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A B S T R A C T

Squamous cervical cancers generally arise as a result of persistent infection with high-risk human
papillomaviruses (hrHPVs) and occur near the squamocolumnar junction (SCJ) and within the
transformation zone (TZ). The susceptibility of the TZ to HPV-related carcinogenesis appears linked
to epithelial cell plasticity, with squamous metaplasia originating from a specialized stem cell
population at this site. Two alternative cell populations have been implicated: keratin (K)7þve
cuboidal cells located at the SCJ vs a more broadly distributed K17þve cervical reserve cell popula-
tion. To distinguish between the hypotheses, we utilized multiplex immunofluorescence and large-
scale digital imaging to map cell populations at the TZ of 165 women with and without hrHPV
infections. Our results did not reveal a distinct population of K7þ cuboidal cells at the SCJ but found
instead that the cuboidal and columnar cells of the TZ expressK7 andK8 throughout and lack the p63
transcription factor required for epithelial stratification. Squamous metaplasia and reserve cells,
which are defined by their subcolumnar location and pattern of biomarker expression (K5/K17/P63),
were conspicuous at cervical crypt entrances within the TZ extending proximally toward the
endocervix. In HPV-infected tissue, crypt-entrance regions with thin high-grade squamous intra-
epithelial lesion pathology showed prominent expression of hrHPV E6/E7 mRNA, as detected by
fluorescence in situ hybridization, and p16/MCM expression, with infection also apparent in
neighboring reserve cells. In some instances, normal/uninfected reserve cells (E6/E7mRNA�ve) and
squamousmetaplasiawere not only seen close to these regions of hrHPV infection but also extended
well beyond the infected area both laterally and by depth. Our results confirm that the reserve cells
underneath the columnar epithelia at TZ have the potential to undergo malignant squamous
transformation via reserve cell proliferation, in agreement with previous histopathological studies.
These translational findings highlight the importance of understanding themolecular biology of the
epithelial sites where HPV cancers develop and suggest that in high-risk individuals, treatment
strategies should target a wider area than previously thought.
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Introduction

Cervical cancer is the fourth most common cancer in women,
with more than half a million cases diagnosed annually world-
wide.1-3 Over 95% of these cancers4 are caused by persistent in-
fections with “high-risk” human papillomaviruses (hrHPVs), the
most common sexually transmissible agents. In mature squamous
epithelium, they typically cause low-grade intraepithelial lesions
(LSILs) controlled by the immune system.5 However, persisting
infection can lead to the development of high-grade squamous
intraepithelial lesions (HSILs) (-) or high-grade cervical intra-
epithelial neoplasia (designated as CIN3 or more equivocally,
CIN2),6,7 which are the precursors of cervical cancer treated upon
detection during standard screening procedures.8 Although the
World Health Organization term HSIL is broadly equivalent to the
alternative classification of CIN2/3, the term “thin HSIL” is used to
describe lesions that are <10 cells thick, and which are thought to
develop directly from infected (proliferating) reserve cells or
immature squamous epithelium. HSIL/CIN3 originating from the
thickermature glycogenated squamous epithelium appears to arise
from a preceding LSIL, with the 2 pathways of cancer progression
suggested as a result of different sites within the cervix. The
treatment of precancerous cervical lesions includes loop electro-
surgical excision procedure (LEEP) or cryo-/thermal ablation.9

The vulnerability of the uterine cervix to hrHPV infection and
neoplastic progression is linked to its unusual epithelial archi-
tecture, with most cervical cancers arising within the trans-
formation zone (TZ).10 The cervical TZ is the region between the
original stratified squamous epithelium of the ectocervix and the
simple columnar epithelium of the endocervix.10 The TZ is a site of
epithelial cell plasticity that undergoes metaplasia, a normal
physiological process in which one epithelial type is replaced by
another as a response to hormonal and environmental changes.11

As observed by Smedts et al,12 keratin expression changes during
squamous metaplasia, with reserve cells and metaplastic cells
acquiring keratins typical of squamous differentiation, high-
lighting the plasticity and differentiation potential within the TZ.
Although metaplasia at the cervical TZ can occur throughout life,
there are several key periods where it has been well docu-
mented, coinciding with fetal development, adolescence, and
pregnancy.13-15 During these times, hormonal changes and alter-
ations in the tissue microenvironment drive the transformation of
columnar epithelium into stratified squamous epithelium.13,16,17 At
puberty and thereafter, the columnar epithelium of the TZ is
gradually replaced by a thicker, protective stratified squamous
epithelium. This process is mediated by local changes in the tissue
microenvironment, female hormones, and exposure to the acid
environment of the vagina (a byproduct of normal lactobacillus
metabolism), which may cause inflammation.11 As a result, the
location of the squamocolumnar junction (SCJ) moves within the
TZ, with its position generally visible colposcopically as a boundary
between the pink squamous epithelium and the bright red region,
which marks the thinner columnar epithelium of the TZ and
ectocervix. The TZ is defined by colposcopists, as the region be-
tween the original and current SCJ where metaplasia has already
occurred, and is bounded by the last region of metaplasia.13,18 Reich
et al13 have proposed an additional “extended TZ” definition that
includes the region lying immediately proximal (higher up into the
canal) where there is potential for subsequent metaplasia. In this
area, reserve cells are distributed throughout the entire tall
columnar endocervical epithelium including the endocervical ca-
nal. The SCJ isdas the name impliesdis the junction or border
between 2 different types of epithelia.
2

Despite the importance of cervical TZ in the development of
cervical cancer, most HPV research has centered around the
molecular biology of hrHPV as the causal agent.19 It is clear from
these studies that hrHPV targets important regulators of
epithelial homeostasis to modulate proliferation, differentiation,
and intercellular signaling,20,21 and that HSIL arises when these
viral mechanisms become deregulated.21 It is unclear why the TZ
is a hot spot for hrHPV carcinogenesis, with current models
linking the site’s vulnerability to not only an increased risk of
infection but also to the unusual epithelial plasticity of the TZ
region and the deregulated hrHPV gene expression.11 Previous
studies have pointed to the existence of sporadically distributed
p63-positive cells located between the columnar cells and the
basal lamina of the TZ,22 suggesting that these cells are the cer-
vical reserve cells described by pathologists many decades ago.23

It has been suggested that these cells may be the target cells for
hrHPV infection at the cervix.18,22 However, other target cells
have been prominently proposed, including a cuboidal cell type
that, unlike the cervical reserve cell, has been reported to be
found at the SCJ.17

In this study, we applied multiplex immunofluorescence and
digital imaging techniques to map the distribution of cell types
and their involvement in epithelial stratification within the
cervical TZ, utilizing biopsies collected from 165 women with
and without hrHPV infections. We explored the distribution of
these cells in relation to the original and current SCJ, as well as
the cervical crypts, which extend from the surface of the TZ into
the underlying stroma. In addition to p63, we used several
keratin-based biomarkers to determine cell identity and lineage.
These studies, which initially focused on uninfected/normal
tissue, were subsequently extended to cervical tissue infected by
hrHPV and treated for HSILs. Our observations provide a frame-
work on which to develop an understanding of in vivo HPV
cancer susceptibility, with implications relating to disease
recurrence and treatment strategies in susceptible/high-risk
groups.
Materials and Methods

Collection and Processing of Clinical Samples

The biopsy material used in this study included excisional
specimens from individuals who underwent LEEP for HPV-
associated cervical precancer at the Hospital de Clinic, Barce-
lona, Spain (aged between 23 and 63 years; 18 cases), and
National Health Laboratory Services, Johannesburg, South Africa
(aged between 33 and 58 years; 30 cases). Ethical approval was
obtained from the institutional review boards of both in-
stitutions. Additional clinical material was drawn from archival
sources described in previous publications,24,25 including
hysterectomy-derived histologically normal cervical specimens
(aged between 30 and 85 years; 117 cases). Patient data for all the
samples were anonymized. Formalin-fixed paraffin-embedded
blocks were sectioned (32 � 5 mm) onto Klinipath Frost Printer
microscope slides (VWR International B.V.) and processed for
immunohistochemical and whole tissue section-PCR analysis.26

Conditions for PCR-clean sectioning have been described previ-
ously.24,25 HPV genotyping was carried out by SPF10-PCR-DEIA-
LiPA25, version 1 (Labo Biomedical Products BV27) or using the
Atila Biosystems AmpFire HPV High-Risk Genotyping system
(GHPVF-10028).



Table
Antibodies used for fluorescent immunohistochemical staining

Target Supplier, location Cat. no. Dilution Host Amplification Target/interpretation

Cytokeratin 17 (K17) Abcam, Cambridge ab51056 1/400 Rabbit Yes Reserve cell at the SCJ or within the TZ. Variably
present in metaplasia

Cytokeratin 5 (K5) Abcam, Cambridge ab52635 1/100 Rabbit No Reserve cell at the TZ, ectocervical basal cell

p63 Abcam, Cambridge ab735 1/100 Mouse Yes Reserve cell at the TZ, ectocervical basal cell

Cytokeratin 7 (K7) Abcam, Cambridge ab181598 1/100 Rabbit No Columnar cells at the SCJ, TZ, and endocervix
Variably present in reserve cells

Cytokeratin 8 (K8) Abcam, Cambridge ab53280 1/100 Rabbit No Columnar cells at the SCJ, TZ, and endocervix

Cytokeratin 13 (K13) Abcam, Cambridge ab92551 1/100 Rabbit Yes Cells of the stratified epithelium

p16 Roche/Ventana, Tucson, USA MTM-E 6H4 1/200 Mouse Yes Deregulated hrHPV E6/E7 expression (when
used with MCM)

MCM Cell Signalling Technology, USA 3619 1/400 Rabbit Yes Deregulated hrHPV E6/E7 expression (when
used with p16)

HPV E4 Pan-specific E4 mAb
(prepared in-house)

FH1.1 1:25 Mouse Yes Productive stages of the HPV life cycle

HPV L1 Native Antigen, UK MAB12279 1:100 Mouse Yes Productive stages of the HPV life cycle

HPV, human papillomavirus; hr, high risk; SCJ, squamocolumnar junction; TZ, transformation zone.
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Morphologic Examination of Clinical Samples and Disease Pathology

Hematoxylin and eosin (H&E)estained, brightfield scanned
images were captured using a Pannoramic MIDI automatic digital
slide scanner (3DHISTECH). The diagnosis of LSIL, HSIL, and the
characterization of cell types were carried out by a panel of 3
pathologists (J.O., T.O., and H.G.) at Hospital de Clinic, Barcelona,
National Health Laboratory Services, Johannesburg, South Africa,
and Cambridge, using the captured scans as described previ-
ously24,25 according to standard morphologic criteria.29 HPV-
associated lesions were graded according to the Lower Anogen-
ital Terminology Standardization criteria, with references to
mitotic figures, koilocytes, nuclear/cytoplasmic ratio, loss of
epithelial maturation, and the involvement of cervical crypts in TZ.
Recent studies have shown that p16 positivity in squamous
metaplasia can indicate transcriptionally active hrHPV, even in the
absence of dysplastic morphologic features, supporting the utility
of p16 as an early biomarker in HPV-associated HSIL.30

Regions showing no HPV-associated pathology, with an unin-
fected appearance, were classified as “normal.”
Immunofluorescent Staining and Detection of Human
Papillomavirus RNA

Fluorescent immunohistochemistry was performed as
described previously24 using the basic set of markers listed later.
Rabbit anti-K17, anti-K5, and mouse anti-p63 antibodies were
used to detect reserve cells,22 while anti-K13 was used to detect
cells undergoing epithelial stratification. Columnar cells in the TZ
and endocervix were detected using rabbit anti-K7 and anti-K8.
The HPV E4 protein was detected using the pan-specific mouse
E4 monoclonal antibody (FH1.124; Table).

The RNAscope 2.0 assay system was used for the detection of
hrHPV E6/E7 mRNA (Advanced Cell Diagnostics, Inc), with devel-
opment using Tyramide-Plus fluorescein, diluted 1/1500 in dilu-
tion buffer at 40 �C for 30 minutes (Perkin Elmer, NEL 760001KT;
catalog number: 311521) before DAPI counterstain. Positive cases
had prominent granular cytoplasmic (and nuclear) staining when
compared with negative control tissue. RNA integrity and suit-
ability for HPV transcriptional analysis were confirmed in each
tissue section using the control probe Pol2A, which detects
housekeeping gene expression (catalog number: 310451).
3

HPV-positive and -negative organotypic rafts were used as con-
trols for the expression of E6/E7.
Fluorescent Image Capture and Image Analysis

Immunofluorescence images were captured using either a
Pannoramic MIDI automatic digital slide scanner, a Zeiss laser
scanning confocal 700 microscope, or a Zeiss Axiovision micro-
scope, depending on the sample being analyzed. Images were
subsequently analyzed using the ZEN 3.5 Image Analysis software
(Zeiss Microscopy), SlideViewer (3DHISTECH), and Adobe Photo-
shop (Adobe Systems). Measurements of the TZ from the original
SCJ to either the current SCJ, the last area of metaplasia, or the last
reserve cell,13,17 including crypt depth from the epithelial surface,
were carried out using the linear measurement annotation tool on
the SlideViewer (3DHISTECH). In HPV-infected tissue, measure-
ment was made to the last area of LSIL/HSIL. Tissue section slides
stained for viral mRNA were imaged on a Zeiss laser scanning
confocal microscope 700 (version 1.1), equipped with an argon
laser and He/Ne 633 nm laser.31
Statistical Evaluation of Immunofluorescence Data

Data obtained from the measurements across the TZ including
the extended TZ and depths of crypts were compiled in Microsoft
Excel, where average values and SDs were calculated to summa-
rize the measurements. Statistical significance between mea-
surement groups including the HPV-infected and -uninfected
biopsies was determined to identify differences in TZ and crypt
depth metrics, supporting comparative analyses of metaplastic
progression and HPV infection impact.
Results

Distribution and Diversity of Epithelial Cell Types at the Cervical
Transformation Zone

The key histologic features of the cervical TZ and the endo-
cervix in H&E-stained tissues are shown in Figure 1A, B. The TZ
and endocervix, unlike the ectocervix, have a highly invaginated
surface, with numerous secretory crypts lined with a single layer
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Figure 1.
Characterization of epithelial cells at the cervical transformation zone. (A) (i) Brightfield scan of an hematoxylin and eosin (H&E)-stained normal cervix (case: 14-)
illustrating the epithelial cell types found at the ectocervix (left), the endocervix (right), and the cervical transformation zone (TZ) adjacent to the original squamo-
columnar junction (SCJ) (scale bar ¼ 500 mm). Enlargements of the highlighted regions (*), (**), and (***) in (A) are shown in (ii), (iii), and (iv). (A[ii]) The basal cells
(arrow labeled “B”) form a closely packed layer beneath the stratified cell layers of the ectocervix. The position of the basal lamina is indicated by a black dotted line
(scale bar ¼ 10 mm). (A[iii]) Metaplasia adjacent to the current SCJ is delineated at the right of the image by the yellow dotted line (scale bar ¼ 10 mm). (A[iv]) Cervical
crypt entrance showing columnar cells (arrow labeled “C”), which are being sloughed off following reserve cell (arrow labeled “R”) expansion. Approximate boundaries
between the stromal, reserve, and columnar cell layers are marked by the yellow and white dotted lines (scale bar ¼ 10 mm). The “last” region of metaplasia (blue
arrow), which marks the conventional boundary of the TZ, is indicated in the low-power image shown in (A[i]). (B[i]) Brightfield scan of H&E-stained normal cervical TZ
showing metaplasia adjacent to the “current SCJ” (case: 6-) (scale bar ¼ 500 mm). Enlargements of highlighted regions (*), (**), and (***) are shown in (ii), (iii), and (iv).
(B[ii]) Current SCJ with adjacent metaplasia (scale bar ¼ 20 mm). (B[iii]) The cells that cover the surface epithelium of the TZ are heterogeneous and exhibit both
cuboidal (blue arrow) and columnar appearances (scale bar ¼ 20 mm). (B[iv]) Region of active immature metaplasia with reserve cells (arrow labeled “R”) forming a
metaplastic epithelium underneath an intact layer of columnar/cuboidal cells (arrow labeled “C”) (scale bar ¼ 20 mm). The white dotted line indicates the boundary
between the 2 cell types. (C) Schematic representation of key features of the normal cervix, which comprises the ectocervix, the TZ, and the endocervix. Long arrows
show the location of the different cell types examined in this study, with boxes indicating morphologic features of the different cell types present in the cervical
epithelium. (D) The molecular phenotypes of the cell types are outlined in the boxes. From the left, the stratified epithelium of the ectocervix expresses K5/p63 in the
basal and parabasal layers and K13 in the suprabasal cells. Arrows within the TZ highlight columnar cells, which express K17 and 8 but not p63. The 2 rightmost arrows
highlight reserve cells at the TZ, which express K17 and p63.
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of columnar epithelial cells. We defined the TZ as the region be-
tween the original SCJ and the last (most proximal) area of
metaplasia13 (blue arrow in Fig. 1A). The TZ shows a range of
unique morphologic features, including immature and mature
metaplasia and the presence of cervical reserve cells, often asso-
ciated with metaplasia and displaced columnar epithelial cells
(Fig. 1A-C). Although the hysterectomy patient age range in our
cohort spanned more than 31 years, with the youngest (age 23
years; Supplementary Table S1) being well beyond puberty,
metaplasia was apparent in all the biopsies examined, which
agrees with our understanding that metaplasia is a dynamic
process that occurs throughout a woman’s life.32 It was also
apparent from our analysis that metaplasia is not confined to the
4

immediate vicinity of the SCJ, but as shown in Figure 1A, is
distributed widely at sites that appear quite distant from SCJ.
Multifocal or irregular SCJ regions were often apparent in these
lesions, particularly at crypt entrance sites where metaplasia and
an increased density of stromal immune cells were observed
(Figs. 1A, B, and 2).
Discrimination Between Current Models of Cervical Metaplasia
using Molecular Biomarkers

Although subcolumnar reserve cells were conspicuous in H&E-
stained TZ tissue (Fig. 1A, B), we aimed to define the cell types
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Figure 2.
Molecular phenotype and location of reserve cells in the transformation zone (TZ). (A) Immunofluorescence scan of normal cervix stained for p63 (green) and K17 (red),
counterstained with DAPI (case: 3e) (scale bar ¼ 500 mm). Enlargements of the highlighted regions marked (*), (**), (**), and (****) are shown in (D). (B) Adjacent tissue section
stained for p63 and K5 counterstained with DAPI (scale bar ¼ 500 mm). Enlargements of the highlighted boxes are shown in (E). (C) Hematoxylin and eosinestained brightfield
scan of subsequent tissue section from the same sample (scale bar ¼ 500 mm). Enlargements of the highlighted boxes are shown in (F). D[i] Magnification of the current
squamocolumnar junction (SCJ). Reserve cells undergoing metaplasia strongly express K17 throughout every layer, although expressing p63 in the basal and parabasal layers.
Basal cells at the SCJ do not express K17 but express p63 in the basal and parabasal layers (turquoise arrows) (scale bar ¼ 50 mm). (D[ii-iii]). Magnification of reserve cells lining
cervical crypt entrances, emphasizing the heterogeneity of their K17 and p63 expression (scale bar ¼ 50 mm). In (D[iv]), the pink arrows point to intermittent K17 columnar cells,
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present at the cervix using cell-specific molecular markers
(Fig. 1D). Two distinct models have been proposed to explain the
process of metaplasia at the TZ. The “reserve cell model” suggests
the importance of the K17/p63-positive subcolumnar reserve
cells,33,34 whereas the “cuboidal cell model” proposes the
involvement of K7-positive cuboidal cells located in a narrow
band at the SCJ.17 Although the simple epithelial cells at the SCJ
were sometimes squatter, with a cuboidal appearance in places
(Fig. 1B and Supplementary Fig. S1), we observed significant
cellular morphologic heterogeneity at the SCJ and the presence of
cuboidal cells outside the SCJ (Supplementary Fig. S1). In many
cases, the simple epithelial cells adjacent to the SCJ were rounded
and/or poorly polarized and formed part of a locally disorganized
epithelial structure. In contrast to what has been reported,17 we
could not identify a unique population of cytokeratin 7 (K7)-
positive cells (cuboidal or otherwise) at the SCJ. Instead, we found
that K7 was expressed by columnar cells lining cervical crypts and
the surface of TZ and endocervix, which we confirmed by the
presence of K8, a marker for differentiated simple epithelia31

(Supplementary Figs. S1 and S2).35,36

We next looked at K17, which has been reported to be a
marker of cervical reserve cells22 (Fig. 3D). To distinguish
these cells from columnar cells, an additional marker, p63,
was used (Fig. 1D).37 Reserve cells were highlighted by the
K17/p63 biomarker pair and were apparent as “strings” of
cells lying immediately beneath the K7/K8-positive columnar
cells at multiple locations across the cervical TZ (Fig. 3D and
enlargements in [i-ii]). The association of reserve cells with
crypt entrances and their immediate vicinity was apparent in
many of the biopsies examined (Fig. 3D, K). Interestingly, the
remnants of cervical crypts (including associated reserve
cells) remain beneath the stratified epithelium of the TZ, even
after metaplasia is complete (Fig. 3K). Although both reserve
cells and the basal layer of the stratified epithelium of the TZ
express p63, the expression of K17 declines during the pro-
cess of metaplasia, and the stratified epithelium of the TZ
becomes indistinguishable from that of the ectocervix (Fig. 2).
Indeed, K17, a “stress keratin” transiently expressed during
wound healing,38-40 was generally absent in mature stratified
epithelium (Fig. 2A). K5, a well-characterized basal cell
marker, was present in both basal and reserve cells and
typically showed a more uniform and robust expression than
K17 (Fig. 3E, L). Interestingly, in the stratified epithelium of
the TZ, K5 staining extended into the residual crypt entrances
where the K17-positive reserve cells were found, with K5-
positive basal cells of the TZ being continuous with the K5/
K17-positive cells present at the crypt entrances (Fig. 3D, E, K,
and L). These K5/K17/p63-positive cells were variably positive
for the simple epithelial cell marker K8 (Fig. 3J[i]) and (less
conspicuously) K7 (Fig. 3H[iv]). When taken together, our
studies support the hypothesis10,41,42 that reserve cells give
rise to the stratified epithelium of the cervical TZ during
metaplasia, with the stratification potential of these cells
making them a plausible cellular target for infection by HPV.
whereas in (D[iii]), the yellow arrows point to reserve cells with low K17 and high p63 expr
crypts, with heterogeneity of K17 and p63 expression, pointed out by pink/yellow arrows
undergoing metaplasia strongly express K5 throughout every layer, although expressing p6
p63 in the basal and parabasal layers (turquoise arrows). (Eii, iii) Magnification of reserve c
bar ¼ 50 mm). In (E[iii]), yellow arrows indicate the uniform appearance of p63/K5 reserve
cervical crypts expressing K5 (scale bar ¼ 50 mm). Hematoxylin and eosin stain of (F[i]) S
reserve cells (arrows labeled “R”) lining cervical crypt entrances, separated from the basa
surface of the epithelium and lining the cervical crypt, separated from the basal lamina b
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Defining Molecular and Histologic Characteristics of Reserve Cells

The aforementioned observations confirm that reserve cells
can be identified by their unique expression of cytoplasmic K17
and nuclear p63. However, we identified a K17-reserve cell
population expressing the “basal cell”marker K5 (Fig. 2AeD) and
seemingly increased expression of p63 compared with K17-
positive reserve cells and basal cells (Fig. 2A, B, D, and E).
Although basal cells and reserve cells share a common biomarker
pattern, K17 seems to be transiently expressed only in reserve
cells.39,43 P63 was found in both basal and reserve cells,
reflecting its role as a regulator of squamous epithelial differ-
entiation. Interestingly, previous studies18,34 have suggested a
distinction between the K17/p63 reserve cell, which we found
also to express K5, and which has a progenitor function for
squamous metaplasia, and the K5/p63/K7 reserve cell, which
may serve as the progenitor for glandular renewal.18,34 Our find-
ings suggest that the latter reserve cell population might be in a
later stage of differentiation, often expressing low levels of K8 in
addition to K7, and indeed, K7 and K8 were often detected in
reserve cells at low levels (Fig. 3H, J). This may correspond to the
results reported by Fritsch et al16 who identified 2 distinct reserve
cell lineages: p63/CK17-positive (squamous epithelium precursors)
and CK7-positive (columnar epithelium precursors) reserve cells at
the TZ. K5/K17 dual positivity is apparent in cells at the SCJ (Fig. 2A,
B[i]), with K17 absent in the mature stratified epithelium of the TZ
SCJ (Fig. 2D[i]). K5, on the other hand, was present in cells under-
going metaplasia as well as in the stratified cells of the TZ (Fig. 2D
[i]-F). In summary, we defined the molecular phenotype of cervical
reserve cells as always K5/p63 positive, often K17 positive, and
variably K7/K8 positive. In addition, we defined the proliferating
reserve cells histologically as a “string” of rounded cells lying
beneath the columnar cells of the TZ. Interestingly, metaplasia gives
rise to intermediate morphologies, including K17-positive/p63-
negative columnar cells located close to areas of reserve cell
expansion (Fig. 2D[ii, iv]), supporting the idea that K17 can be
transiently expressed in both the squamous and columnar cell
lineages.44 A timeline from reserve cell expansion to a fully differ-
entiated stratified epithelium is outlined in Supplementary
Figures 2 and 3.

We established the average crypt depth within the cervical TZ
and found that crypt depth generally increases in the region be-
tween the original and current SCJ (Supplementary Table S1). A
fraction of cervical crypts harbor reserve cells, which present no
significant difference in their depths, with a consistent average
depth of 0.8 mm (Supplementary Table S1). Reserve cells were
distributed widely throughout the cervical TZ and extended well
beyond the region where the last metaplasia occurred; this may
be referred to as an “extended TZ,”which is referred to as the area
where squamous metaplasia may potentially occur.13 On average,
reserve cells extend 8 mm beyond the area of the last metaplasia.
As this region has the potential to undergo metaplasia, it appears
that the boundary between the TZ and the endocervix is
inaccurate.13
ession. (D[iv]) Magnification of reserve cells lining the surface epithelium and cervical
(scale bar ¼ 50 mm). (E[i]) Magnification of the SCJ (scale bar ¼ 50 mm). Reserve cells
3 at the basal and parabasal layers. Basal cells at the SCJ also strongly express K5 and
ells lining cervical crypt entrances, which homogenously and stably express K5 (scale
cells in a crypt. (E[iv]) Magnification of reserve cells lining the surface epithelium and
CJ, the basal cells (arrow labeled “B”) at the stratified epithelium of the TZ. (F[ii, iii])
l lamina by a yellow dotted line, and (F[iv]) reserve cells (arrows labeled “R”) at the
y a yellow dotted line (scale bar ¼ 50 mm).
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Figure 3.
Cell metaplasia is defined by K5/K17/p63 positivity and histologic characteristics. Images show (case: 7-). (A) Brightfield scan of hematoxylin and eosinestained normal cervix (scale
bar ¼ 500 mm). (B) Tissue section stained for K7 (red), counterstained with DAPI (blue) (scale bar ¼ 500 mm). (C) Tissue section stained for K8 (red), counterstained with DAPI (scale
bar ¼ 500 mm). (D) Tissue section stained for p63 (green) and K17 (red), counterstained with DAPI (scale bar ¼ 500 mm). Turquoise arrows highlight crypts and crypt entrances. (E)
Tissue section stained for p63 and K5 (red), counterstained with DAPI (scale bar ¼ 500 mm). (F) Tissue section stained for K13 (red), counterstained with DAPI (scale bar ¼ 500 mm).
Crypt filled with mucin (black arrow) is indicated in the low-power image shown in (A). White and yellow arrows show the hierarchical appearance of K7/K8 expression in columnar
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Reserve Cells as Targets for Human PapillomaviruseInduced HSIL
at the Transformation Zone

We next sought evidence that reserve cells are involved in the
development of HPV-associated precancers.18,22,42 One hundred
sixty-five LEEP biopsies were collected from women who had
been treated for HSIL. After staining for p16, MCM, and E4, a subset
was selected for staining with the cell-specific markers outlined in
Figure 1D.24,45 As reported previously, p16/MCM are coexpressed
at full epithelial thickness in HSIL,24 whereas in LSIL, p16/MCM
(when expressed) occur in the lower/middle layers, with E4 and
L1 marking life cycle completion.25 Figure 4 (H&E shown in 4A[i])
shows an E4-negative p16/MCM-positive HSIL adjacent to an area
of immaturemetaplasia (Figs. 2 and 3). K17/p63 reserve cells were
prominent in immature metaplasia (Fig. 4B-D) and appeared to
extend continuously into the regionwhere HSIL was found (Fig. 4B
[iii and iv]). This continuity between K17-positive reserve and
basal cells was frequently seen in HSIL (including thin HSIL) at the
crypt entrance (Figs. 4B[ii], C[i] and 5). These regions were char-
acterized by displaced columnar cells, as seen during reserve cell
metaplasia (Fig. 4C[i]). Heterogeneity in p16/MCM staining in
basal and reserve cells was apparent within these “transitional
regions” (Fig. 4B[i]-D[i]), with the level of basal cell K17 (but not
K5) declining away from the metaplasia/HSIL junction (Fig. 4C, D).
The thin variant of HSIL was also observed at the crypt entrance
(yellow dotted lines in Fig. 5B[i, iii]) and sometimes was seen to
extend into the crypt.46

Reserve cells were found adjacent to crypt-associated thin HSIL
(Supplementary Table S2), occurring either continuously with
neoplastic basal cells or as isolated cells (Fig. 5). When compared
with uninfected cervical tissue, the crypts in the HPV-infected
women were typically distended and mucus filled and pene-
trated much deeper into the stromal layers (Fig. 5A). The signifi-
cantly increased crypt depth is associated with an increased
reserve cell depth (Supplementary Table S2), which may have
implications for treatment.
Human Papillomavirus Infection of Epithelial Sites Within the
Cervical Transformation Zone

As cervical reserve cells can predominate at the entrances to
the cervical crypts, we next wondered whether infections at this
site were apparent in situations where there was no overlying
p63-positive squamous epithelial tissue. The LEEP specimen
shown in Figure 6 shows the cross-sectional anatomy of the cer-
vix, including the central os, ectocervix, original SCJ, and the
multiple crypt entrances and crypt structures between (Figs. 6 and
7 and Supplementary Fig. S4). Widespread HPV16-associated HSIL
was present throughout the TZ, bounded on each side by the
ectocervix and endocervix. As expected, the ectocervix was
characterized by the prominent expression of p63 (along with K5),
but as a mature nonmetaplastic epithelium, did not express K17.
K13 is a marker of epithelial stratification at this site47 and was
found throughout the differentiating epithelial layers of the
cells in (B) and (C). The remnants of K17 reserve cells underneath the stratified epithelium of
entrance of crypts (turquoise arrows) are indicated in the low-power image shown in (D). (G[i
bar ¼ 10 mm). (G[i, ii]) Cervical crypt entrance underneath the newly formed stratified ep
columnar cells. (G[iv]) Single layer of reserve cells underneath elongated columnar cells. (H[i
(scale bar¼ 10 mm). (J[i-iv]) Magnifications of regions highlighted in (A) stained for K8, counte
(A) stained for p63 and K17, counterstained with DAPI (scale bar ¼ 10 mm). The pink and tur
Magnifications of regions highlighted in (A) stained for p63 and K5, counterstained with DA
K13, counterstained with DAPI (scale bar ¼ 10 mm).
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ectocervix but not the epithelial basal cells. Curiously, the
epithelium covering the TZ did not express the usual markers of
epithelial stratification (ie, K13, p63, or K5) but instead expressed
the simple epithelial cell markers, K7 and K8 (Fig. 6F, G). Inmarked
contrast to this, the cervical crypt entrances stained with anti-
bodies to p16/MCM (which suggests deregulated HPV E6/E7
expression) and were marked by the prominent expression of p63
and K17. Such lesions are typically designated as thin HSIL and are
characterized by 9 or fewer cell layers and are associated with p16
overexpression.46 Similar to what is shown in Figure 5, p63/K5-
positive cells, which in this case were p16/MCM and HPV RNA
positive, were sometimes detected beneath the columnar cells of
the deeper crypt with the characteristic phenotypic behavior of
reserve cells (Fig. 7B[iii]; yellow arrows). Although the extensive
K17/p63 distribution at the crypt entrance resembles that seen in
metaplasia, the lesions were not undergoing conventional
epithelial stratification and did not support K13 expression (Fig. 7
and Supplementary Fig. S4), despite the progressive decline in
p63. When taken together, our results suggest that the crypt
entrance region and the expanding K5/K17/p63 reserve cell pop-
ulation, which localize to this region, are important targets for
HPV infection.
Reserve Cells Harbor Abortive Human Papillomavirus Infection

Although p16/MCM is considered a unique biomarker of
deregulated HPV E6/E7 expression in HSIL, we used an RNAscope
in situ approach to directly confirm HPV deregulation at crypt
entrances. A conspicuous E6/E7 gene expression pattern was
apparent in the K5/K17/p63 reserve cells at crypt entrances
(Fig. 7A[iv] and Supplementary Fig. S4). Interestingly, viral gene
expression declined sharply toward the epithelial surface, prob-
ably as cells divide and leave the crypt entrances. The surface
epithelial cells of the TZ were p63� and K7/K8þ and marked an
upper boundary of the crypt entrance (Fig. 7A[vi, vii] and
Supplementary Fig. S4). The loss of the E6/E7 RNAscope signal was
also apparent within the body of the crypt, which appeared to
mark the lower boundary of HPV gene expression. In some crypts,
the sporadic occurrence of individual E6/E7-expressing cells
beneath crypt-lining columnar cells could be observed (Fig. 7A[vi,
vii], and 7B), in line with the sporadic p16/MCM positivity among
the K5/K17/p63 reserve cell found at this location. Interestingly,
the columnar cells in the crypts were occasionally p16 positive in
the vicinity of these sporadic HPV-positive reserve cells (yellow
arrows, Fig. 7). Deregulated HPV gene expression at crypt en-
trances, as suggested by p16 and E6/E7 expression, was observed
in 13 LEEP biopsies that were analyzed further in Supplementary
Table S2. The average distance from the original SCJ to the last HSIL
(Fig. 8 and Supplementary Table S2) is 10.9mm,which is similar to
the distance between the original SCJ to the last metaplasia seen in
the uninfected tissue (13.57 mm; distance 2B [TZ] in Fig. 8 and
Supplementary Table S1) but shorter than the distance between
the original SCJ and the last identifiable reserve cell (21.30 mm;
distance 2A [extended TZ], Fig. 8 and Supplementary Table S1),
the transformation zone (TZ) (pink arrows) and clusters of p63/K17 reserve cells at the
-iv]) Magnifications of regions highlighted in (A) (boxes [*], [**], [***], and [****]) (scale
ithelium. (G[iii]) Multiple layers of reserve cells underneath a single layer of cuboidal
-iv]) Magnifications of regions highlighted in (A) stained for K7, counterstained for DAPI
rstained with DAPI (scale bar¼ 10 mm). (K[i-iv]) Magnifications of regions highlighted in
quoise arrows highlight the features described in panel D as mentioned above. (L[i-iv])
PI (scale bar ¼ 10 mm). (M[i-iv]) Magnifications of regions highlighted in (A) stained for
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Figure 4.
Human papillomaviruseassociated intraepithelial neoplasia and its association with the cervical reserve cell population. (A[i]) Brightfield scan of hematoxylin and eosinestained
human papillomaviruseinfected high-grade squamous intraepithelial lesion (HSIL) (CIN3) section. (Case: 1þ [Supplementary Table S2]) (scale bar ¼ 500 mm). (A[ii]) Adjacent
section stained for p16 and MCM counterstained with DAPI. (A[iii]) Adjacent tissue section stained for p63 and K17, counterstained with DAPI (scale bar ¼ 500 mm). (A[iv])
Subsequent tissue section from the same sample stained for p63 and K5, counterstained with DAPI (scale bar ¼ 500 mm). Red/yellow arrows point to neoplastic regions, turquoise
arrows point to adjacent noninfected reserve cells in images, and white arrow points to K17 intermittent columnar cells (ii-iv) (scale bar ¼ 500 mm). Magnifications of the boxed
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which suggests that the standard LEEP procedure may not always
eliminate the reserve cell population. Curiously, the region where
metaplasia was found was similar to the region where HSIL
(usually thin HSIL) was seen in the infected tissue, extending 13.57
mm and 10.87 mm from the original SCJ, respectively (Fig. 8). The
average number of crypts containing reserve cells was lower in the
infected samples than in the uninfected samples, which may
reflect that the normal reserve cell population has been replaced
by a proliferating cell population.
Discussion

It is well established that themajority of squamous cell cervical
precancers arise in the metaplastic epithelium of the cervical
TZ.10,18,48 Using multiplex immunostaining technology and digital
imaging, we provide further insight into the role of reserve cells in
cervical carcinogenesis. Our observations suggest that at the level
of biomarker detection, the p63-positive reserve cells are not
restricted to the cervical SCJ. Instead, they are dispersed more
widely across the TZ (Fig. 4) and can become prominent following
reserve cell expansion, which we noticed can center around the
entrances to the cervical crypts, and which has potential impli-
cations for the treatment and recurrence of cervical pre-
cancers.13,49 This aligns with previous findings,50,51 which
emphasized that squamous cell carcinomas in the cervix may
sometimes arise from reserve cells underlying the endocervical
columnar epithelium rather than the stratified squamous
epithelium.52 Reserve cells appear to be a central determinant of
cervical TZ biology and carcinogenesis, with Fritsch et al sug-
gesting that their presence in vaginal and cervical epithelium
arises from the urogenital sinus during fetal development.16,53 By
late fetal life and in newborns, these cells are said to be restricted
to the region of the TZ and the adjacent cervical epithelium.18

Other models of reserve cell presence have also been pro-
posed,54 although the term reserve cell is not always applied17 or
is used inconsistently.55 Interestingly, from our analysis, cervical
reserve cells typically appear singly and as short, disconnected
groups beneath the columnar cell monolayer and strongly express
the “defining markers” K17, K5, and p63. A timeline that involves
reserve cell expansion around the entrances to the cervical crypts
is suggested, followed by subsequent maturation into a differen-
tiated stratified epithelium to create new SCJs.13,28

HPVs are intracellular parasites that utilize the biosynthetic
machinery of the host cells to establish a reservoir of infection that
allows viral genome maintenance.56 To achieve this, the viral E6
and E7 proteins modulate cell differentiation, cell density, and
proliferation,48,57 with deregulated E6/E7 expression driving the
development of intraepithelial neoplasia. The analysis of clinical
biopsies, when linked to our understanding of HPV biology, pro-
vides new insights into the HPV-driven carcinogenic process that
have been difficult to establish using tissue culture or animal
models alone. This analysis has been further facilitated, by recent
advances in tissue-based protein and mRNA detection method-
ologies, and in computer-based digital imaging and image analysis
approaches. Using cervical tissue from uninfected hysterectomy
biopsies, we have characterized the spatial distribution and
biomarker profile of reserve cells in the absence of infection. This
regions marked (*) and (**) highlighted in (A) are shown in (B[i-iv]) and (C[i-iv]), respec
metaplasia. White and yellow dotted lines mark the basal lamina. Arrows labeled R point
[iv]) Magnification of neoplastic region at the cervical crypt entrance. Black and yellow dott
the neoplastic regions, whereas arrows labeled C point to columnar cells lining the infect
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builds on previous studies that highlighted the metaplastic po-
tential of the subcolumnar reserve cells and suggested their po-
tential role in the development of cervical neoplasia.22,50,51,58,59

Reserve cells, which are first evident as single, disconnected
strings of cells, appear to increase in number and expand gradu-
ally under the columnar cell layers without showing signs of dif-
ferentiation (Supplementary Figs. S2 and S3). Although their
subcolumnar localization clearly marks them apart from the
ectocervical basal cells, reserve cells expressed both K5 (a well-
established basal cell keratin marker that is involved in cell
adhesion and mechanical strength) and p63, which is essential for
keratinocyte stratification. The variability in K17 staining was not
reported previously22 but most likely reflects the pleiotropic roles
of K17 as a “stress keratin”38-40 (Figs. 1, 2D, E, and 3A-D). These
results are broadly in linewith the idea that reserve cells and basal
cells perform a stem cell function at the cervix,33 with the
microenvironment determining the cells’ identity and role in
epithelial homeostasis.33 Although the columnar cells of the TZ
lack K17 and p63 (Fig. 2B, C, H[iii-iv], and J[iii-iv]), they all express
K7/K8 to a greater or lesser extent depending on location. Curi-
ously, and in linewith other recent reports,16,33 we did not observe
a discrete population of cuboidal cells, distinguished by the
expression of K7 at the SCJ. In our hands, K7 expression was
widespread across the cervical TZ, although a hierarchy of staining
was noticeable, in line with the idea that increasing K8 expression
marks a population of more differentiated columnar cells.36

Reserve cells were widely distributed within the TZ, supporting
the observation that metaplasia is not restricted to the SCJ but
occurs throughout the TZ, with the columnar epithelium at the
crypt entrances forming an important region where this occurs.
Reserve cells appear to initiate the process of metaplasia and build
a stratified epithelium, which is thought to result from local
“irritation” or inflammation, which can occur throughout a
woman’s lifetime, following cervical/vaginal pH changes, at pu-
berty or during pregnancy.10,60

Our results suggest that the presence and distribution of
reserve cells could be used to better define the cervical TZ, as these
cells can undergo squamous metaplasia when conditions allow.18

Interestingly, it also appears from our work that reserve cells
typically extend 20 mm or more beyond the original SCJ (Fig. 8),
extending beyond the last region of metaplasia. In the tissues
examined, the average distance between the original SCJ and last
reserve cell was 20.79 mm, whereas between the new SCJ and last
reserve cell, the average distance was 16.69 mm (distance A and
[A-C] in Fig. 8). Because of the limited size of the tissue available to
us, we were not able to determine how far reserve cells persisted
into the endocervical canal. Moreover, among the LEEP biopsies
examined here, the excised HSILs typically extended to only 10
mm. It was also noted that crypt depth was increased in HPV-
associated HSILs, and that when present, the reserve cells could
be found in association with these deep crypts. These results
suggest that the reserve cell pool may not always be eradicated by
the standard LEEP procedure, although this process is often an
effective strategy for the treatment of HSILs. It would appear that
the remaining reserve cells, which we anticipate are capable of
squamousmetaplasia, may persist as targets for HPV infection and
contribute to the ongoing risk of HSIL, especially in individuals
who cannot effectively control or clear their infection. Reich and
tively. (B[i-iv]) Magnification of neoplastic region adjacent to the area of immature
to noninfected reserve cells near the neoplastic regions (scale bar ¼ 50 mm). (C[i])-(D
ed lines trace the basal lamina. Arrows labeled R point to uninfected reserve cells near
ed crypt and undergoing displacement by the underlying HSIL (scale bar ¼ 20 mm).
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Figure 5.
Reserve cells can occur deep in the crypts and be continuous with areas of high-grade squamous intraepithelial lesion (HSIL). (A[i]) Brightfield scan of hematoxylin and
eosinestained human papillomaviruseinfected tissue section from an HSIL (CIN3) lesion. The black dotted arrow marks an enlarged crypt (case: 9þ) (scale bar ¼ 200 mm). (A[ii])
Adjacent tissue section from the same sample stained for p16 and MCM and counterstained with DAPI (scale bar ¼ 200 mm). Red arrows identify HSIL (CIN3) areas, whereas
yellow arrows point to HSIL (CIN2). (A[iii]) Adjacent tissue section stained for p63 and K17. The yellow dotted arrow indicates a region where uninfected reserve cells are
apparent in a deeper crypt. (A[iv]) Adjacent section from the same sample stained for p63 and K5. Sections are counterstained with DAPI. Scale bar ¼ 200 mm. Magnifications of
the boxed regions marked (*) and (**) highlighted in (A) are shown in (B[i-iv]) and (C[i-iv]), respectively. (B[i-iv]) HSIL and thin HSIL within a cervical crypt. Arrows labeled “R”
point to reserve cells adjacent to the neoplastic region (scale bar ¼ 50 mm). (C[i-iv]) Reserve cells lining a deep cervical crypt. Arrows labeled “R” point to isolated, uninfected
reserve cells. The basal lamina is traced by a dotted line in (A[ii]). Scale bar ¼ 10 mm.
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Figure 6.
Human papillomavirus infection of the reserve cell region within the cervical
transformation zone. (A) Brightfield scan of hematoxylin and eosin-stained human
papillomaviruseinfected high-grade squamous intraepithelial lesion (CIN3) tissue
section (case: 5þ). Adjacent sections are shown in subsequent panels following
staining with (B) p16 and MCM. (C) p63 and K17, (D) p63 and K5, (E) K13, (F) K7, and
(G) K8. The 2 high-grade squamous intraepithelial lesion regions are marked (*) and
(**) and are shown at higher magnification in Figure 7 and Supplementary Figure S4.
All sections are counterstained with DAPI. Scale bar ¼ 500 mm. SCJ, squamocolumnar
junction.
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Regauer50 proposed that targeting these reserve cells in thera-
peutic strategies could reduce the recurrence of HSIL or progres-
sion to invasive squamous cell carcinoma by eliminating potential
12
HPV reservoirs in high-risk individuals. Effective surgical or
ablative treatment is required to minimize recurrence risk, with
this being particularly important in individuals with immune
deficiency, eg, women living with HIV, particularly in low-
resource settings where surveillance for recurrence is not practi-
cable.61 Although cuboidal cells were sometimes present at the
SCJ,17 we did not consistently identify such cells (Fig. 1B and
Supplementary Fig. S1A, E). Indeed, cells with cuboidal and other
atypical appearances were detected at other sites in the TZ, often
in association with elevated stromal immune cell activity (Fig. 1
and Supplementary Fig. S1). As described previously, we did not
observe that cells adjacent to the SCJ were uniquely K7 positive
(Supplementary Fig. S1 and Fig. 2B), a finding that has also been
reported by others.16,33

The stimulation and proliferation of reserve cells is typically
independent of HPV infection, with the driving forces including
pH change, inflammation, and mechanical irritation. When HPV
infection of already proliferating reserve cells occurs, it is thought
that this proliferative stimulus is boosted, leading to the possi-
bility of cellular transformation. Although this process may be
initiated at all sites where reserve cells reside, it is thought to
occur initially at the surface epithelium first, where stimuli for
metaplastic metaplasia first reach reserve cells and where initial
contact with HPV is achieved. Here we show that HPV infection of
the cervical TZ can lead to an expansion of the subcolumnar K5/
K17/p63 reserve cell population at the entrance to the cervical
crypts, with HSILs (typically thin HSIL) developing at these sites in
association with a prominent expression of the HPV E6/E7 pro-
teins (Fig. 7 and Supplementary Fig. S4) focally at the SCJ.17 Indeed,
we postulate that the expanding K5/K17/p63 reserve cells at the
crypt entrancemay represent a stem cell regionwhere the balance
between self-renewal and reserve cell differentiation is regulated.
This region is likely to be a dynamic environment where external
signals influence cell behavior via the regulation of gene expres-
sion, including that of the infecting HPV.62 We also evaluated the
distribution of cervical crypts across the TZ and endocervix in
uninfected cervical biopsies (Supplementary Tables S1 and S2 and
Fig. 8), which is important given that the LEEP procedure typically
aims to excise to a level of ~4 mm below the surface of the cervix.
Crypts located underneath the stratified epithelium of the TZwere
often mucin filled and enlarged due to crypt entrance blockage
(Figs. 1A and 3A; Nabothian cysts). Interestingly, the crypts
appearing in the HPV-infected biopsies were larger and deeper
than those seen in uninfected women, which may also reflect the
obstruction of the crypt entrances by regions of HSIL. The total
number and average depth of crypts lined by reserve cells may be
linked to the chance of finding reserve cells post-treatment and is
an important consideration given that the ablation of susceptible
cells has been suggested as a strategy to prevent the development
of HSIL.17,18 Our results show that subcolumnar reserve cell
numbers generally decrease in deeper crypt regions when
compared with regions closer to the epithelial surface and the
crypt entrances. How LEEP affects subsequent reserve cell distri-
bution, and future susceptibility to infection and neoplasia, re-
mains to be established.

Several molecular markers, including p16, MCM, and E4, were
used alongside cellular biomarkers and tissue morphologic anal-
ysis (Fig. 1), to distinguish between productive and abortive HPV
infections. The p16/MCM distribution supported a role for reserve
cells in the development of HSIL, including thin HSIL, which has
been proposed to represent a distinct pathway to cervical carci-
nogenesis.46 As an adjunct to p16/MCM staining, direct evidence
of HPV infection and gene expression was sought using an RNA-
scope approach, a novel in situ hybridization technique that
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Figure 7.
Characterization of human papillomavirus (HPV) infections at crypt entrances using viral and cellular biomarkers. (A[i]) Brightfield scan of hematoxylin and eosinestained HPV-
infected high-grade squamous intraepithelial lesion (CIN3) section (case: 5þ [Supplementary Table S2]) (scale bar ¼ 50 mm). Adjacent sections are shown in the panels below and
are stained for (ii) p16 and MCM, (iii) p63 and K17, (iv) high-risk HPV E6/E7 mRNA (RNAscope), (v) p63 and K5, (vi) K7, (vii) K8, and (viii) K13. All sections are counterstained with
DAPI. Yellow arrows in (ii)-(v) point to reserve cells adjacent to the neoplastic region. Scale bar ¼ 50 mm. (B[i-iii]) Magnification of HPV mRNA at crypt entrances and in columnar
reserve cells. Scale bar ¼ 10 mm.
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allows the direct detection of HPV mRNA expression. Even in
mixed lesions with different HPV-associated pathologies, the
crypt entrances stood out as sites where the E6/E7 gene was
particularly highly expressed, with strong RNAscope signals
correlating with p16/MCM positivity (Fig. 7 and Supplementary
Fig. S4). The possibility that the basal cells of the ectocervix and
the crypt-entrance reserve cells of the TZ may control viral gene
13
expression differently appears reasonable and is suggested by our
RNAscope analysis (Fig. 7 and Supplementary Fig. S4), with the
local cellular microenvironment most probably contributing to
the process. Interestingly, the E6/E7 levels sometimes declined
toward the epithelial surface, and when analyzed using the mo-
lecular markers described in Figure 3, the overlying surface cells at
the TZ lacked P63 but expressed K7/K8. The absence of an E6/E7



Figure 8.
Comparative analysis of key features between the infected and uninfected cervix. (A) Feature locations and measurements derived from uninfected cervical epithelium as outlined in
Supplementary Table S1. Biopsies obtained fromhysterectomy specimens typically extended>2 cm into the transformation zone (TZ) (from the original squamocolumnar junction [SCJ]
and encompassed both the last metaplasia and the reserve cells beyond (extended TZ). The position of the original SCJ (between region 1 and region 2) represents a common reference
point fromwhich comparativemeasurementshave beenmade.Axes at the bottomand rightof the image showdistances inmillimeters from theoriginal SCJ. (B) Locationof features and
measurements fromhumanpapillomaviruseinfectedbiopsies collectedafter loopelectrosurgical excisionprocedure (LEEP). Biopsiesobtainedby LEEP typicallyextended<2 cminto the
TZ (from the original SCJ), as indicated by the boxed area, with regions not removed during the LEEP shown to either side. (C) Comparison of the TZ in the uninfected cervix (2A and 2B)
with theTZ regionpresent inLEEPbiopsies fromHPV-infectedwomen (2*). 2B corresponds to the conventional definitionof the TZ,whereas2Acorresponds to the “extendedTZ,”which
spans the region fromtheoriginal SCJ to the last detected reserve cell. Rowshighlighted ingreen/blue compare theuninfected and infectedcervical transformation zones,with particular
emphasis on the distribution of reserve cells and their depth in infected and uninfected tissue. Rows highlighted in gray reveal differences in the size of the biopsies, which were more
limited in the samples collected by LEEP.
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RNAscope signal within the body of the crypt beneath the crypt
entrance suggests a restriction on HPV gene expression that may
restrict lesion expansion.

Reserve cells are identified as p63/K17-positive progenitor cells
located beneath the columnar epithelium, with the capability to
undergo squamous metaplasia. Recent research by Fritsch et al16

suggests that the distribution of these cells during postnatal and
adult stages is determined prenatally. Our study has confirmed
previous findings that reserve cells, rather than the overlying
columnar epithelium or K7 SCJ cells, are the primary precursors
for metaplastic transformation and the initiation of HPV-
associated neoplastic processes. The idea that reserve cells may
under some circumstances be generated de novo54 cannot be
excluded, given that K5-positive/p63-positive cells can be gener-
ated from columnar epithelium at other sites.63,64 Because reserve
cells already express key markers associated with epithelial
stratification, their intrinsic plasticity likely facilitates the rapid
transition frommetaplasia to neoplasia under oncogenic pressure.
A deeper understanding of these processes could enhance our
approach to cervical cancer prevention, particularly in defining
treatment margins for ablative therapies aimed at eliminating
high-risk precursor populations.

Understanding the biology and dynamics within the TZ is
pivotal to understanding the pathogenesis of HSIL. The TZ, per
pathology, refers to columnar epithelium that has differentiated
into immature and mature squamous epithelium, with the latter
being distinguished from the ectocervix by the presence of un-
derlying crypts. By contrast, colposcopists define the TZ as the
region extending from the original SCJ to the current SCJ, where
squamous metaplasia has occurred.13 However, from the treat-
ment of cervical precancer and prevention of recurrence
perspective, TZ should be defined as an area where squamous
metaplasia has occurred or is likely to (re)occur.13 Based on the
findings in this article, this may include the region, both proxi-
mally and in-depth, where the last reserve cell, as well as the last
HPV infection, is located rather than the visible current SCJ or even
the region where the last area of metaplasia is already apparent
(Supplementary Table S3). When taken together, our results sug-
gest that the presence of susceptible cells in underlying crypts,
and beyond the last region of metaplasia, may sometimes
contribute to the risk of post-treatment recurrence, even in in-
stances where the more evident lesional margins are clear.
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