tumorigene-

sis (7). The role of COX-2 in carcinogene-
sis has been most well studied in colorec-
tal polyps and cancers, where inhibition
of COX-2 has been shown to decrease the
risk of colorectal cancers by 40–50% (6,8).
We found that in papilloma-derived ep-
ithelial cells that EGFR, Rac1 and COX-2
act in a linear pathway with EGFR up-
stream of Rac1, which in turn results in
increased expression of COX-2 (4). Inhi-
bition of this pathway with the selective
COX-2 inhibitor celecoxib reduces papil-
loma cell proliferation and increases the
rate of apoptosis (3).

Presuming that HPV induces this pro-
proliferative, antiapoptotic pathway, we
began to investigate the mechanism of
regulation by comparing primary biop-
sies from papillomas, which have active
HPV infection, to clinically normal biop-
sies from the same patient. Surprisingly,
we find that Rac1 and COX-2 are overex-
pressed in normal tissue from RRP pa-
tients in sites as distant from the laryn-
geal papillomas as the distal trachea.
Moreover, we show that inhibition of the
Rac1/COX-2 pathway inhibits HPV tran-
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scription in vitro, providing a mechanism
by which overexpression of these mole-
cules promotes active HPV infection. Fi-
nally, a proof-of-principle initial human
trial with celecoxib induced long-term
complete remission in two of the pa-
tients, confirming the importance of the
pathway in the pathogenesis of the dis-
ease. The airway prevalence of HPV6
and HPV11 in the population is approxi-
mately 5% (9,10), whereas only 3 in
100,000 people develop disease (1), sug-
gesting a host-susceptibility factor. We
propose that the high level of Rac1 and
COX-2 in the airway confers this suscep-
tibility to RRP and that this pathway
provides an ideal target for treatment of
the disease.

MATERIALS AND METHODS

Tissue Samples
Biopsies of laryngeal papillomas and

clinically normal laryngeal and tracheal
tissues were obtained from RRP patients
undergoing surgery at Long Island Jew-
ish (LIJ) Medical Center. Normal laryn-
geal tissues were obtained from non-RRP
patients at the same hospital. Use of
these tissues was approved by the Insti-
tutional Review Board of the Feinstein
Institute. Biopsies used for Western blot-
ting were snap-frozen and stored in liq-
uid nitrogen. Biopsies used for immuno-
histochemistry were fixed in 10%
buffered formalin, paraffin-embedded
and processed by conventional methods.

Western Blot Analysis
Pulverized frozen tissues were ex-

tracted and protein concentrations were
determined as previously described (4).
Proteins (20 μg per lane) were separated
on 8–16% SDS-PAGE (sodium dodecyl
sulfate–polyacrylamide gel electrophore-
sis) gels (Bio-Rad, Hercules, CA, USA)
and electroblotted onto Immobilon-P
membranes (Millipore, Billerica, MA,
USA). Primary antibodies were as fol-
lows: anti-Rac1 at 1:3,000 (Millipore #05-
389), anti-EGFR at 1:1,000 (Cell Signaling
Technology #2232, Danvers, MA, USA),
anti–COX-2 (H-62) at 1:1,000 (Santa Cruz

Biotechnology, Santa Cruz, CA, USA),
anti–phospho-p38 at 1:1,000 (BD Bio-
sciences #612280, San Jose, CA, USA),
anti-p38 at 1:1,000 (Cell Signaling Tech-
nology #9212), and anti-actin at 1:5,000
(Sigma #A5441). Secondary antibodies
were horseradish peroxidase–conjugated
antimouse IgG and anti-rabbit IgG (GE
Healthcare #NA934 and NA931, Piscat-
away, NJ, USA). Pierce ECL Western Blot-
ting Substrate (ThermoScientific, Rock-
ford, IL, USA) was used to detect the
signal, which was quantified with Image
J software (http://rsbweb.nih.gov/ij).
Results were normalized to actin and ex-
pressed as means ± standard deviation
(SD).

Immunohistochemistry
Paraffin-embedded tissues were sec-

tioned and deparaffinized using stan-
dard methods. Antigens were retrieved
using 10 μg/mL proteinase K at room
temperature for 20 min. Sections were
immunostained with the anti-Rac1 anti-
body (Millipore), detected with AEC
Single Solution (Invitrogen) and counter-
stained with hematoxylin.

Statistical Analysis
Statistical analysis for both Western

blots and quantitative polymerase chain
reaction (PCR) was performed with a
two-tailed Student t test. No statistical
analysis was done on the pilot clinical
trial since the number of patients was
limited.

Cell Culture
Epithelial explant cultures of papilloma

cells were established as previously de-
scribed (11), and cells were subcultured
in serum-free complete keratinocyte
growth factor (KGM) medium as previ-
ously described (3). CaSki cells were
maintained in RPMI 1640 medium plus
10% fetal bovine serum. Both cell types
were grown to approximately 80% con-
fluence, fed with KGM lacking epidermal
growth factor and insulin overnight and
then incubated with complete KGM con-
taining either 500 nmol/L PGE2 or
5 μmol/L celecoxib for 48 h.

Quantitative PCR
RNA for analysis of viral mRNA levels

was isolated from cultured cells using the
High Pure RNA Isolation kit (Roche, Indi-
anapolis, IN, USA). Combined HPV11 E6
and E7 mRNA levels were assessed with
primers at nucleotide (nt) 237–255 and
311–291, with a probe from nt 260–289.
HPV16 E6/E7 primers were at nt 617–642
and 669–689, and the product was de-
tected with the Roche Universal Library
probe 63. Data were normalized to tran-
scripts for ribosomal phosphoprotein P0
(12), as previously described (3), and ex-
pressed relative to control cells treated
with dimethyl sulfoxide.

Clinical Therapy with Celecoxib
Three subjects with moderate to severe

RRP, defined as requiring surgery at least
three times within the past year to main-
tain an airway or evidence of tracheal in-
volvement, were enrolled in the pilot for
a planned large double-blinded placebo-
controlled clinical trial of celecoxib
(Pfizer, New York, NY, USA), a selective
COX-2 inhibitor, to determine whether it
would have potential therapeutic efficacy
as an adjunct to surgery. The study and
consent form were approved by the
North Shore–LIJ Institutional Review
Board. All subjects signed the approved
consent form. Subjects were evaluated by
direct laryngoscopy/bronchoscopy for
disease severity at enrollment and at
3-month (±3 wks) intervals for 30
months, with all visible papillomas re-
moved at each endoscopy. Disease sever-
ity was determined using a previously
validated scoring system that quantifies
recurrent papilloma mass (13,14). Recur-
rent growth rate was calculated by divid-
ing severity score by number of days
since the previous surgery. Subjects were
randomized to one of two treatment arms
6 months after enrollment. The subjects in
the early arm began 1 year of 200 mg
celecoxib twice daily, followed by 1 year
of twice-daily placebo. The delayed arm
received placebo for the first year, fol-
lowed by 200 mg celecoxib twice daily
for the second year. Subjects and physi-
cians were blinded to group assignment.
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For subjects with no evidence of recur-
rence, some scheduled direct endoscopies
were waived, and indirect laryngoscopy
was conducted instead. The subjects were
then followed informally for up to 5
years after completion of the pilot study.
Response was defined as a ≥50% reduc-
tion in disease severity during any time
on the study. The phase II extension of
this study is in progress and is registered
with ClinicalTrials.gov (NCT00571701).

RESULTS

Host Signaling in RRP Patients
Hypothesizing that HPV infection acti-

vates the EGFR→Rac1→p38→COX-2
pathway, we compared primary biopsies
from laryngeal papillomas, which have
active HPV infection, to clinically normal
biopsies from the same patient, which
have either latent or no HPV infection
(15). Western blot analysis of the EGFR
confirmed increased expression is limited
to papillomas of RRP patients (Figure
1A). Thus, overexpression of the EGFR
depends on active viral infection. Unex-

pectedly, when we investigated the
downstream members of this pathway,
we found that all upper airway epithe-
lium from RRP patients had elevated lev-
els of Rac1, with no significant difference
between the papillomas and the clinically
normal tissues, even in sites as far away
from laryngeal papillomas as the distal
trachea (see Figure 1A). Because of the
limiting size of normal biopsies, the nor-
mal sample in this figure has slightly less
protein loaded. We corrected for this in
the graph where Rac1 expression was
normalized to actin before being com-
pared with Rac1 levels is the papilloma.
Rac1 expression in tissues far from active
infection suggested that the increase in
Rac1 is inherent to patients with this dis-
ease and is not caused by the virus. Im-
munohistochemical analysis of papillo-
mas and clinically normal laryngeal
biopsies showed that Rac1 is expressed
throughout the epithelium in both papil-
lomas and clinically normal tissue of RRP
patients (Figure 1B). This result further
supports our discovery that the increase
in Rac1 expression is inherent to patients

with this disease and is not caused by
HPV activation, since viral expression is
predominantly in the more differentiated
spinous layers of active lesions.

Because Rac1 activity has been shown
to transform cells (16), we investigated
the possibility that the Rac1 found in
clinically and histologically normal tis-
sues of RRP patients was inactive. Ide-
ally, direct measure of Rac1 activity
would be assessed with a p21-activated
kinase (PAK) pull-down assay; however,
the limited size of the biopsy tissues does
not provide enough material for this
assay. As a surrogate, we analyzed the
activation state of downstream signaling
molecules by Western blot. We have pre-
viously shown that Rac1 activates the ki-
nase p38, thereby inducing COX-2 ex-
pression in a papilloma-specific pathway.
Analysis of this pathway in patient biop-
sies revealed that p38 was activated in
both clinically normal laryngeal and tra-
cheal tissues to the same levels as in pa-
pillomas (data not shown). Most signifi-
cantly, we analyzed the expression of
COX-2 (Figure 2). Although there was
some variation in COX-2 levels, they did
not significantly differ between airway
sites in the RRP patients, but were
greatly elevated when compared with
tissue from non-RRP patients. Thus, the
elevated Rac1 in the clinically normal tis-
sue of RRP patients is active and induc-
ing COX-2 expression throughout the
airway, an intrinsic defect in signaling
regulation.

COX-2 Activity and HPV Transcription
The constitutively high levels of Rac1

and COX-2 in the airway of RRP patients
suggested that the Rac1/COX-2 pathway
may provide a permissive environment
for active HPV expression, thereby en-
hancing the patients’ susceptibility to pa-
pilloma formation. To test this hypothe-
sis and to determine whether such
enhancement would be limited to HPV6
and HPV11 or might also pertain to
high-risk types such as HPV16, we
treated cultured HPV11-positive papil-
loma cells and the HPV16-positive cervi-
cal carcinoma line CaSki with PGE2 and

Figure 1. Rac1 is overexpressed in clinically normal airway tissues of RRP patients. (A) A
representative Western blot, showing EGFR and Rac1 expression levels in normal laryngeal
tissue from a non-RRP patient (N), compared with papilloma tissue (P) and autologous
clinically normal laryngeal tissue (CNL) and clinically normal tracheal tissue (CNT) from an
RRP patient. Actin is shown as a loading control. The graph shows mean ± SD of Rac1 lev-
els of papillomas and clinically normal larynx and tracheal biopsies from six different pa-
tients compared with biopsies from a non-RRP patient. A previous publication showed the
statistical difference between normal (N) and papilloma (P) tissues (4). There was no statis-
tically significant difference in Rac1 expression between the three tissue types from RRP
patients. (B) Immunohistochemical expression pattern of Rac1 in papillomas and clinically
normal laryngeal and tracheal tissues of RRP patients, representative of staining patterns
seen in one patient included in Figure 1A and five additional patients.
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with celecoxib and measured steady-
state levels of viral E6/E7 mRNAs. PGE2

is a downstream product of COX-2,
thought to be important in the tumor-
promoting functions of COX-2. It is ex-
pressed at elevated levels in many can-
cers, including lung and head and neck
(17,18). Celecoxib is a selective COX-2 in-
hibitor that inhibits synthesis of PGE2

and has been used in multiple clinical
chemoprevention studies (19). E6 and E7
are early genes that are not only essential
to the viral lifecycle, but code for the pro-
teins most implicated in HPV-induced

carcinogenesis (20,21). Incubation of cells
with additional exogenous PGE2 resulted
in an increase in E6/E7 mRNA levels,
whereas inhibition of COX-2 with cele-
coxib decreased the RNA levels (Figure 3).
These changes were not general tran-
scriptional effects, since the changes in
E6/E7 mRNA levels were normalized to
transcripts for a cellular gene. Notably,
HPV16 was even more sensitive than
HPV11 to changes in PGE2 levels. These
results support our hypothesis that con-
stitutive COX-2 expression contributes to
susceptibility to HPV-induced RRP and
suggest that this mechanism may be ap-
plicable to other HPV-induced diseases.

Celecoxib Therapy for RRP
To determine whether inhibition of

COX-2 would have potential efficacy in
treating RRP, we conducted a pilot study
treating three RRP patients (Table 1) with
celecoxib. All three had established
adult-onset disease, requiring surgery at
least three times in the year before sur-
gery. Duration of disease before enroll-
ment ranged from 2 to 23 years. Subject 3
had a long history of tracheal disease;
the two others had extensive laryngeal

disease. The design of the study is
shown in Figure 4A. Six months after en-
rollment, patients received either celecoxib
(arm 1) or placebo (arm 2) for 1 year, fol-
lowed by 1 year on the alternate study
drug. Subjects 1 and 3 were in arm 2 and
received placebo for the first year. All
three patients were followed for an ex-
tended period of time after completion of
the structured study.

All three patients showed a response
with celecoxib treatment, with complete
cessation of recurrent growth for at least
a period of time while on celecoxib (Fig-
ure 4B). Two of the three achieved ex-
tended remission times, which may be
permanent. The other subject, who
needed the longest treatment time to
achieve a response, had recurrence of
disease after cessation of treatment. The
response of subject 3 was particularly
striking; this subject had significant tra-
cheal disease. The direct bronchoscopy
images in Figure 4B, taken at the initial-
ization of treatment and 6 months later,
illustrate the change in appearance of his
trachea in response to celecoxib therapy.
He has remained free of disease for >4.5
years.

DISCUSSION
Rac1 is a known potential oncogene

(7,22), and COX-2 is an inducible enzyme
that is expressed in cervical, oral, laryn-
geal, breast, lung, colon and bladder can-
cers (23–29), as well as in respiratory pa-
pillomas (3). Here we show that these
proteins can be expressed at high levels
in the airway without any obvious
pathophysiology, since they are elevated
in 100% of the clinically normal tissue
from the RRP patients studied. The aber-
rant expression of Rac1 and COX-2 ap-
pears to be inherent to the RRP patient,

Figure 3. COX-2 and PGE2 affect E6/E7
mRNA levels. Papilloma cells, containing
HPV11, and CaSki cells, containing HPV16,
were incubated with 500 nmol/L exoge-
nous PGE2 or 5 μmol/L celecoxib for 48 h.
Combined HPV E6 and E7 transcripts were
analyzed by quantitative PCR, normalized
to ribosomal phosphoprotein P0, clone
36B4, and expressed relative to control
cells treated with dimethyl sulfoxide. Re-
sults are means ± SD. *P < 0.05 compared
with control cell levels. , Control; , PGE2;

, celecoxib. 

Table 1. Patient demographics.

Patient Age of Age at Number of Randomization 
number Sex Race onset enrollment previous surgeries arm

1 M Caucasian 29 39 29 2
2 M Caucasian 42 44 6 1
3 M Caucasian 26 49 >40 2

Figure 2. The Rac1→COX-2 pathway is activated in clinically normal tissues of RRP pa-
tients. A representative Western blot of COX-2 levels in laryngeal tissue from a non-RRP
patient (N) and papilloma (P) and clinically normal laryngeal (CNL) and tracheal (CNT)
tissues from a RRP patient is shown. Actin is shown as a loading control. The graph shows
mean ± SD of tissues from four different RRP patients compared with normal tissue from a
non-RRP patient (N). Previous publication showed the statistical difference between true
normal and papilloma tissues (3). There was no statistically significant difference between
COX-2 expression in papillomas and clinically normal tissues of RRP patients.
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rather than a local response to adjacent
active papilloma, since it was expressed
in the trachea of patients whose disease
was confined to the larynx.

Our earlier studies had shown that
Rac1 in papilloma cells and normal la-
ryngeal epithelial cells is activated by the
high concentrations of EGF present in
tissue culture medium stimulating the
EGFR, which results in COX-2 expres-
sion (2–4). In those studies, COX-2 was
induced in both cell types, but at much
higher levels in papilloma cells. In this
study, analyzing biopsy samples, we con-
clude that the normal, endogenous EGFR

signaling is sufficient to activate the
highly elevated levels of Rac1 in airway
tissues from papilloma patients, resulting
in COX-2 expression.

Our patients’ response to celecoxib
serves as a proof-of-concept that activa-
tion of the Rac1/COX-2 pathway is im-
portant for the pathobiology of RRP. This
result is further supported by a recent
case study in which a single patient with
severe RRP who was treated with com-
bined celecoxib and the EGFR inhibitor
erlotinib achieved remission and was
disease-free at the time of the report, 2
years after treatment (30). Thus, we pro-

pose that an active Rac1/COX-2 path-
way provides a positive tissue environ-
ment for expression of HPV-induced air-
way disease.

COX-2 expression may also play a role
in other HPV-induced diseases, since we
have shown that the COX-2 downstream
product PGE2 enhances HPV16 tran-
scription. HPV16 causes a number of ep-
ithelial cancers and precancers, includ-
ing cervical cancer and cervical
dysplasia, and an earlier clinical study
showed that celecoxib treatment induced
a clinical response in 75% of the women
with severe cervical dysplasia (31). Al-
though HPV transcription was not in-
vestigated in that study, our current data
suggest that this response may have
been due in part to the effects of cele-
coxib on viral transcription.

The sustained effects of celecoxib after
completion of treatment may result, in
part, from indirect effects on the immune
system. RRP patients suffer from an inef-
fective immune response to HPV pro-
teins. T helper subset 2 cell (Th2)-like and
regulatory cytokines are expressed in the
papilloma tissues (32) and expression of
many of these cytokines is enhanced by
PGE2. This result would contribute to a
permissive microenvironment for persis-
tent and recurrent papilloma growth. In-
hibition of COX-2, with its subsequent re-
duction in PGE2 and HPV transcription,
may allow the host immune system to es-
tablish an effective response that no
longer favors papilloma recurrence.

CONCLUSION
In efforts to improve therapy for RRP,

a large number of experimental treat-
ments were evaluated, most with mini-
mal success (33). We propose that in-
hibiting the host mechanisms that
promote HPV transcription provide
promising targets. We have initiated a
multicenter, phase II clinical trial of cele-
coxib using the trial design described
here, but with once-daily dosing, since
cardiovascular side effects can thus be
reduced (34). The goal of that study will
be to confirm that celecoxib is an effec-
tive treatment for RRP and to explore in

Figure 4. Clinical response to celecoxib therapy. (A) Design of the pilot study, showing the
initial 6-month “run-in” period and randomization to one of two arms 1 wk before baseline
surgery, with patients receiving 1 year of either celecoxib (arm 1) or placebo (arm 2) fol-
lowed by 1 year on the alternate treatment. (B) Papilloma growth rates are shown for the
three patients in the pilot study, from time of randomization through the structured study
period and continuing to the end of the unstructured follow-up period. The rates during
the time that the patients were on celecoxib are indicated in red. Patients underwent
laryngoscopy/bronchoscopy with complete removal of all visible papillomas at each indi-
cated time point, ±3 wks as required for surgical scheduling. Growth rates are calculated
as total tumor extent score divided by number of days since previous complete surgical
removal. Rates of ≥0.03 are classified as moderate to severe disease. Direct bronchoscopy
photographs show the trachea of subject 3 at the time celecoxib therapy was initiated
and after 6 months of treatment.
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depth the possible mechanism(s) of that
response.
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