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Abstract
Several biomarkers are in use to improve the sensitivity and specificity of cervical cancer screening. Previously, increased expression of tight junction protein claudin-1 (CLDN1) was detected in premalignant and malignant cervical lesions and applied for
cytology screening. To improve the specificity, a double immunoreaction with CLDN1/Ki67 was developed in the recent study.
Parallel p16/Ki67 (CINtec® PLUS) and CLDN1/Ki67 dual-stained cytology and histology were performed and compared. p16/
Ki67 immunoreaction showed positivity in 317 out of 1596 smears with negativity in 1072 and unacceptable reactions in 207
samples. CLDN1/Ki67 dual staining was positive in 200 of 1358 samples, negative in 962, whereas 196 smears could not be
evaluated due to technical reasons. Considering the high-grade squamous intraepithelial lesion cytology as gold standard, sensitivity
of CLDN1/Ki67 reaction was 76%, specificity was 85.67%, while for p16/Ki67 sensitivity was 74% and specificity was 81.38%.
Comparison of CLDN1/Ki67 and p16/Ki67 dual stainings showed the results of the two tests not to be significantly different.
Analysing histological slides from 63 cases, the results of the two tests agreed perfectly. As conclusion the sensitivity and specificity
proved to be similar using p16/Ki67 and CLDN1/Ki67 double immunoreactions both on LBC samples and on histological slides.
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Introduction
Papanicolaou (Pap) smear-screening significantly reduced the
incidence and mortality of cervical cancer, however, because
of the low sensitivity and poor reproducibility in contrast to
the high specificity, more Bsophisticated^ methods have been
introduced in the last decades and new screening guidelines
have been proposed [1–6].
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High-risk human papillomaviruses (hrHPV) play crucial
role in the development of premalignant and malignant cervical lesions and HPV DNA-based testing has significantly increased the sensitivity of primary cervical screening [3, 5, 7].
HPV testing however, is less specific than cytology, mainly
because the majority of infections are transient and spontaneously eliminated in the majority of cases [3, 6, 8].
New biomarkers aiming to improve the specificity of
screening have been developed, which might be used to differentiate the productive and transforming HPV infection and/
or predict disease severity [6, 9, 10]. Several new tests were
introduced, such as p16INK4A, dual p16INK4a/Ki67 staining,
ProexC (combined MCM2/TOP2A), etc. [6, 10, 11].
Previously, our group as well as others demonstrated significantly increased expression of the tight junction (TJ) protein claudin-1 in premalignant and malignant cervical lesions
[12–14]. Claudin-1 (CLDN1) as a biomarker has been suggested to be used for both cytology and histology with similar
diagnostic potential as p16INK4a [9]. Claudins are the main
functional and structural components of TJs, playing role in
paracellular permeability, maintaining cellular polarity and
participating in signal transduction [15]. The limitation of
our previous study was the relatively low specificity of
CLDN1 staining similarly to p16INK4a testing [9]. For this
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reason, the aim of the present study was to test a double immunoreaction using antibodies against CLDN1 and the proliferation marker Ki67 on cytological and histological samples, in order to improve specificity. The results of the p16/
K i 6 7 ( C I N t e c® P L U S ) a n d C L D N 1 / K i 6 7 d u a l
immunostainings were compared with each other, as well as
with the cervical cytological readings and also with the histological results, and then analysed statistically.
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USA) and processed using ThinPrep® 2000 Processor
(Hologic™ Inc.). The first slide from each vial was taken for
cytology smears, Pap-stained and reported using the 2001
Bethesda Reporting System [16, 17]. Further ThinPrep slides
were prepared from the same container for immunocytochemical reactions and for subsequent HPV testing (see below).
ThinPrep smears were evaluated if at least 500 cervical epithelial cells were present.

HPV Testing

Materials and Methods
Patient Population and Tissues Samples
An outpatient population of 2907 women between 18 and
65 years of age who attended routine gynaecological screening between 2013 and 2015 were enrolled in the TRACE
clinical study conducted in Hungary [11] (Fig. 1). All clinical
samples were obtained with the approval of the National
Ethics Committee (asset number: V-R-021/04346–4/2013),
all patients gave informed consent and the trial was performed
in accordance with the Declaration of Helsinki. Cervical cytology samples were collected after colposcopy assisted visual
inspection of the cervix by gynecologists and were kept in
preservation solution for subsequent liquid-based cytology
(LBC) analysis. When required by the cytological diagnosis,
confirmatory histological diagnosis was made (cone or punch
biopsy).

Cytological Diagnosis
All samples obtained for cytology were collected in
PreservCyt® Solution (Hologic™ Inc. Marlborough, MA,
Fig. 1 Cytology (liquid-based
cytology) diagnosis and hrHPV
testing of the study population.
hrHPV = high-risk human
papilloma virus, AS-CUS =
atypical squamous cells of
undetermined significance,
LSIL = low-grade squamous
intraepithelial lesion, HSIL =
high-grade squamous
intraepithelial lesion

HPV viral DNA detection was performed on LBC samples
using CONFIDENCE HPV™ test, which detects HPV16 and
HPV18 separately and other high-risk types in groups based
on multiplex real-time PCR technology [11].

Immunocytochemistry and Immunohistochemistry
Parallel ThinPrep slides from the residual material from each
vial were used for the immunoreactions (CINtec® PLUS,
CLDN1/Ki67 sequence). For immunohistochemistry the
3–4 μm thick, formalin fixed paraffin embedded (FFPE)
sections were cut and prepared further.

CINtec®PLUS Immunoreaction (p16INK4a/Ki67
Testing)
ThinPrep slides were prepared for CINtec® PLUS (Roche
mtm Laboratories AG, Mannheim, Germany) reaction according to the manufacturer’s instructions. When accessing the
reactions, the cases were called positive if one or more cell(s)
out of at least 500 normal or altered squamous epithelial cells
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on the slides stained both with a brown cytoplasmic/nuclear
(p16) and a red nuclear (Ki67) reaction irrespective of the
interpretation of morphologic abnormalities.
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high-grade squamous intraepithelial lesion - HSIL). Receiver
Operating Characteristic (ROC) curves and Area under the
curve (AUC) were computed to further compare CINtec®
PLUS with CLDN1/Ki67.

CLDN1/Ki67 Immunoreaction
Results
Parallel LBC (3rd slide from the collection vials) and FFPE
slides were prepared for CLDN1 and Ki67 reactions.
Similarly as in the case of CINtec® PLUS reaction, a case
was considered positive if one or more cervical epithelial
cell(s) had both a brown membrane stain (CLDN1) and a
red nuclear reaction (Ki67).
CLDN1 reaction was carried out in a Ventana ES automatic
immunostainer (Ventana Medical Systems Inc.; Tucson, AZ,
USA). The slides were incubated for 30 min at 42 °C with the
primary polyclonal rabbit antibody against CLDN1 in 1:100
dilution (Cell Marque, Roclin, CA, USA), followed by a HRP
multimer-based, biotin-free detection method. Secondary antibody and reagents were obtained from Ventana (iView DAB
Detection Kit; Ventana Medical Systems Inc.). Bluing reagent
was not used because CLDN1 immunoreactions were followed manually by Ki67 reaction. In the first step, antigen retrieval was used again for 10 min at 95 °C with Antigen
Unmasking Solutions (Vector Laboratories, Burlingame,
CA, USA, in 1:100 dilution). Thereafter the slides were incubated for 30 min with the mouse monoclonal primary antibody against Ki67 (Dako, Glostrup, Denmark) diluted 1:100,
at room temperature. The secondary antibody reagent
(ImmPRESS AP Reagent; Vector Laboratories) included a
polymer reagent conjugated to alkaline phosphatase (AP)
and goat anti-mouse Fab′ antibody fragments for detection
of Ki67, applied for 30 min at room temperature (1:100 dilution). Vector Red Alkaline Phosphatase Substrate Kit (Vector
Laboratories) was applied for 25 min using Fast Red as chromogen. Finally, the slides were counterstained with alcoholfree hematoxylin and coverslipped with xylene-based
Cytoseal XYL Mounting Medium (Richard-Allan Scientific,
Thermo Scientific, Kalamazoo, MI, USA).

Statistical Analysis
Statistical analysis was carried out using STATISTICA software v12.0 (StatSoft; Tulsa, OK, USA) and MedCalc
(v12.4.0.0; MedCalc Software, Mariakerke, Belgium).
Differences were considered statistically significant when
p < 0.05. McNemar’s test was used to evaluate differences in
positivity for p16/Ki67 and CLDN1/Ki67 in cytological samples. Kappa test was used to measure the agreement of the two
immunochemical tests. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), with
95%-confidence intervals were calculated for endpoint
which was CIN2/CIN2+ (cervical intraepithelial neoplasia,

1. Patient Population, Cytology and Histology
Out of a total of 2907 women who underwent LBC for
routine cervical cancer screening, 2891 samples provided
acceptable results, from which 2380 proved to be normal as
shown together with the results of hrHPV testing (Fig. 1).
High-risk HPVs (hrHPV) were detected in 805 samples,
negative results were found in 2038 samples and no acceptable results were received in 64 cases (Fig. 1). The diagnosis of the 63 histological samples is demonstrated on
Table 1.
2. Comparing Cytology and Histological Diagnosis to p16/
Ki67 (CINtec® PLUS) and CLDN1/ Ki67 Dual-Stainings
a) Comparing Cytology Diagnosis and p16/Ki67 (CINtec®
PLUS) Reaction
CINtec® PLUS reactions were performed in 1596 cases
(Table 2). The positive reaction presented a brownish
cytoplasmic/nuclear reaction for p16 and a red immunostaining for Ki67 simultaneously in one or more cervical epithelial
cells (Fig. 2a). Out of the 1596 samples, 1386 presented
evaluable results with both Pap test and CINtec® PLUS reactions, in 207 cases one of the tests could not be evaluated
because of technical reasons (Table 2).
b) Comparing Cytology Diagnosis with CLDN1/Ki67
CLDN1-positive cells gave an intense brown linear
circular/semi-circular or spotted reaction along the cellular
membranes, sometimes in the cytoplasm, together with a
bright red nuclear Ki67 reaction in the same cells (Fig. 2b, c,
d; Fig. 3a, b). CLDN1/Ki67 dual-immunostaining was performed in 1358 cases and 1159 provided acceptable immunostaining as shown on Table 3.
c) Comparing Histology Diagnosis with CLDN1/Ki67 and
p16/Ki67 (CINtec® PLUS)
Parallel slides from the FFPE blocks were used for immunohistochemistry. Ki67 positivity was seen in the cells of the
basal layer in normal cervical squamous epithelium both by
CINtec® PLUS and by CLDN1/Ki67 reaction (Fig. 4a, b).
Brownish reaction for p16 (Fig. 4c) and CLDN1 (Fig. 3c, d;
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Table 1 P16/Ki67 (CINtec®
PLUS) and CLDN1/Ki67 on
histological section (n = 63)

Histological
diagnosis

Number of
cases

Average
ages (yrs)

CINtec® PLUS

CLDN1/Ki67

Positive

Positive

Negative

Negative

Carcinoma in situ

7

40.57

7

0

7

0

HSIL (CIN 2 or 3)

30

33.50

30

0

30

0

3

42.33

0

3

0

3

23

35.61

0

23

0

23

LSIL (CIN 1)
No dysplasia, chronic
cervicitis

CLDN1 claudin-1, HSIL high grade squamous intraepithelial lesion, LSIL low grade squamous intraepithelial
lesion, CIN cervical intraepithelial neoplasia

Fig. 4d) and numerous Ki67 positive red nuclei could be demonstrated by both tests in the CIN2+ lesions. By comparison of
the two tests (CINtec® PLUS and CLDN1/Ki67), the results
agreed perfectly (Table 1).
3. Comparing Test Performance for CLDN1/Ki67 and p16/
Ki67 (CINtec® PLUS) Considering the Cytological
Evaluation
CINtec® PLUS and CLDN1/Ki67 could be performed parallel in 1352 cases. Both reactions were accepted in 1097
cases (Table 4). Assessment of the two immune tests equalled
in 1003 samples (840 negative and 163 positive, 91.4%)
(Table 4). The value of agreement between the two tests by
Kappa tests and the result of the two tests agreed accordingly
(κ = 0.724; 95% CI from 0.672 to 0.776).

Table 2

Furthermore, comparison of the test performances for
CINtec® PLUS and CLDN1/Ki67 considering cytological
evaluation and efficiency values [sensitivities, specificities,
positive (PPVs), and negative predictive values (NPVs)] for
all screening methods to detect ASC-US, LSIL or HSIL is
summed in Table 5 a and b. It is worthy of note that among
women with LSIL cytology CINtec® PLUS showed slightly
higher sensitivity than CLDN1/Ki67 (40.28 vs. 35.07%) but
the specificity values were lower (83.41 vs 87.13%). For patients with HSIL, the sensitivity and specificity values reached
a good, evaluable range, over 70–80%. CLDN1/Ki67 showed
slightly better sensitivity [76.00% (95% CI from 61.83% to
86.94%)] and specificity [85.67% (95% CI from 83.40% to
87.74%)] (Table 5 b) than the CINtec® PLUS values [sensitivity 74.00% (95% CI from (59.66% to 85.37%) and
specificity 81.38% (95% CI from 78.88% to 83.69%)].

Results of p16/Ki67 (CINtec® PLUS) on LBC specimens.

AS-CUS atypical squamous cells of undetermined significance, LSIL low grade squamous intraepithelial lesions, HSIL high grade squamous
intraepithelial lesion
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Fig. 2 Dual immunoreactions on
LBC (ThinPrep) cytology slides
(a). p16/Ki67 (CINtec® PLUS)
reaction shows positive cells with
red nuclei and brown cytoplasmic
staining (a). CLDN1/Ki67
positive cells have red nuclei and
brown membranous linear or
spotted staining (b, c, d). LBC =
liquid-based cytology, CLDN1 =
claudin-1. Scalebar: 35 μm

Regarding the efficiency of the CINtec® PLUS and CLDN1/
Ki67 test analysis, Receiver Operating Characteristic (ROC)
curves were demonstrated to assess differences between the
two immunoreaction performances. The result of the analysis
are given in Fig. 5. Data were similar to the previous comparison above, CLDN1/Ki67 had slightly higher curve [AUC =
0.806 (95% CI from (0.781 to 0.829)] than CINtec® PLUS
[AUC = 0.774 (95% CI from 0.748 to 0.798)], but no significant difference (p = 0.177) was found between the two tests
since the difference area was only 0.0317.
Fig. 3 CLDN1/Ki67
immunreactions on LBC (a, b)
and histological slides (c, d). Red
nuclei and brown membranous
staining show positive cells.
CLDN1 = claudin-1, LBC =
liquid- based cytology. Scalebar:
35 μm (a, b) and 50 μm (c, d)

Discussion
Several biomarkers have been introduced for cervical cancer
screening so as to improve sensitivity and specificity as compared with Pap cytology readings and HPV testing [10, 18, 19].
Among these, immunochemical methods are already commercially available and several studies have proved their usefulness
in diagnostic practice [20].
Detection of p16INK4a is one of the extensively evaluated
methods for recognition of altered dysplastic cervical cells,
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Results of CLDN1/Ki67 on LBC specimens.

CLDN1 claudin-1, AS-CUS atypical squamous cells of undetermined significance, LSIL low grade squamous intraepithelial lesions, HSIL high grade
squamous intraepithelial lesion

and the specificity of the reaction increased significantly after
being combined in a dual immunostaining with Ki67 [5, 6,
20–22]. The results have been confirmed in a multicentric,
prospective, pan-European study (PALMS study), which
Fig. 4 CINtec® PLUS (a, c) and
CLDN1/Ki67 (b, d)
immunoreactions on histological
slides. Ki67 positive red nuclei
are detected in basal cells of the
normal cervical epithelium (a, b)
by both stainings. Nuclear
reactions are more extended in the
HSIL samples together with
brown p16 cytoplasmic reaction
with CINtec® PLUS (c) and
membranous reaction with
CLDN1 (D). CLDN1 = claudin1, HSIL = high-grade squamous
epithelial lesion. Scalebar: 50 μm

found that positive predictive values for CIN2+ were higher
for p16/Ki67 immunocytochemistry versus HC2 HPV testing
[10]. More recently it has been shown that p16/Ki67 reaction
is associated with hrHPV persistence and CIN2+ lesions [21].

Dual-Stained Cervical Cytology and Histology with Claudin-1 and Ki67
Table 4
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Comparison of CLDN1/Ki67 and p16/Ki67 (CINtec® PLUS) results on LBC samples.

CLDN1 claudin-1

The objective of our current study was to compare side-byside the results of the commercially available test, p16INK4a/
Ki67 (CINtec® PLUS) dual staining with our newly developed CLDN1/Ki67 double immunoreaction. In our previous
study the detection of tight junction protein CLDN1 proved to
have similar diagnostic potential as p16 I N K 4 a [9].
Concordance of CLDN1 immunocytochemistry of HSIL positives was 84.0%, being 69.0% for negatives, suggesting
CLDN1 to be a competing marker for detection of premalignant and malignant cervical lesions [9].
Claudins (CLDNs) belong to the family of integral membrane proteins [23] and are the main components of the beltlike networks of tight junctions (TJs). TJs act as important
Table 5

paracellular seals, semi-barriers for trafficking different molecules, ions and water and participate in the maintenance of
cellular polarity. TJs are dynamic structures undergoing continuous Bmolecular remodelling^ and respond to several stimuli as to cytokines and growth factors or epigenetic events
[24]. CLDNs interact with other proteins and participate in
signal transduction through a PDZ domain, influencing cell
proliferation and transformation [24]. Deregulation of TJ proteins - increase, decrease or loss - in association with altered
cellular morphology during carcinogenesis and with the progression of the lesions is well documented [13, 25, 26]. A
significant upregulation of CLDN1 was demonstrated in premalignant and malignant cervical squamous [12, 14] and

Performance of p16/Ki67 (a) and CLDN1/Ki67 (b) in abnormal cervical lessions (n=1097)

a.
CINtec® PLUS
ASC-US/ASC-US+
(95% CI)
LSIL/LSIL+
(95% CI)
HSIL
(95% CI)

Sensitivity
39.21%
(32.81% to 45.89%)
40.28%
(33.61% to 47.24%)
74.00%
(59.66% to 85.37%)

Specificity
83.56%
(80.93% to 85.97%)
83.41%
(80.79% to 85.80%)
81.38%
(78.88% to 83.69%)

Positive Predictive Value (PPV)
38.36%
(32.07% to 44.95%)
36.64%
(30.43% to 43.19%)
15.95%
(11.48% to 21.31%)

Negative Predictive Value (NPV)
84.05%
(81.43% to 86.42%)
85.43%
(82.90% to 87.72%)
98.50%
(97.44% to 99.20%)

b.
CLDN1/Ki67
ASC-US/ASC-US+
(95% CI)
LSIL/LSIL+
(95% CI)
HSIL
(95% CI)

Sensitivity
34.36%
(28.20% to 40.93%)
35.07%
(28.65% to 41.92%)
76.00%
(61.83% to 86.94%)

Specificity
87.36%
(84.96% to 89.49%)
87.13%
(84.75% to 89.27%)
85.67%
(83.40% to 87.74%)

Positive Predictive Value (PPV)
41.49%
(34.37% to 48.89%)
39.36%
(32.33% to 46.73%)
20.21%
(14.72% to 26.67%)

Negative Predictive Value (NPV)
83.61%
(81.04% to 85.96%)
84.93%
(82.43% to 87.19%)
98.68%
(97.71% to 99.32%)

CLDN1 claudin-1, AS-CUS atypical squamous cell of undetermined significance, LSIL low grade squamous intraepithelial lesions, HSIL high grade
squamous intraepithelial lesion
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Fig. 5 ROC analysis curves of the two dual stainings. CLDN1/Ki67 (red)
has slightly higher curve than CINtec® PLUS (green), but no
significant difference (p = 0.177) was found. ROC = Receiver Operating
Characteristic, CLDN1 = claudin-1

glandular lesions [13, 27], in other squamous carcinomas as in
esophageal [28] cancer, in different forms of breast cancer
[29] etc. Other claudins such as claudin-3 and -4 were highly
expressed in cholangiocarcinomas [30], in prostate [31] and
ovarian cancers [32] etc. Increased expression of certain
claudins does not necessary mean the Bincreased tightness^
or Bbetter^ function of TJs, it is rather a deregulation of the
interaction between TJ proteins in the multiprotein complexes
and expresses disturbed protein Bpartnering^ with other proteins in these dynamic structures.
Based on our own previous observations as well as of others,
increased expression of CLDN1 characterizes the neoplastic
cervical epithelial cells, which can be demonstrated both by
histology, cytology and by cDNA array technique [9, 12, 14,
33]. It was proved that the expression of CLDN1 increases with
the severity of the cervical lesions from CIN1 to CIN2+ and
invasive cancer [12]. Previously CLDN1 has been suggested to
be a biomarker in cervical cytology however, in that particular
study the proliferative marker was not considered [9].
In the recent study, expressions of CLDN1 and proliferation marker Ki67 were combined in dual immunostaining and
compared with the results of p16/Ki67 (CINtec® PLUS) reaction. The latter test showed a sensitivity of 74.00% and a
specificity of 81.38%, while for CLDN1/Ki67 they were
76.00% and 85.67%, respectively using Pap cytology readings as reference.
Taking ethical questions into consideration, the first slide
from each LBC vial was used for Pap cytology diagnosis
evaluated by the Bethesda system, the second slide for
CINtec® PLUS and the third for CLDN1/Ki67 immunoreaction. Those samples where the cell number was not sufficient
for any of the three tests were excluded from further evaluation, decreasing the power of the statistical analysis.
One of the main goals of the current study was the comparison of the recently available and widely used dual immunostaining method for p16/Ki67 (CINtec® PLUS) with our
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newly developed reaction (CLDN1/Ki67). The relatively
large number of samples available for comparing the two tests
seemed to be sufficient for statistical analysis. In addition, the
fact that the 3rd sample from the LBC collecting vials was
used for the CLDN1/Ki67 staining, probably with a less number of cells, further strengthens our results, which demonstrated that no significant differences were found between the
CLDN1/Ki67 and CINtec® PLUS dual stainings.
Previously, significantly increased CLDN1 expression was
demonstrated with the severity and progression of histological
grade during cervical carcinogenesis detected by immunohistochemistry [12]. In the recent study, the CLDN1/Ki67 reaction gave a result similar to the reaction with CINtec® PLUS.
This suggests that the CLDN1/Ki67 dual staining might be
used in the future for the detection of CIN2/CIN2+ lesions on
histological slides too.
A new cervical biomarker test needs to be compared with
existing ones, in this case CLDN1/Ki67 to p16/Ki67
(CINtec® PLUS) for cervical immunochemistry and immunohistochemistry, as discussed above. Wentzensen et al. [6] evaluated the clinical relevance of the dual immunoassay with
p16/Ki67 compared with Pap cytology diagnosis. In their
study, the double staining demonstrated lower positivity than
cytology at ASC-US threshold. For CIN2+, the double staining had similar sensitivity and higher specificity as compared
with cytology, and the pattern for CIN2+ was similar [6].
Bergeron et al. [10] in the PALMS study involving 5
European countries, using colposcopy-guided biopsy diagnosis of CIN2/CIN2+ as clinical endpoints, found that the p16/
Ki67 dual staining cytology gave comparable results for ASCUS as HC2 (Qiagen, Hilden, Germany) testing and lower for
LSIL, but higher specificity compared to HC2 HPV testing
both for ASC-US and LSIL.
In our recent study the p16/Ki67 (CINtec® PLUS) and
CLDN1/Ki67 dual reactions were compared in a case-control
manner. The sensitivity and specificity of the two tests were
performing equally in a large number of sample sets, which
suggests that the CLDN1/Ki67 double immunoreactions might
be used in the future for the detection of premalignant and
malignant cervical lesions.
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