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Human papillomavirus (HPV) is one of the most common sexually 
transmitted diseases worldwide (1). A subset of HPV genotypes has 
been identified as oncogenic; cervical infection with these types 
produce cellular dysplastic changes that can lead to invasive cancer 
(2). Worldwide, it is estimated that approximately 500 000 cervical 
cancers occur per year, and greater than 95% of cases are HPV-
associated (3).

The rates of cervical cancer diagnoses and deaths in developed 
countries have fallen dramatically, despite evidence for increased 
rates of genital HPV infections (4). This decrease coincides with 
the advent of cervical cytology screening, perhaps the most suc-
cessful cancer screening strategy ever instituted. The vast majority 
of HPV-induced dysplasia occurs in a small ring of tissue at the 
opening of the cervix (the os) known as the transformation zone, 
in which the stratified squamous epithelium of the ectocervix tran-
sitions to the simple columnar epithelium of the endocervix. A 

simple speculum examination allows for direct visual assessment 
and sampling of the cells in this tissue, which exhibits characteristic 
and progressive changes in the slow progression to malignancy.

The procedure for collecting cervical cytology specimens, 
commonly known as a Pap smear, inherently disrupts the cervical 
epithelium. To effectively collect specimens for testing, the in-
strument used must dislodge cells from the deepest (basal) layer of 
the stratified squamous epithelium, the only layer in which low-
grade dysplastic lesions are detectable. In addition, in the delicate 
tissue of the endocervix, which is a single layer epithelium, re-
moving cells creates erosion that exposes the basement membrane 
to material in the endocervical canal. In a mouse model of HPV 
genital infection, we previously showed that this physical disrup-
tion of the endocervix leads to binding of pseudovirus (PsV) to the 
basement membrane and to a dramatic increase in susceptibility to 
infection (5,6).

ARTICLE

Effect of Pap Smear Collection and Carrageenan  
on Cervicovaginal Human Papillomavirus-16 Infection  
in a Rhesus Macaque Model
Jeffrey N. Roberts, Rhonda C. Kines, Hormuzd A. Katki, Douglas R. Lowy, John T. Schiller

Manuscript received July 26, 2010; revised January 9, 2011; accepted January 20, 2011.

Correspondence to: John T. Schiller, Laboratory of Cellular Oncology, Center for Cancer Research, National Cancer Institute, National Institutes of Health, 
9000 Rockville Pike, Bldg 37, Rm 4106, Bethesda, MD 20892 (e-mail: schillej@dc37a.nci.nih.gov).

 Background Human papillomavirus (HPV) infection of the genital mucosa is thought to require trauma to the cervicovaginal 
epithelium. Therefore, we determined whether a cytology specimen collection procedure (Pap smear), which 
disrupts the epithelium by design, renders the cervix more susceptible to HPV infection in a primate model.

 Methods In a series of female rhesus macaques, a speculum examination was performed with (n = 8) or without (n = 4) 
a cytology specimen collection procedure as it is commonly practiced in a gynecology clinic. An internal digital 
examination was performed after specimen collection using Surgilube (n = 4) or 1% iota-carrageenan, a previ-
ously indentified HPV inhibitor (n = 4) as the lubricant. The cervix was then inoculated with HPV16 pseudoviri-
ons expressing red fluorescent protein. After 3 days, the reproductive tracts were excised and the cervix was 
cryosectioned. Sections were analyzed by fluorescent confocal microscopy for the number of red fluorescent 
protein–positive keratinocytes.

 Results Substantial infection of the ectocervix, the transformation zone, and the endocervix was detected, but only in 
conjunction with the cytology specimen collection procedure (cytology using Surgilube vs without cytology 
using Surgilube, mean = 84 infectious events per section vs mean = 0.05 infectious events per section, differ-
ence = 84 infectious events per section, 95% confidence interval = 19 to 384 infectious events per section). When 
the carrageenan gel was substituted for Surgilube for an internal digital examination, the mean number of in-
fectious events decreased (carrageenan gel vs Surgilube, mean = 3.5 events per section vs mean = 84 infectious 
events per section difference = 81 events per section, 95% confidence interval = 33 to 213 events per section).

 Conclusions These findings indicate that cytology screening in women might lead to a transient enhancement of suscepti-
bility to HPV infection and that use of a carrageenan-based gel during the examination might mitigate this 
enhancement.
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We hypothesized that if infectious HPV capsids are present in 
the human genital tract during cytology screening, increased infec-
tion of the very tissue that is most vulnerable to HPV-induced 
oncogenesis could result. To test this hypothesis, the rhesus 
macaque was chosen because of the similarity to the human female 
genital tract in physiology (28 day menstrual cycle), anatomy (sim-
plex uterus), and histology (transformation zone between stratified 
squamous epithelium of ectocervix to columnar epithelium of 
endocervix occurs at the cervical os). In addition, rhesus macaques 
are susceptible to squamous cell cancer of the cervix caused by 
rhesus papillomavirus (RhPV1), which is closely related phyloge-
netically to HPV16, the PsV type commonly used in studies to 
model infection (6–8). Last, the cytology screening procedure 
(cytobrush for endocervix; spatula for ectocervix) could be repro-
duced in the macaque with a high degree of fidelity.

Carrageenans are sulfated polysaccharides used in a wide variety 
of foods, cosmetics, and hygiene products, including sexual lubri-
cants. The potent inhibitory action of iota-carrageenan against 
HPV infection has been demonstrated both in vitro and in vivo in 
the mouse cervicovaginal challenge model (6,9). The second aim of 
the study was to determine if this inhibitory effect could be reca-
pitulated in the macaque model. Substituting iota-carrageenan as 

the lubricant during the internal digital examination component of 
a full gynecological examination represents a potentially simple 
and inexpensive intervention. To test the hypothesis that this in-
tervention could mitigate Pap smear–induced susceptibility to in-
fection in the nonhuman primate model, we performed an internal 
digital examination after the cytology collection procedure and 
PsV instillation. In one group of monkeys, a 1% iota-carrageenan 
solution was used as the lubricant, and in another group of 
monkeys, we used Surgilube, a lubricant that was previously deter-
mined to have no inhibitory activity against HPV infection in vitro 
and in vivo (unpublished observations) and is commonly used in 
gynecological examinations.

Methods
Monkeys
Adult female rhesus monkeys (Macaca mulatta; N = 13) aged 6–12 
years and weighing 4–9 kg were culled from a recycled pool that 
had previously completed a research protocol. The monkeys were 
previously involved either in behavioral studies or in a trial of a 
vaccinia-vectored SHIV vaccine. None were SHIV positive. The 
serum of each monkey tested negative for neutralizing activity 
against HPV16 and RhPV1 (10). The experimental protocol was 
approved by the National Cancer Institute’s Animal Care and Use 
Committee.

PsV Production
HPV16 red fluorescent protein (RFP) PsV was produced according 
to the standard production protocol published on our laboratory Web 
site (http://home.ccr.cancer.gov/lco/pseudovirusproduction.htm). 
Nucleotide maps of the HPV16 packaging plasmid (p16sheLL) and 
the RFP reporter plasmid (pRwB) can be found at http://home.ccr.c
ancer.gov/lco/target.htm. PsV titer, which represents a quantum 
measure of the number of capsids capable of infectious entry, was 
determined by reporter gene expression in 293TT cells as detailed in 
Note 10 of the standard production protocol, and titer is referred to 
in terms of infectious units per milliliter (IU/mL).

PsV Challenge and Cytology Collection Procedure (Pap 
smear)
Fourteen days before PsV challenge, each monkey was given 30 
mg of Depo-Provera (Pfizer, New York, NY) by intramuscular 
injection to decrease variability of reproductive tract physiological 
parameters associated with the menstrual cycle. A standard 100 µL 
PsV inoculum consisting of 75 µL of opti-prep purified HPV16-
RFP (approximately 3.75 × 108 infectious units on the basis of a 
titer of approximately 5 × 109 IU/mL) mixed with 25 µL of 4% 
carboxymethylcellulose (an inert gel; Sigma, St. Louis, MO) was 
prepared in advance for each monkey. Under sedation with ket-
amine (10 mg/kg delivered by intramuscular injection; Fort 
Dodge, Overland Park, KS), the monkeys were placed in the dorsal 
lithotomy position and a modified Pederson vaginal speculum 
(Miltex, York, PA) was used to visualize the cervix. In the monkeys 
that underwent PsV challenge without cytology (n = 4), 25 µL of 
the inoculum was instilled with a positive displacement pipette 
atraumatically approximately 1 cm into the endocervix; the 
remaining 75 µL was applied to the ectocervix before the speculum 

CONTEXT AND CAVEATS

Prior knowledge
Although the incidence of cervical cancer has decreased, the rate 
of human papillomavirus (HPV) infection, the main cause of cer-
vical cancer, has increased. Damage to the cervical epithelium such 
as that produced during a routine cytology screening procedure 
(Pap smear) may increase susceptibility to HPV infection.

Study design
Female rhesus macaques were subjected to cervical examination 
with or without Pap smear in the presence of Surgilube or 1% iota-
carrageenan (a lubricant that can inhibit HPV infection) followed by 
exposure to a pseudovirus composed of the HPV16 virion proteins. 
Three days later, the cervix was examined to determine the 
number of infected cells.

Contribution
Pap smear was associated with an increase in the number of infec-
tious events. When iota-carrageenan was applied to the cervical 
tract before exposure to the pseudovirus, the mean number of in-
fectious events decreased compared with that when Surgilube was 
used.

Implications
In this model, Pap smear was associated with increased suscepti-
bility to HPV infection, but the risk was reduced by use of a carra-
geenan-based gel during the procedure.

Limitations
This study used relatively few monkeys, and the anatomy of the 
vagina and cervix of the rhesus macaque differs from that of 
humans. Although a variety of devices are used in the clinic to 
perform Pap smears, this study used only a standard cytobrush 
and spatula. The duration of increased susceptibility to HPV infec-
tion after cytology specimen collection is unknown.

From the Editors
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was removed. In the monkeys that underwent PsV challenge in 
conjunction with cytology (n = 8), 25 µL of inoculum was applied 
to the ectocervix. The ectocervix and the transformation zone were 
then swiped several times with a standard plastic spatula (Cooper 
Surgical, Inc, Trumbull, CT) used to obtain cells from this region. 
Next, a Cytobrush cell collector (Cooper Surgical, Inc) was 
inserted approximately 1–2 cm into the endocervix and swirled 
several times, followed by the atraumatic instillation of 25 µL of 
inoculum into the cervix, and 50 µL onto the ectocervix. After  
removing the speculum, a bimanual examination was performed in 
which one digit was inserted into the vagina to palpate the cervix 
from below and the other hand was placed on the abdomen above 
the pubic symphysis to palpate the uterus from above. Immediately 
beforehand, 1 mL of Surgilube (Fougera, Melville, NY) was placed 
on the gloved digit and applied to the external genitalia as a lubri-
cant for the bimanual examination (n = 4). In the carrageenan 
group (n = 4), each monkey underwent PsV challenge in conjunc-
tion with the cytology collection procedure as described above, 
except that 1 mL of 1% iota-carrageenan (Sigma) was substituted 
for Surgilube as the lubricant for the bimanual examination. One 
monkey served as a negative control and was challenged with a 
dummy inoculum of 4% carboxymethylcellulose mixed with 
phosphate-buffered saline in conjunction with the cytology spec-
imen collection. The mean age in years of the monkeys in each 
group were as follows: PsV alone, 7.5 years (range, 6–9 years); PsV 
plus cytology, 9.5 years (range, 7–12 years), PsV plus cytology and 
carrageenan, 7.5 years (range, 7–10 years); negative control, 
9 years. Supplementary Table 1(available online) lists the age and 
number of live births for each monkey.

Histology and Confocal Microscopy
Three days post-challenge, each monkey was euthanized with 
Beuthanasia (80 mg/kg intravenous; Schering-Plough, Union, NJ) 
and the cervix was dissected out and stored in phosphate-buffered 
saline on ice for not more than 4 hours until it could be dissected 
for histology. Six wedge-shaped biopsy specimens were dissected 
from each individual cervix with the goal of obtaining a tissue mass 
lined on one side with an uninterrupted surface of cervical epithe-
lium extending from approximately 1 cm on the ectocervix to 1 cm 
into the endocervix; by definition, this area includes the transfor-
mation zone. These specimens were frozen in tissue freezing 
media (Triangle Biomedical Services, Inc, Durham, NC). At cryo-
sectioning, 6 µm sections were obtained at five levels through the 
tissue mass at approximately 250 µm increments. The quantity of 
evaluable epithelium on individual slides varied. This variation 
could not be accurately quantified because histological character-
istics were not uniform across slides (Figure 1). The resulting 30 
slides per monkey (six biopsy specimens, five sections each) were 
evaluated by confocal microscopy (×40 magnification) for the total 
number of infectious events in the cervical epithelium. Confocal 
images were acquired with a Zeiss LSM 510 Confocal Microscope 
(Carl Zeiss, Inc, Thornwood, NY). The unit is fitted with an 
Axiovert 100M inverted microscope and operates with a 1 mW 
HeNe laser tuned to 543 nm. RFP signal was collected in PMT 1 
with a LP560 filter after excitation with the 543 nm laser line. 
Each cell displaying the characteristic punctate pattern of cytoplas-
mic RFP expression was counted as an infectious event. Before 

confocal examination, the slides were randomized and relabeled so 
that each of two observers (J. N. Roberts and R. C. Kines) could 
perform a separate blinded count. After infectious events per slide 
were totaled, the results were unblinded and the counts of the two 
observers were averaged and reported as the mean number of in-
fectious events per biopsy specimen. Only one of the two observers 
(J. N. Roberts) tracked the distinction between ectocervical vs 
endocervical infection.

Hematoxylin–Eosin Staining
After cryosectioning, a set of slides from each animal were fixed for 
10 minutes in 2% paraformaldehyde, rinsed for 1 hour in 1X 
phosphate-buffered saline and stored at 4°C. Hematoxylin and 
eosin staining was performed using the Frozen Section Staining 
Kit according to the manufacturer’s protocol (Richard-Allan 
Scientific, Kalamazoo, MI). Images were acquired using a Nikon 
Eclipse E600 (Nikon, Inc, Melville, NY) at ×10 magnification.

Statistical Methods
We estimated the average number of infectious events per slide 
within biopsy specimen by treatment. To estimate the confidence 
interval for each average, we modeled the average number of infec-
tious events with a negative binomial regression model (11) and 
estimated separate variances for each observer and treatment. We 
accounted for the correlation in number of infectious events within 
and between biopsies by the use of an autoregressive correlation 
structure. We fit the model with the use of Generalized Estimating 
Equation methods and estimated confidence intervals that are 
robust to incorrect specification of the correlation. We fit separate 
models to counts of infectious events in the endocervix and in the 
ectocervix. To approximate the upper limit of the confidence 
interval for the zero endocervix counts for PsV + Surgilube, we 
added a single count to a single slide from the four monkeys and 
used the upper limit of the confidence interval assuming 0.0083 
average counts (1 of 120) as the proxy for the upper limit for zero 
counts. All models were fit with the use of PROC GLIMMIX in 
SAS version 9.1 (SAS Institute, Cary, NC).

Results
Histological Analysis of HPV Infection of the Cervix After 
the Cytology Collection Procedure
The hematoxylin- and eosin-stained sections in Figure 1 demon-
strate the typical morphology of the macaque cervix. HPV infec-
tion of the cervix was detected using replication incompetent 
HPV16 PsV that express RFP. Individual infectious events in the 
cervical epithelium were detected as red fluorescent cells in cryo-
sections by confocal microscopic analysis. Figure 1 shows the 
characteristic punctate appearance of RFP expression in the cyto-
plasmic space in PsV infected cells. The ectocervix, the transfor-
mation zone, and the endocervix were analyzed and found to have 
a substantial number of infectious events in the monkeys that were 
challenged with PsV in conjunction with the cytology collection 
procedure. Virtually no infection was observed in any of the three 
regions after PsV challenge alone. This finding established that 
cytology specimen collection enhanced infection in each region of 
the cervix.



740   Articles | JNCI Vol. 103, Issue 9  |  May 4, 2011

Quantitation of the Effect of Cell Collection Procedure and 
Carrageenan on Infection
A system was devised for quantifying the overall level of infection 
by counting the number of infectious events per biopsy specimen 
obtained from each monkey. Two independent and blinded ob-
servers counted events in each biopsied specimen, and these values 
were then combined and averaged for analysis. Infectious events 
were rare in the monkeys exposed to PsV in the absence of the 
cytology collection procedure despite challenge with approxi-
mately 3.75 × 108 infectious units (Table 1). In contrast, the 
cytology-exposed monkeys had 1843-fold (95% confidence inter-
val [CI] = 404 to 8391) higher average number of infectious events 
per biopsy specimen than nonexposed monkeys (cytology using 
Surgilube vs without cytology using Surgilube, mean = 84 infec-
tious events per section vs mean = 0.05 infectious events per sec-
tion, difference = 84 infectious events per section, 95% CI = 19 to 
384 infectious events per section) (Table 1). The number of infec-
tious events varied substantially between the monkeys in each 

group (data not shown). Although observer 2 regularly recorded 
lower numbers of counts than observer 1, both observers counted 
more infectious events in the presence of cell collection (Table 1). 
The lower counts recorded by observer 2, who evaluated the slides 
after observer 1, may be because of the prolonged confocal assess-
ment necessary to count the large number of events, which tended 
to extinguish signal. The use of carrageenan instead of Surgilube 
resulted in a 24-fold (95% CI = 9.5 to 60.8) decrease in detectable 
infectious events (carrageenan gel vs Surgilube, mean = 84 infec-
tious events per section, difference = 81 events per section, 95% 
confidence interval = 33 to 213 events per section) (Table 1).

Infection in the Ectocervix vs the Endocervix
In addition to comparing the total number of infectious events in 
the animals with and without cytology specimen collection, the 
number in the ecto- and endocervix was evaluated separately by 
observer 1 (observer 2 did not discriminate between these regions 
during data acquisition) (Table 2). Although PsV was inoculated 

Table 1. Individual observer and combined mean number of infectious events (95% confidence intervals) per biopsy specimen*,‡

Observer Cytology + Surgilube† PsV + Surgilube Cytology + PsV + Surgilube Cytology + PsV + iota-carrageenan

Observer 1 0 0.17 (0.02 to 0.95) 112 (44 to 285) 5.4 (2.1 to 14.6)
Observer 2 0 0.03 (0.004 to 0.19) 67 (29 to 155) 2.9 (1.2 to 7.3)
Combined 0 0.05 (0.01 to 0.18) 84 (45 to 158) 3.5 (1.8 to 6.9)

* PsV = pseudovirus.

† One monkey served as the negative control (no PsV). Each of the other groups contained four monkeys per group. Six specimens were taken from each cervix.

‡ A 95% confidence interval was not calculated for the negative control because zero events were observed.

Figure 1. Histological depiction of the rhesus 
macaque cervix and its infection by human pap-
illomavirus (HPV) pseudovirus. Representative 
images from the three regions of the cervix are 
shown: A) ectocervix, B) transformation zone, 
and C) endocervix. Hematoxylin- and eosin-
stained tissues are depicted in micrographs in 
the first column (scale bar = 40 µm). The images 
in the second and third columns are representa-
tive images of cervical specimens from monkeys 
challenged with HPV16-pseudovirus (PsV) trans-
ducing the red fluorescent protein without and 
with cytology sample collection, respectively 
(scale bar = 10 µm). Red stained cells indicate 
PsV-infected cells.
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directly into the endocervix, no infectious events were observed in 
the endocervix in the absence of the cytology collection procedure 
and only two infectious events were detected in the ectocervix (n = 
4 in each group) (Table 2). In both the endo- and ectocervix, the 
number of infectious events was clearly higher in the sampled 
compared with non-sampled monkeys (a mean of 106 and 12.1 
infectious events in the ectocervix and endocervix of sampled 
monkeys, respectively, vs 0.003 and 0.0 infectious events in the 
ectocervix and endocervix of non-sampled monkeys, respectively) 
(Table 2). Administration of carrageen was associated with a 
56-fold reduction in the number of infectious events at the ecto-
cervix (carrageen vs Surgilube, mean = 1.9 infectious events vs 
mean = 106 infectious events, difference = 104 infectious events, 
95% CI =7.6 to 413.8 infectious events). Administration of carra-
geen was associated with a threefold reduction the number of in-
fectious events at the endocervix (cytology with carrageen vs 
carrageen only, mean = 3.6 infectious events vs mean = 12.1 infec-
tious events, difference = 9 infectious events 95% CI = 0.7 to 15.3 
infectious events) (Table 2).

Discussion
In our study, we confirmed the histological similarities of the 
human and macaque cervix and established that the transformation 
zone was not preferentially susceptible to infection in the absence 
of trauma. Infectious events did occur in the endocervical epithe-
lium, but they were exceedingly rare and occurred after exposure 
to a very large HPV16 PsV inoculum. The trauma associated with 
a Pap smear collection substantially enhanced experimental infec-
tion. This potentiation was largely reversed by the simple inter-
vention of replacing the lubricant commonly used for the internal 
digital examination with an iota-carrageenan gel.

Data from human studies are conflicting as to whether trauma 
may occur in the area of the transformation zone as a result of 
consensual intercourse. Recent consensual intercourse (<24 hours) 
was strongly associated with minor trauma of the genital mucosa, 
including the cervix, albeit on the forniceal surface thereof (12). 
However, magnetic resonance imaging of the anatomy of the coital 
act shows that the cervical os may not contact the male genitalia 
(13). Therefore, infection may occur more frequently in the vag-
inal epithelium, particularly in the lower portions which are more 
prone to intercourse-associated microtrauma, and the resulting 
foci continually shed infectious virus into the vaginal lumen. The 
transformation zone would then be regularly exposed so that even 
rare events or narrow windows of susceptibility could be expected 
to lead to infection. Consistent with this model, ascending infec-
tions from the lower genital tract to the cervix were frequently 
observed in a natural history study of HPV infection in women in 

which various portions of the genital tract were independently and 
frequently sampled (14). It is also possible that foci of inflamma-
tion may sufficiently make the epithelium permeable to cervical 
infection, although further studies are needed to test this 
hypothesis.

We recognized the importance of diligently mimicking the 
cytology collection procedure routinely done in gynecology clinics 
to test the hypothesis that a cytology collection procedure can 
induce susceptibility to HPV16 infection of the cervix. To a large 
degree, this replication was accomplished, although there are some 
limitations to our model. In particular, the relatively small size of 
the rhesus macaque vagina and cervix made the cytology collection 
procedure technically difficult in some monkeys. The rhesus 
macaque endocervix is also somewhat different from human, both 
ultrastructurally (S-shaped vs straight, respectively) and histologi-
cally (the rhesus macaque endocervical epithelium is more papil-
lary and frond-like, probably resulting in a higher surface area in 
the endocervical canal) (7). In addition, several different devices 
are routinely used to sample the cervix for cytology collection in 
gynecology clinics and the extent to which these results would be 
replicated with devices other than the cytobrush and plastic spatula 
used in this study are unknown. However, any device that succeeds 
in the intended outcome of dislodging basal keratinocytes would 
be expected to have a similar potentiating effect compared to that 
of a cytobrush and spatula.

If Pap smears similarly potentiate HPV infection in women, 
then the cervical HPV infection rates measured in many natural 
history studies may need to be reconsidered because most studies 
involve a Pap smear at entry and multiple repeats at relatively 
closely spaced intervals thereafter. Our results indicate that it 
might be informative to compare rates of HPV16 acquisition (and 
clearance) using nondisruptive sampling devises, such as Dacron 
swaps, to determine if infection rates differ from the ones deter-
mined in association with frequent collection of cytology 
specimens.

Carrageenans are candidate HPV microbicides previously 
shown to be highly effective in vitro, with IC50s in the nanogram 
per milliliter range (9). In addition, iota-carrageenan eliminated 
detectable infection in the mouse challenge model, even when 
instilled in the vagina 6 hours before PsV inoculation (6). In this 
study, carrageenan, which is the primary gelling agent in several 
over-the-counter sexual lubricants (9), was not associated with 
complete elimination of susceptibility to HPV16 infection induced 
by the cytology collection. To some degree, this result was 
expected, given that the carrageenan gel was simply applied to the 
examiners gloved digit for lubrication with no conscious effort 
made to instill the material into the vagina or onto the cervical os. 
An intervention against cytology collection procedure–induced 

Table 2. Mean number of infectious events (95% confidence intervals) observed in the endocervix and the ectocervix of monkeys after 
exposure to human papillomavirus-16 pseudovirus (PsV) with and without cytology and according to lubricant used*

Site PsV + Surgilube Cytology + PsV + Surgilube Cytology + PsV + iota-Carrageenan

Ectocervix 0.003 (0.001 to 0.011) 106 (41 to 271) 1.9 (0.32 to 10.9)
Endocervix 0 (0 to 0.008) 12.1 (4.0 to 37) 3.6 (1.3 to 10.2)

* The number of infectious events per specimen was determined by observer 1. Each group contained four monkeys.
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HPV16 susceptibility might be more effective if a carrageenan gel 
were administered directly into the cervical os immediately fol-
lowing the procedure. Further studies are needed to determine the 
validity of this hypothesis.

The implications of these findings for cervical cancer preven-
tion are debatable. Certainly, the tremendous success of cervical 
cytology screening in the prevention of cervical cancer must be 
acknowledged. It would be a mistake to interpret these results as 
an implication that cervical cytology screening programs should be 
curtailed or abandoned. Indeed, even if the potentiation of HPV 
infection occurs in humans, the disease outcome is not apparent a 
priori. Increased HPV infection of the transformation zone could 
lead to more dysplastic lesions. However, the physical disruption 
of repeated cytology collection procedures could also stimulate the 
immune system to recognize HPV infection that may have previ-
ously escaped immune surveillance. Thus, potentiation of infec-
tion might be counterbalanced by an enhancement of immune 
cell-mediated viral clearance and may explain previous reports that 
found an inverse association of dysplastic lesions with the number 
of Pap smears in patients (15).

The increase in cervical adenocarcinoma rates in screened 
Western populations, in which squamous cell carcinomas have 
fallen dramatically, remains unexplained (16–19). Although the 
rate of detection of adenocarcinoma in situ has increased in the 
United States, the risk of invasive cervical adenocarcinomas and 
related mortality has increased in white women younger than 
50 years (16,19). Our findings raise the possibility that the 
increased use and frequency of cytobrush collection procedures to 
specifically sample endocervical cells may contribute to this 
increase. Cytobrush cell collection might render cells within the 
endocervical canal that are not normally traumatized susceptible to 
HPV infection. Women screened at a young age have high rates of 
prevalent HPV16 and HPV18 infection (20–22), and so many are 
therefore likely to have productive lesions shedding infectious 
virus into the vaginal lumen. Younger women also tend to have 
more pronounced ectopy (reversion of endocervical columnar ep-
ithelium out onto the face of the cervix), which exposes a greater 
surface area of fragile single layer epithelium to physical disrup-
tion, from the spatula or other device meant to sample the ectocer-
vix and transformation zone. As women age, ectropion recedes 
(23,24), so that lesions that were once near the cervical os may 
migrate higher into the cervical canal and become less detectable 
in cervical cytology examinations.

Several other factors likely contribute to the observed in-
creasing rates of cervical adenocarcinoma, including improve-
ments in histological classification and increased prevalence of 
oncogenic HPV infections (25,26). Also, removing a competing 
cause of mortality generally increases the observed rates of the 
diseases still present (27). Therefore, because current screening 
modalities preferentially detect and remove squamous lesions and 
not adenomas, observed rates of adenocarcinoma might increase 
without a change in the distribution of known or unknown risk 
factors.

In summary, the speculative nature of the possible association 
of cytology screening with adenocarcinoma must be stressed. The 
issue may be largely rendered moot for future generations of 
women by the fact that the vast majority of adenocarcinomas are 

caused by HPV16 and HPV18, and HPV vaccine uptake is likely 
to be highest among girls who will eventually be screened most 
regularly. However, adenocarcinoma is causing deaths in more 
women and at younger ages now, and adenocarcinoma in situ, for 
which the treatment is almost invariably hysterectomy, is destroy-
ing the reproductive capability of these patients. The field might 
benefit from an epidemiological examination of a potential tempo-
ral or geographical association between the frequency and aggres-
siveness of cervical cytology cell collection and the incidence of 
cervical adenocarcinoma and adenocarcinoma in situ. Our results 
also indicate that it may be important to determine if the high 
sensitivity of HPV DNA-based tests for cervical precancerous le-
sions is maintained in the absence of endocervical sampling.
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