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Fig. (2). Mucosal immune system in cervix. GALT is thought to act as the inductive site for cervical IELs. GALT and cervical mucosal

connect through mucosa-specific T cells which express homing receptors, integrin 04B7 and/or CCR9. Integrin 047+ T

cells can

differentiate into oEP7+ T cells upon exposure to TGF-B and expression of integrin aEB7 facilitates retention of lymphocytes in the
epithelium via interactions with E-cadherin. Integrin oEB7 is a specific marker of IELs residing in mucosal epithelia and those cells
expressing this antigen on their surface were initially educated in the gut. Oral administration of the therapeutic vaccine can stimulate

directly to the inductive site. LPL: lamina propria lymphocytes.

In these studies, full-length mutated E7 was transduced into
the Lactobacillus casei common to many lactic acid
containing foods, and the bacterial cells were attenuated to
the destroy exogenous plasmid gene. We compared mucosal
vaccination vig oral administration of the agent (GLBL101c¢)
to systemic vaccination vig intramuscular or subcutaneous
injection of HPV16 E7 protein. Intramuscular and
subcutaneous antigen administration induced small numbers
of mucosal E7-CMI, but oral administration doubled these
levels [45]. This implies that oral vaccination may surmount
some of the deficiencies seen with systemic immunization
that have been documented in previous clinical trials. Our
preclinical data encouraged us to embark on a clinical trial
using GLBL101¢, which has now been advanced to the Ph-
I/lla stage. Patients with CIN3 who are positive for only for
HPV 16 alone are presently being enrolled in dose escalation
study of the effects of orally administer GLBL101¢ on the
progression or remission of their neoplastic lesions
(unpublished data).

SUMMARY

The utility of the commercially-available HPV vaccines
is great but incomplete. These vaccines are a valuable step
toward the control of cervical cancer and should be advanced
for worldwide distribution. However, cervical cancer and its
precursor lesions cannot be eradicated extant vaccination
strategies costly cervical cytology screening will remain
essential until new, more broadly protective HPV vaccines
are developed and vaccination coverage approaches 100 %
among adolescents worldwide. Until then, strategies for the
development of the next generation of HPV vaccines must
include both prevenative and therapeutic products.
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Abstract

Previous studies have shown that the cell polarity regulator hScrib interacts with, and consequently controls, the ERK
signaling pathway. This interaction occurs through two well-conserved Kinase Interacting Motifs, which allow hScrib to bind
ERK1 directly, resulting in a reduction in the levels of phospho-ERK. This suggests that hScrib might recruit a phosphatase to
regulate this signaling pathway. Using a proteomic approach we now show that Protein Phosphatase 1y (PP17y) is a major
interacting partner of hScrib. This interaction is direct and occurs through a conserved PP1y interaction motif on the hScrib
protein, and this interaction appears to be required for hScrib’s ability to downregulate ERK phosphorylation. In addition,
hScrib also controls the pattern of PP1y localization, where loss of hScrib enhances the nuclear translocation of PP1y.
Furthermore, we also show that the ability of hScrib to interact with PP1y is important for the ability of hScrib to suppress
oncogene-induced transformation of primary rodent cells. Taken together, these results demonstrate that hScrib acts as a
scaffold to integrate the control of the PP1y and ERK signaling pathways and explains how disruption of hScrib localisation
can contribute towards the development of human malignancy.

Citation: Nagasaka K, Seiki T, Yamashita A, Massimi P, Subbaiah VK, et al. (2013) A Novel Interaction between hScrib and PP1y Downregulates ERK Signaling and
Suppresses Oncogene-Induced Cell Transformation. PLoS ONE 8(1): e53752. doi:10.1371/journal.pone.0053752

Editor: Cara Gottardi, Northwestern University Feinberg School of Medicine, United States of America
Received January 29, 2012; Accepted December 4, 2012; Published January 24, 2013

Copyright: © 2013 Nagasaka et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by research grants from the Okinaka Memorial Institute for Medical Research (to K.M.) and by a Grant-in-Aid for Scientific
Research (no. 24592506, to K.N.) from the Ministry of Education, Science and Culture, Japan, and by research grants from the Associazione Italiana per la Ricerca
sul Cancro and the Wellcome Trust (to LB.). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: banks@icgeb.org

Introduction implicated in the control of the JNK and ERK signaling cascades,
N ) . . and loss of hSerib appears to enhance the effects of the Ras and
I'he control of cell polarity and the maintenance of tissue Myc oncogenes, and can contribute to mammary tumour

architecture are intimately related and are, in part, controlled by a development [16-21]. Recent studies have also demonstrated that

Hrpartitc macromolecular signaling complex consisting of the hScrib can interact directly with ERK, and control both ERK

?‘F“b complcx,‘ the Par comp.lc?{ a.ncl the .Cr‘umbs complex [1,2]. activation and its nuclear translocation [19]. However, the

I'hrough a series of antagonistic interactions the components of physical interaction between ERK and hScrib is not sufficient to

these three complexes control a variety of downstream signaling explain the inactivation of ERK, since high levels of hScrib appear

path\?'ays that, in turn, dirt‘:ctly contri}.)ulc to the regulation of cell capable of directly reducing the levels of ERK phosphorylation
polarity and cell proliferation [3]. It is now clear that the loss of [19]. Since hScrib has no known phosphatase activity itself, it

control of these pathways is a common event during the therefore seemed possible that a protein phosphatase might be
development of diverse human malignancies [1,4-7]. These recruited by hSerib to fully inactivate the ERK signaling pathway.
defects are particularly evident at the later stages of malignant Clontrol of ERE activation reflecis an exquisite balance hetiween
progression, and a variety of studies in both Drosophila and the activities of the activating kinases and the de-activating protein
transgenic mice have provided additional supporting evidence of phosphatases. Activated ERK can translocate to the nucleus,
tumour suppressor activity for the various components of these where it activates several transcription factors and also phosphor-
signaling complexes [8-11]. ylates cytoplasmic and nuclear kinases [22-24]. Since phosphor-

The hScrib COmplCX consists of three pL“OICiI‘IS, hScrib, hD]gI ylation of both the threonine and 'L)’I‘OSiHL‘ residues of ERK is
and Hugl-1/2. In Drosophila, loss of either Serib or Dlg produces required for its activation, dephosphorylation of cither is sufficient
imaginal disc overgrowth with invasive characteristics [8] [12], for its inactivation [25]. There are several reports demonstrating
phenotypes that can be functionally complemented by the that dephosphorylation of active ERK can be achieved b;-‘
mammalian equivalents [13-15]. More recently Scrib has been tyrosine-specific phosphatases, by serine/threonine-specific phos-
PLOS ONE | www.plosone.org 1 January 2013 | Volume 8 | Issue 1 | 53752
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phatases or by dual specificity (threonine/tyrosine) protein
phosphatases [26-29]. One of the important negative regulators
of the ERK signaling pathway is PP2A, a member of the PPP
family of protein serine/threonine phosphatases which also
includes PP1 [30.,31]. However, PP2A is thought to exert its
activity mainly upon other activating kinases within the cascade,
rather than upon ERK itself [32-34]. In addition, recent studies
have also shown that hScrib can directly regulate the Akt signaling
cascade by recruitment of the protein phosphatase PHLPPI to the
plasma membrane, thereby resulting in de-phosphorylation of Akt
[35]. Here, we have used a proteomic approach to extend our
investigations into the regulation of the ERK signaling cascade by
hScrib. We now show that hScrib interacts with PP1y, and that
this association correlates with the ability of hScrib to downreg-
ulate ERK activation. We also provide compelling evidence that
hScrib directly contributes to the regulation of PPly function by
controlling its translocation between the cytoplasm and the
nucleus. Thus, loss of hScrib expression results in both ERK
activation and aberrant nuclear translocation of PP1y.

Materials and Methods

Cells and treatments

HEK293 (human embryonic kidney cells) and HaCa'l' (Human
keratinocytes) were obtained from ATCC [36,37]. HEK293,
HaCaT and Baby Rat Kidney (BRK) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, penicillin-streptomycin (100 U/mL) and
glutamine (300 pg/mlL) in a humidified 5%CO, incubator.
Transfection was carried out using calcium phosphate precipita-
tion as described previously [37] or using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. The
depleted Scribble cell lines were generated as described previously
[19]. Cell transformation assays were done using BRK cells
obtained from 9 day old Wistar rats with a combination of HPV-
16 E7 and EJ-ras, plus the appropriate hScrib and PPly
expression plasmids. Cells were placed under G418 selection for
three weeks, and then fixed and stained.

Plasmids

The wild type pCDNA3-HA-PP1y was the kind gift of Dr.
Wilhelm Krek (Swiss Federal Institute of Technology (ETH)
Zurich). The wild type HA-tagged pcDNA hScrib expression
plasmid and the truncated mutant pGEX hScrib PDZ1-C, PDZ1-
4, S1445A, S1445D, and CT expression plasmids have been
described previously [19]. The LI1266Y1268—AA mutation
(KADA) to doubly change the Leucine (L) and Tyrosine (Y)
residues to Alanine (A) in hScrib was done using the QuikChange
site-directed mutagenesis kit from Stratagene Cloning Systems
(Celbio) according to the manufacturer’s instruction. The mutants
were confirmed by DNA sequencing. See Figure S1 for a detailed
description of the location of the different hScrib mutations.

Antibodies

The following commercial antibodies were used at the dilution
indicated: anti-hScrib goat polyclonal antibody (Santa Cruz, WB
1:1000), anti-PP1y goat polyclonal antibody (Santa Cruz, WB
1:1000), anti-PPly sheep polyclonal antibody (Abcam, WB
1:1000), anti-p44/42 MAPK (Erk1/2) antibody (Cell Signaling
Technology, WB 1:1000), anti-phospho p44/42 MAPK (Erkl/2)
(Thr202/Tyr204) antibody (Cell Signaling Technology, WB
1:1000), anti-HA monoclonal antibody 12CA5 (Roche, WB
1:500), anti-y-tubulin monoclonal antibody (Sigma, WB 1:5000),
anti-p84 mouse monoclonal antibody (Abcam, WB 1:1000), anti-
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E-Cadherin rabbit polyclonal antibody (Santa Cruz, WB 1:500),
anti-o-tubulin mouse monoclonal antibody (Abcam, WB 1:1000).

Immunofluorescence and Microscopy

For immunofluorescence cells were grown on glass coverslips
and fixed in 3.7% paraformaldehyde in PBS for 20 mins at room
temperature. After washing in PBS the cells were permeabilised in
PBS/0.1% Triton for 5 mins, washed extensively in PBS and then
incubated with primary antibody diluted in PBS for 1 hour
followed by the appropriately conjugated secondary antibodies.
Secondary antibodies conjugated to Alexa Fluor 488 or 548 were
obtained from Invitrogen. The cells were then washed several
times in water and mounted on glass slides. Cells were visualized
by using a Zeiss Axiovert 100 M microscope attached to a LSM
510 confocal unit.

SIRNA transfection

HEK293 cells were seeded on 6 cm dishes and transfected using
Lipofectamine 2000 (Invitrogen) with control siRNA against
Luciferase (siLuc), or siRNA against hScrib and PP1y sequences
(Dharmancon). 48 hours post-transfection cells were harvested
and total cells extracts or cell fractionated extracts were then
analysed by western blotting.

Fusion protein purification and in vitro binding assays

GST-tagged fusion proteins were expressed and purified as
described previously [19]. Proteins were translated in vitro using
the Promega TNT kit and radiolabelled with (*s) cysteine or (*s)
methionine (Perkin Elmer). Equal amounts of in vitro-translated
proteins were added to GS'T fusion proteins bound to glutathione
agarose (Sigma) and incubated for 1 hour at 4°C. After extensive
washing with PBS containing 0.25% NP-40, or as otherwise
indicated, the bound proteins were analysed by SDS-PAGE and
autoradiography.

In vitro phosphorylation

Purified GST fusion proteins were incubated with commercially
purified ERK1 (Cell Signaling Technology) or PKA (Promega) for
20 mins at 30°C in phosphorylation buffer (0.25 M Tris pH7.5,
1 M MgCl,, 3 M NaCl, 0.3 mM aprotinin, 1 mM Pepstatin) or
using the kinase buffer supplied by New England Biolabs
supplemented with 56 nM (*?P) y-ATP (Perkin Elmer) and
10 mM ATP following the manufacturer’s instruction. After
extensive washing, the phosphorylated proteins were monitored
by SDS-PAGE and autoradiography.

Mass spectrometry analysis

HEK?293 cells were transfected with HA-tagged Scrib and after
24 hours the cells were extracted in mass spectrometry lysis buffer
(50 mM Hepes pH 7.4, 150 mM NaCl, 50 mM NaF, 1 mM
EDTA, 0.25% NP40) and extracts incubated with anti-HA beads
(Sigma) for 2-3 hours on a rotating wheel at 4°C. The beads were
then extensively washed with PBS, dried and the immunoprecip-
itated proteins were subjected to proteomic analysis as described
previously [38].

Subcellular Fractionation assays

Differential extraction of HEK 293 cells to obtain cytoplasmic,
membrane, cytoskeleton, and nuclear fractions was performed
using the Calbiochem ProteoExtract Fractionation Kit according
to the manufacturer’s instructions. To inhibit phosphatase activity
during the preparation of cell lysates, phosphatase inhibitors

January 2013 | Volume 8 | Issue 1 | 53752
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Figure 1. Interaction between hScrib and PP1y in vivo. A) Results from the mass spectroscopy analysis of hScrib containing
immunoprecipitates identified 6 peptides (indicated) corresponding to PP1y. B) In vitro translated PP1y (upper panels) and PP2A subunit A
(lower panels) were incubated for 1 hour at 4°C with purified GST-hScribP1-C or GST alone immobilized on Glutathione agarose. After extensive
washing, the bound proteins were analysed by SDS-PAGE and autoradiography which are shown in each of the upper panels. The gels were
rehydrated and stained with Coomassie to show equal levels of GST loading in the respective lower panels. C) Endogenous PP1y was
immunoprecipitated from HaCaT (upper panels) and HEK 293 cells (lower panels), with pre-immune antibody used as control. The
immunoprecipitated proteins were then analysed by western blotting using anti-hScrib and anti-PP1y antibodies.
doi:10.1371/journal.pone.0053752.9001

(1 mM NazVO,, 1 mM B-Glycerophosphate, 2.5 mM Sodium the cell extracts were analysed by SDS-PAGE and western

Pyrophosphate, 1 mM Sodium Fluoride) were also included. blotting. For immunoprecipitations, total cell lysates were trans-
ferred into a tube of equilibrated EZview Red Anti-HA Affinity
Immunoprecipitation and Western blotting Gel beads (Sigma), and incubated for 2 hours at 4°C. Immuno-

Total cellular extracts were prepa_rcd by dirccdy lys]ng cells prccipitatcs were Cxteﬂsi\’cly washed four times in lySiS buffer and
from dishes in SDS lysis buffer. Alternatively cells were lysed in solubilised in SDS-PAGE sample buffer. For western blotting,
cither E1A buffer (25 mM HEPES pH 7.0, 0.1% NP-40, 150 mM 0.45 pm nitrocellulose membrane (Schleicher and Schuell) was
NaCl, plus protease inhibitor cocktail; Calbiochem) or RIPA ~ used and membranes were blocked for 1 hour at 37°C in 10%
buffer (50 mM Tris HCl pH 7.4, 1% NP-40, 150 mM NaCl, milk/PBS followed by incubation with the appropriate primary
1 mM ED’]A, plus protcasc inhibitor Cock[‘ail; Ca_lbiochgm) and an[ibod}' diluted in 10% milk/0.5% Tween 20 for 1 hour. After
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Figure 2. hScrib contains a consensus PP1-binding motif. A) The
schematic shows the arrangement of the functional domains on the
hScrib protein, highlighting the LRR, LAPSD and PDZ domains. The
putative PP1-binding site, the RVXF (the consensus sequence is K/R/H/
N/S V/I/L X F/W/Y) motif is also shown, where X is any amino acid. The
hScrib mutant in which the PP1-binding site KLDY was mutated to
KADA in order to disrupt the interaction with PP1 is shown. A
comparison sequence alignment of the region of hScrib containing the
PP1-binding motif indicating its absence in Drosophila also shown. B) In
vitro translated and radiolabeled PP1y was incubated with purified full
length GST-hScrib fusion protein (FL), GST-hScrib PDZ1-4 (P1-4), GST-
hScrib CT (CT), GST-hScrib L1266Y1268— AA (KADA) and GST alone as a
control. After extensive washing the bound PP1y was ascertained by
SDS PAGE and autoradiography. The upper panel shows the
autoradiograph, with the input of PP1y also shown for comparison.
The lower panel shows the Coomassie stain of the gel showing the
levels of GST fusion protein loading, with the arrows indicating the
relevant full length fusion proteins.
doi:10.1371/journal.pone.0053752.g002

several washings with PBS 0.5% Tween 20, secondary antibodies
conjugated with HRP (DAKO) in 10% milk/0.5% Tween 20 were
incubated for 1 hour. Blots were developed using Amersham ECL
reagents according to the manufacturer’s instructions.

Results

PP1y is a direct binding partner of hScrib

Based on our previous studies we reasoned that down-regulation
of ERK phosphorylation by hScrib might involve the recruitment
of a protein phosphatase [19]. To investigate this possibility we
performed proteomic analyses to identify additional interacting
partners of hScrib. HEK293 cells were transfected with an HA-
tagged hScrib expression plasmid and after 24 hours the cells were
extracted, and hScrib-bound protein complexes were immuno-
precipitated with anti-HA agarose beads and then subjected to
mass spectroscopy analysis. Several previously reported interacting
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partners were identified, including vimentin. However, of the
novel interacting partners, the most prominent phosphatase
identified was the catalytic subunit of PP1y (Figure 1A), a major
eukaryotic serine/threonine protein phosphatase. To investigate
whether hScrib can interact with PP1vy, an in vitro pull-down assay
was performed using purified GST-hSerib P1-C fusion protein
and in vitro translated radiolabeled PPly. For comparison a
similar assay was also done using in vitro translated radiolabeled
protein phosphatase 2A (PP2A). After extensive washing the
bound PPly and PP2A were detected by SDS PAGE and
autoradiography, and the results in Figure 1B demonstrate strong
interaction between hScrib and PPly. In contrast, no interaction
was observed between hScrib and PP2A, confirming the specificity
of the association between hScrib and PPly. To determine
whether endogenous hScrib and PP17 could exist in a complex in
vivo, immunoprecipitations were performed on cell extracts from
HEK?293 and HaCa'l epithelial cells using anti-PP1y antibody.
Co-immunoprecipitated hScrib was then detected by western
blotting, and the results in Figure 1C show a significant degree of
co-immunoprecipitation of hScrib with PPly in both cell lines.
Taken together, these results demonstrate that hScrib and PPly
can cxist as a complex in vivo.

hScrib interacts with PP1y through a conserved RVxF
motif

The PPl holoenzyme is composed of a catalytic subunit and
several regulatory subunits, which target the catalytic subunit to
specific subcellular locations. The RVxF motif is a short conserved
PP1-binding motif inidally identified in previous studies showing
that these residues can block the interaction of regulatory subunits
with the PPl catalytic subunit [39]. As shown in Figure 2A,
analysis of the hSerib sequence reveals the presence of a putative
PP1 binding motif, KLDY (the consensus sequence is: {K/R/H/
NY{S/V/I/L}.X.{ F/W/Y}) [40,41] spanning residues 1265-
1268. This sequence is also highly conserved in mammalian Scrib
proteins, but is absent in Drosphila. Based on previous studies,
mutation of the L and Y residues would be expected to severely
perturb the interaction with PP1 [39-42]. To investigate whether
this KLDY motif is responsible for the capacity of hScrib to bind
to PPly, a panel of GST-hScrib fusion proteins consisting of the
full length (FL), two truncated proteins encompassing PDZ
domains 1-4 (P1-4) and the carboxy terminal third of hScrib
(CT), plus a full length hScrib with the KLDY/KADA mutation,
were used in pull-down assays with in vitro translated radiolabeled
PP1y. The levels of bound PP17y were then assessed by SDS PAGE
and autoradiography and, as can be seen from Figure 2B, PPly
binds to the carboxy terminal region of hScrib which contains the
predicted PP1 binding motif. Furthermore the KLDY/KADA
mutation significantly decreases the capacity of PPly to interact
with hScrib, confirming that the major site of interaction is

through the KLDY consensus motif.

hScrib and ERK are substrates of PP1y

We have previously shown that hScrib is a substrate for both
PKA and ERK. Furthermore, hScrib can downregulate ERK
activation through a direct protein-protein interaction [19],
although the precise mechanism by which hScrib can achieve
this is still unknown. We therefore wanted to determine whether
phosphorylation of hScrib by either PKA or ERKI could
influence the ability of hScrib to interact with PPly and,
furthermore, whether hSecrib itself was a substrate of PPly. To
do this, purified GST-hScrib fusion protein was subject to
phosphorylation by either PKA or ERKI in the presence of
non-radiolabeled ATP, and after extensive washing binding assays
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Figure 3. hScrib is a substrate of PP1y. A) Purified GST-hScrib fusion protein was in vitro phosphorylated with purified PKA or ERK1 as described
previously (19) and then incubated with PP1y for 20 mins at 30°C. Bound PP1ywas detected by western blotting with anti PP1v antibody. The lower
panel shows the ponceau stain of the nitrocellulose, and the upper right panel shows the quantitations from three independent experiments. Note
that hScrib phosphorylated by PKA exhibits increased association with PP1y. B) Purified PP1y was incubated with purified full length wild type GST-
hScrib fusion protein (P1-C), the mutants $1445A, 51445D or GST alone as a control. After extensive washing the bound PP1y was ascertained by
western blotting. The upper panel shows the result of the western blot, with the 20% input of PP1vy also shown for comparison. The lower panel
shows the ponceau stain of the nitrocellulose. The histogram shows the quantitation from three independent experiments. C) Purified GST-hScrib
wild type and PKA phospho-site mutants of hScrib were in vitro phosphorylated with purified PKA in the presence of radiolabeled ATP as described
previously (19) and incubated with PP1y for 20 mins at 30°C. The remaining level of phosphorylated hScrib was then determined following SDS PAGE
and autoradiography. The two right-hand lanes show lack of phosphorylation of hScrib in the absence of PKA, whilst the lower panels show the
Coomassie stain of the gel demonstrating equal levels of the GST-hScrib fusion protein throughout. The quantitation of hScrib phosphorylation from
three independent experiments is also shown.

doi:10.1371/journal.pone.0053752.g003
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Figure 4. PP1y is required for hScrib-induced de-phosphoryla-
tion of ERK. A) HEK 293 cells were transfected with PP1y si RNA or si
Luc RNA as control (CTL) and after 24 hours were then transfected with
a plasmid expressing HA-tagged hScrib. After a further 24 hours the
cells were extracted and levels of phospho and total ERK determined by
western blot analysis. The upper three panels shows the changes in the
ERK profiles when cells were transfected with siRNA PP1y alone, whilst
the lower set of five panels show the effects in the presence of
ectopically expressed hScrib. B) HEK 293 cells were transfected with HA-
tagged wild type hScrib, or the 51445D and KADA mutants. Total cell
extracts were then made after 48 hours and the hScrib, phospho-ERK
and total ERK were detected by western blotting.
doi:10.1371/journal.pone.0053752.g004

were performed using commercially purified PPly. The bound
protein was then detected by western blotting using ant-PPly
antibodies. The results in Figure 3A demonstrate a number of
important features. In the absence of phosphorylation there is a
strong interaction between hScrib and the purified PPly,
demonstrating that the interaction between hScrib and PPly is
indeed direct. However, there is also a clear increase in the
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association between hScrib and PPly when hScrib is phosphor-
ylated by PKA, but not when it is phosphorylated by ERK1. We
had previously shown that the major PKA phosphorylation site on
hScrib was S1445 [19]. Therefore, to further confirm that
phosphorylation of hScrib by PKA at 51445 can influence its
capacity to interact with PPlvy, we repeated the pull down assays
using the phospho-mimic mutation of hScrib, S1445D. As can be
seen from Figure 3B, the $1445D mutant exhibits a significantly
increased capacity to interact with PP1ly, which is similar to that
seen following phosphorylation by PKA. These results demon-
strate that phosphorylation of hScrib by PKA at S1445 can indeed
increase the ability of hScrib to directly interact with PP1y.

We then analysed whether hScrib was a potential substrate of
PP1y. Purified GST-hScrib fusion protein was subjected to in vitro
phosphorylation with purified PKA and radiolabeled ATP. After
extensive washing the radiolabeled hScrib fusion protein was
incubated with purified PP1y, and the amount of phosphorylated
protein determined by SDS PAGE and autoradiography. The
results obtained in Figure 3C demonstrate that the level of
phosphorylated hScrib is decreased following incubation with
PPly, demonstrating that hScrib is a potential substrate of the
phosphatase and, furthermore, that hSerib can directly recruit
active PP1y. Also shown are the non-phosphorylatable mutants of
hSerib, confirming the specificity of the phosphorylation reaction.

We then proceeded to determine whether the interaction of
hScrib with PP1y might be involved in the capacity of hScrib to
downregulate ERK activation. Cells were transfected with control
siRNA against luciferase or against PPly, and after 24 hours the
cells were then transfected with an hScrib expression plasmid.
After a further 24 hours the cells were extracted and the levels of
activated phospho-ERK analysed by western blotting. The results
obtained are shown in Figure 4A. As can be scen, in the absence of
hScrib, siRNA PPly has minimal effect on the levels of phospho-
ERK (Figure 4A upper three panels). In contrast, overexpression
of hScrib significantly reduces the levels of phospho-ERK
(Figure 4A lower five panels), and this is in agreement with
previous studies [19]. However, the ability of hScrib to down-
regulate the levels of phospho-ERK is largely abolished following
treatment with siRNA PP1y, suggesting that this activity of hScrib
is in part PP1y-dependent. To further investigate this, we repeated
the assay using the PKA phospho-mimic mutant (S1445D) and the
non-PP1y binding mutant (KADA) of hScrib. After 24 hours the
levels of phospho-ERK were analysed by western blotting and the
results obtained are shown in Figure 4B. As can be seen the wild
type and S1445D mutant of hScrib both strongly inhibit the levels
of phospho-ERK, whilst the non-PP1y binding mutant of hScrib is
decreased in this activity. Taken together these results demonstrate
that the ability of hScrib to interact with PP1y correlates with its
ability to down-regulate the levels of phospho-ERK.

Loss of hScrib enhances PP1y nuclear localization
Having found that PPly plays a role in hScrib regulation of
ERK signaling, we were next interested in determining whether
hScrib could also potentially affect PP17y localisation. Therefore,
we first analysed the pattern of PPly expression in human
keratinocytes after stably silencing hSerib expression in these cells.
The distribution of PP17 in control and shScrib HaCa'l cells were
analysed by immunofluorescence. The results in Figure 5A and
Figure 5B, show that most of the PPly localises in the nucleus,
although some also co-localises with hScrib at the plasma
membrane and within the cytoplasm. More importantly, however,
upon loss of hSecrib expression there is a significant increase in the
amount of nuclear PPlvy, with a corresponding decrease in the
cytoplasmic pool. In order to verify these results we also performed
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Figure 5. hScrib regulates PP1y nuclear localization. A) Immunofluorescence analysis of hScrib and PP1y expression in sh-Luc control HaCaT
cells and sh-hScrib knockdown cells. The cells were grown on coverslips and then fixed and double-stained with the anti-hScrib antibody and the
anti-PP1y antibody. Note the significant increase in the levels of nuclear PP1v in the absence of hScrib expression. B) Z-reconstruction (x-z direction)
of a z-stack (15 planes, z-distance 0.2 um), showing sh-hScrib knockdown cells have enhanced PP1y localisation into the nucleus. C) HEK 293 cells
were transfected with hScrib siRNA and si Luc RNA as control. Cells were either extracted in SDS PAGE sample buffer (Total lysate) or were
fractionated into cytoplasmic (F1), membrane (F2) and nuclear (F3) pools (the example shows the integrity of a typical extraction procedure) and then
PP1y was detected by western blotting. p84 was used as a loading control for the nuclear fraction, cadherin was used as a loading control for the
membrane fraction and a-tubulin was used as the loading control for the cytoplasmic fraction and total cell extracts. Note the relative increase in
nuclear PP1y following hScrib knockdown but no overall change in total PP1y levels.

doi:10.1371/journal.pone.0053752.g005

a series of transient siRNA experiments, where hSerib levels were To investigate the pattern of pERK expression following hSerib
ablated in 293 cells, and the levels of PPly, both in total cell depletion we repeated the immunofluorescence assays staining for
extracts or in the respective cellular fractions (Fig. 5C), were hScrib, PPly and pERK. The results obtained are shown in
analysed by western blotting. As can be seen, loss of hScrib Figure 6. As can be seen, under conditions of hScrib depletion
resulted in decreases in the cytoplasmic and membrane pools of there is a marked increase in the levels of both nuclear and
PPly, but a corresponding increase in the amounts of the nuclear cytoplasmic pERK, consistent with previous observations [19].
form of the protein. This is also accompanied by an increase in the levels of nuclear
PPly.
PLOS ONE | www.plosone.org 7 January 2013 | Volume 8 | Issue 1 | e53752
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Figure 6. Loss of hScrib results in enhanced nuclear accumulation of both PP1y and pERK. Control and shScrib HaCaT cells were stained

for hScrib, phospho-ERK and PP1y as indicated.
doi:10.1371/journal.pone.0053752.9g006

hScrib tumour suppressor activity requires an intact PP1y
binding motif

We have previously shown that hScrib can suppress cell transfor-
mation induced by EJ-ras and Human Papillomavirus (HPV)-16 E7
[19]. To determine whether the interaction between hScrib and PP1y
was physiologically relevant in this context, primary BRK cells were
ransfected with HPV-16 E7 plus EJ-ras in the presence or absence of
the hScrib wild type and KLDY/KADA mutant hScrib expressing
plasmids, with or without the PP1y expression plasmid. After 3 weeks
the cells were fixed and stained and the numbers of colonies counted.
As can be seen from Figure 7, co-expression of wild type hSerib and
PP1y strongly inhibits the oncogene cooperation between E7 and EJ-
ras, whilst the KADA mutant of hScrib is compromised in this activity.
These results demonstrate that the hScrib-PPly  interaction
functionally relevant in an assay of oncogene cooperation.

s

Discussion

We have shown previously that hScrib can regulate ERK
signaling in two ways. The first involves a direct protein

PLOS ONE | www.plosone.org

interaction, which is mediated via two KIM binding sites located
within hScrib. The second appears to involve the recruitment of a
protein phosphatase [19]. In this study we provide evidence that a
candidate phosphatase is PP1y. We have also found that hSerib
can control PPly sub-cellular localisation, with a loss of hScrib
promoting PP1y nuclear translocation.

Regulation of the ERK signaling cascade can occur at multiple
levels and can involve Raf dephosphorylation, MEK1,2 phos-
phorylation, and also MEKI,2 dephosphorylation [24,43-44].
Furthermore, it has been reported that whilst the kinases in the
pathway control signal amplitude, the phosphatase PP2A mediates
both signal amplitude and signal duration [32-33]. Previous
studies have also implicated PP1 in regulating ERK signaling
through its ability to dephosphorylate Raf-1 at Ser 259 [45]. Since
we have consistently observed that overexpressed hScrib results in
a decrease in ERK phosphorylation, we initiated a series of studies
to identify the potential phosphatases with which hScrib might
interact. Using a proteomic approach we identified PPly as a
direct interacting partner of hSerib, an interaction that we could
confirm both in vitro and in vivo. Analysis of the hScrib amino
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Figure 7. hScrib suppresses HPV-16 E7 and EJ-ras induced
transformation in cooperation with PP1y in a RVxF motif-
dependent manner. BRK cells were transfected with El-ras alone,
HPV-16 E7 plus EJ-ras, HPV-16 E7 plus EJ-ras and wild type hScrib, HPV-
16 E7 plus EJ-ras and PP1y, and HPV-16 E7 plus EJ-ras and wild type
hScrib with PP1vy, and HPV-16 E7 plus EJ-ras and PP1y plus the KADA
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fixed and stained and the colonies counted, Results represent the mean
number of colonies from 3 independent assays and standard deviations
are shown.

doi:10.1371/journal.pone.0053752.g007

acid sequence identified a potential site of interaction, KLDY,
mutation of which abolished the ability of hScrib to bind PPly.
Furthermore, this consensus PP1 recognition motif is conserved in
mammalian forms of Scrib, but is absent in Drosophila.

We also analysed the effects of PPly ablation upon hSerib
control of ERK phosphorylaton, and found that loss of PPly
greatly diminished the ability of hScrib to downregulate the levels
of phospho-ERK in vivo. Furthermore, we also found that this
activity of hScrib was in part dependent upon an intact PPly
binding site motif. Interestingly, we also noted that the interaction
between PPly and hScrib was increased following PKA
phosphorylation of hScrib, one potential consequence of which
is PP1y-mediated de-phosphorylation of hScrib. Whether this has
an important role with respect to other functions of hScrib remains
to be determined and is worthy of further study. Taken together
these studies demonstrate that hScrib can interact with PPly, an
activity which appears to play a role in the ability of hScrib to
downregulate the ERK signaling pathway. Interestingly, this
regulation of ERK by hScrib has many parallels with a recent
study showing that hScrib could also regulate Akt signaling [33].
This required hSerib interaction with the phosphatase, PHLPPI,
resulting in the de-phosphorylation of Akt. In this case the
interaction between hScrib and PHLPPI requires sequences in the
LRR region of hScrib. Thus hScrib could potentially interact
simultaneously with multiple protein phosphatases to control
diverse signaling pathways. It should also be emphasized that
hSerib is a multifunctional protein, and loss of hScrib also results
in increased levels of MEK activity, suggesting multiple mecha-
nisms by which hSerib can control ERK signaling [46].
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Introduction

Problem
Local adaptive cervical regulatory T cells (Tregs) are the most likely
direct suppressors of the immune eradication of cervical intraepithelial
lesion (CIN). PD-1 expression on T cells induces Tregs. No studies have
quantitatively analyzed the Tregs and PD-1+ cells residing in CIN
lesions.

Method of study

Cervical lymphocytes were collected using cytobrushes from CIN
patients and analyzed by FACS analysis. Comparisons were made
between populations of cervical Tregs and PD-1+ CD4+ T cells in CIN
regressors and non-regressors.

Results

A median of 11% of cervical CD4+ T cells were Tregs, while a median
of 30% were PD-1+ cells. The proportions of cervical CD4+ T cells that
were Tregs and/or PD-1+ cells were significantly lower in CIN regressors
when compared with non-regressors.

Conclusions

The prevalence of cervical tolerogenic T cells correlates inversely with
spontaneous regression of CIN. Cervical Tregs may play an important
role in HPV-related neoplastic immunoevasion.

women and patients who are under treatment with
immunosuppressive agents have an increased inci-

HPV infection is a major cause of cervical cancer and
its precursor lesion, cervical intraepithelial neoplasia
(CIN). Natural history studies of CIN'? show that
most infections and most CIN lesions resolve sponta-
neously; only a minority persists and progress to cer-
vical cancer. Studies showing that HIV-infected

dence of CIN lesions™* suggest that cell-mediated
immune response against HPV viral protein is impor-
tant in the control of HPV infection and progression
to CIN. We have previously reported that the pres-
ence of gut-derived effector lymphocytes within the
cervix plays an important role in local cell-mediated
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immune responses and correlates with CIN regres-
sion.” The presence of robust local tolerogenic cervi-
cal T-cell responses to HPV-related neoplastic lesions
would be predicted to attenuate the effects of these
local effector responses. We hypothesized that the
proportion of tolerogenic lymphocytes among the
CD4+ T cells in the cervix would decrease among
women experiencing CIN regression, thereby allow-
ing full effect of the changes previously seen among
local effector cells.

It has been reported that CD4+CD25+Foxp3+ reg-
ulatory T cells (Tregs) play an important role in
tumor-associated immunoevasion in cancers (ovar-
ian, uterine cervical, endometrial, lung, breast, pan-
creas, renal cell, and thyroid cancers) as well as in
other proliferative disorders such as melanoma and
hepatoma.® ' Mechanisms underlying Treg suppres-
sive functions have been abundantly reported. The
high expression of CD25 (IL-2R) on Tregs has been
thought to result in cytokine deprivation-induced
apoptosis of effector T cells.'® IL-10, TGEF-B, and IL-
35 are also important mediators of Treg suppressive
function.'® Tregs have been reported to suppress T
effectors by ligating T-effector-expressed CD80,
thereby inhibiting T-cell proliferation and cytokine
production. Tregs kill effector T cells, other antigen-
presenting cells, and NK cells in a manner depen-
dent on granzyme and perforin.'®

Natural Treg cells (nTregs) differentiate in the thy-
mus and migrate to peripheral tissues while adap-
tive/induced Treg cells (iTregs) differentiate in
secondary lymphoid organs and tissues including
mucosa-associated lymphoid tissues (MALT).'” iTregs
play essential roles in mucosal tolerance, in the con-
trol of severe chronic allergic inflammation, in the
prevention of parasite and other microorganism
clearance, and in the obstruction of tumor immuno-
surveillance while nTregs have roles in preventing
autoimmunity and preventing exaggerated immune
responses. iTregs appear in the mesenteric lymph
nodes during induction of oral tolerance, differenti-
ate in the lamina propria of the gut in response to
microbial signals, and are generated in chronically
inflamed tissues. At a minimum, Foxp3+ iTreg devel-
opment requires TCR stimulation and the cytokines
TGF-p and IL-2. Integrin oEB7+ dendritic cells (DCs)
residing in the MALT produce both TGF-p and reti-
noic acid (RA), which mediate the differentiation of
naive T cells into Foxp3+ iTregs."”

The programmed cell death-1 (PD-1) and PD-ligand
(PD-L) pathway is also critical in the suppression of

American Journal of Repreductive Immunology 69 (2013) 134-141
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immune responses. PD-1 is a molecule inducibly
expressed on peripheral CD4+ and CD8+ T cells, NKT
cells, B cells, monocytes, and some DC subsets when
these cells are activated by antigen receptor signaling
and cytokines.'® nTregs and iTregs can express PD-1
and PD-L1, and the expression of ligand and receptor
on the same cell conveys interesting implications.
Engagement of PD-1 by its ligands during T-cell
receptor (TCR) signaling results in two possible T-cell
responses: 1) a diminution in T-effector responses
and 2) an augmentation in differentiation of naive T
cells into Foxp3+ iTreg in a TGF-B-dependent man-
ner.'® There are synergistic effects between the PD-1/
PD-L1 pathway and TGF-p in promoting Treg devel-
opment. PD-L1 is expressed on a wide variety of
tumors, and high levels of PD-L1 expression strongly
correlate with unfavorable prognosis in a number of
cancers.'® To this point, ligation of PD-1 may induce
and maintain iTregs within the tumor microenviron-
ment, enhance the suppression of anti-tumor T-cell
responses, and thereby allow tumor progression.

Several previous studies have shown that the
prevalence of Tregs among PBMCs increases in CIN
patients when compared with healthy controls.'®2°
These studies assess populations of circulating Tregs
using flow cytometry. Characterization of the local
lymphocytes residing in cervical lesions should better
reflect local immune responses to pathogen. While
Nakamura et al.*' used Foxp3 immunostaining of
human CIN lesions to report the number of local
Foxp3+ cells residing in the CIN lesions by immuno-
staining of the tissues for Foxp3 and report that the
number of Foxp3-immunoreactive cells is higher in
CIN3 lesions than normal or CIN1-2 lesions, no
studies have quantitatively assessed populations of
local Tregs, likely iTregs, in the CIN lesions using
flow cytometry. Possible associations between iTregs
and the natural course of CIN have also never been
studied.

We have previously characterized cervical lym-
phocytes collected from CIN lesions using a cyto-
brush and have demonstrated that the majority of
cervical lymphocytes in these lesions are CD3+ T
cells (median 74%) and that half of the cervical CD3
+ T cells are CD4+ (median 54%).” In the present
investigations, we have analyzed the relative propor-
tions of two tolerogenic T-cell subsets, CD25+Foxp3+
Tregs and PD-1+ T cells, among cervical CD4+ T cells
collected from CIN lesions. To determine whether
there was a correlation between the frequency of
cervical tolerogenic T cell and the natural course of
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CIN, comparisons were made between tolerogenic
T-cell subsets in the lesions of CIN regressors and
non-regressors.

Materials and methods

Study Population

Cervical cell samples were collected using a cyto-
brush from 24 patients under observation after
being diagnosed with CIN by colposcopically direc-
ted biopsy. All women gave written informed con-
sent, and the Research Ethics Committee of the
University of Tokyo approved all aspects of the
study. Patients with known, symptomatic or macro-
scopically visible vaginal inflammation, or sexually
transmitted infections were excluded from our
study. To study the association between cervical
tolerogenic lymphocytes and CIN progression, CIN
patients with regression of cervical cytology (cases)
were matched with control patients who did not
exhibit cytologic regression over the same time per-
iod (measured from initial detection of abnormal
cytology). In this study, cytological regression was
defined as normal cytology at two or more consec-
utive evaluations conducted at 3-4 months inter-
vals. For the comparison of CD4+CD25+Foxp3
Tregs and PDI+CD4+ cells, 12 patients were
enrolled in the regression group, and the median
follow-up duration was 16.5 (8-33) months. Twelve
pairs of follow-up time-matched patients with per-
sistent cytological abnormalities were enrolled in
the non-regression group, and the median follow-
up time was 19 (9-34) months. Patients were inter-
viewed about their smoking history and their last
menstrual period.

Collection and Processing of Cervical Lymphocytes

Cervical cells were collected using a Digene cyto-
brush as described previously.” The cytobrush was
inserted into the cervical os and rotated several
times. The cytobrush was immediately placed in a
15-mL tube containing R10 media (RPMI-1640 med-
ium, supplemented with 10% fetal calf serum,
100 mg/mL streptomycin, and 2.5 pg/mL amphoteri-
cin B) and an anticoagulant (0.1 ITU/mL of heparin
and 8 nm EDTA). After incubating the sample with
5 mm DL-dithiothreitol at 37 °C for 15 min with
shaking, the cytobrush was removed. The tube was
then centrifuged at 330 g for 4 min. The resulting
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pellet was resuspended in 10 mL of 40% Percoll.
This mixture was layered onto 70% Percoll and cen-
trifuged at 480 g for 18 min. The mononuclear cells
at the Percoll interface were removed and washed
with PBS. Cell viability was greater than 95%, as
confirmed by trypan blue exclusion, and fresh sam-
ples were immediately used for further analyses.

Immunolabeling and Flow Cytometry

Cervical immune cell preparations were immuno-
labeled with fluorochrome-conjugated mouse mono-
clonal antibodies specific for the following human
leukocyte surface antigens: a programmed death-1
marker (FITC-anti-PD-1), a phycoerythrin cyanine
5.5 (PC5.5)-conjugated helper T-cell marker (PC5.5-
anti-CD4), and an allophycocyanin (APC)-conju-
gated IL-2 receptor marker (APC-anti-CD25). After
exposure to primary surface-labeling antibodies, cells
were washed twice with FACS buffer (10% fetal calf
serum, 1 mm EDTA, 10 mm NaN3), permeabilized
with Foxp3 Fixation/Permeabilization working solu-
tion (eBioscience, San Diego, CA, USA), and immuno-
labeled with the anti-intracellular antigen antibody,
phycoerythrin (PE)-conjugated anti-Foxp3 marker
(PE-anti-Foxp3). Cells were then washed twice with
Flow Cytometry Staining Buffer (eBioscience) and
resuspended in Flow Cytometry Staining Buffer.
Additional aliquots of the cell preparations were
labeled in parallel with appropriate isotype control
antibodies. Antibodies were purchased from eBio-
science and BD (Franklin Lakes, NJ, USA). Data
were acquired using four-color flow cytometry on
FACSCalibar (Becton-Dickinson, Texarkana, TX,
USA). A minimum of 5000 CD4+ T cells was ana-
lyzed per sample. The position of CD4+ T cells was
determined by CD4 vs SSC gating. We used karuza®™
Flow Analysis Software (Becman Coulter, Brea, CA,
USA) for data analysis.

HPV Genotyping

DNA was extracted from cervical smear samples
using the DNeasy Blood Mini Kit (Qiagen, Crawley,
UK). HPV genotyping was performed using the
PGMY-CHUV assay method.?* Briefly, standard PCR
was conducted using the PGMYO0%11 L1 consensus
primer set and human leukocyte antigen-DQ (HLA-
DQ) primer sets. Reverse blotting hybridization was
performed. Heat-denatured PCR amplicons were
hybridized to specific probes for 32 HPV genotypes
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and HLA-DQ reference samples. The virological
background (HPV genotyping) of 24 patients in our
study is shown in Table I. HPVs 16, 18, 31, 33, 35,
39, 45, 51, 52, 53, 56, 58, 59, 68, 73, and 82 were
defined as high-risk HPVs according to an Interna-
tional Agency for Research on Cancer (IARC) multi-
center study.??

Statistical Analysis

Statistical analyses, including calculation of medians
and interquartile ranges (IQRs), were performed
using the commercial statistical software package
smp® (SAS, Cary, NC, USA). Wilcoxon rank sum tests
or Fisher’s exact tests were applied for matched pair
comparisons. P-values < 0.05 were considered sig-
nificant.

Results

Isolation of Cervical Tolerogenic T-cell Subsets in
CIN Lesions

To assess cervical tolerogenic T cells, cervical samples
were collected from CIN lesions positive for any HPV
genotype and fractionated over a discontinuous Per-
coll density gradient to remove cervical epithelial
cells. Cervical lymphocytes were then isolated from
the interphase between Percoll and culture med-
jum.” Cervical CD4+ T cells were identified among

Table | Patients infected with multiple HPV types were

included.

HPV type Total numbers (%)
16 5 (16.6)
18 2 (6.6)
3 1(3.3
45 1(3.3)
51 1(3.3)
52 3 (10)
53 3(10)
55 3 (10)
56 4 (13.3)
&8 5 (16.6)
70 2 (6.6)
Total 30 (100)

Of 24 patients, 4 (16.6%) were infected with multiple types. HPVs
16, 18, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 68, 73, and 82
were defined as high-risk HPVs.

American Journal of Reproductive Immunology 69 (2013) 134-141
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the isolated lymphocytes using CD4 vs SSC gating.
The percentages of CD4+ cervical T cells that were
CD25+Foxp3+ Tregs or that were PD-1+ were deter-
mined by flow cytometry. Two representative cases
are displayed in Fig. 1(a,b), respectively. The propor-
tion of cervical CD4+ T cells that were CD25+Foxp3
+ was 14.2% whereas the proportion of CD4+ T cells
that displayed PD-1 was 33.6% (bold lines). Among
all CIN patients, a median of 11.7% (IQR: 7.3-14.6,
n = 24) of CD4+ cervical T cells were CD25+Foxp3+
Tregs, while a median of 30.7% (20.2-38.5, n = 24)
of CD4+ cells expressed PD-1. The proportions of tol-
erogenic T-cell subsets found in cervical preparations
were markedly higher than those reported in circu-
lating peripheral blood where approximately 5% of
PBMCs are CD25+Foxp3+ Tregs** and 5% of periph-
eral CD4+ T cells are PD-1+.2> These data indicate
that the cervical mucosal T cells separation tech-
nique used for these investigations isolated a popula-
tion of T cells with characteristics that suggest little
to no contamination by peripheral blood. Further,
should small amounts of contamination occur during
isolation the effect on overall results would be pre-
dicted to be minimal.

Correlation of Cervical Tregs and PD-1+ CD4+
cells in CIN Lesions with Menstrual Phase, HPV
Types, Smoking History, and CIN Course

Many factors, including HPV genotypes, smoking,
and other microbial infections, have been reported
to associate with spontaneous regression or progres-
sion of CIN.?® In this study, we obtained cervical
Tregs from histologically diagnosed CIN patients and
sought correlations between cervical Tregs and
potential clinical factors, which may associate with
the natural course of CIN. Patients with known,
symptomatic or macroscopically visible wvaginal
inflammation, or sexually transmitted infections
other than HPV were excluded from our study. All
patients were diagnosed with CIN1-2 at the time of
enrollment and followed with colposcopy and cervi-
cal cytology smears every 4 months.

To account for possible confounding factors, sam-
ples from our 24 CIN patients were reanalyzed after
segregation by each of the following characteristics:
menstrual phase (proliferative vs secretory), HPV
genotype (high risk vs low risk), and smoking his-
tory (smoking vs non-smoking). The prevalence of
CD25+Foxp3+ Tregs and of PD-1+ T cells among cer-
vical CD4+ cells was compared between each of the
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Fig. 1 Representatives of flow cytometric analysis of immune cells isolated from cervical intraepithelial neoplasia lesions. Bold lines delimit
cervical CD4+CD25+Foxp3+ Tregs (a) and PD1+ CD4+ T cells (b). The indicated percentages represent percentage of total CD4+ T cells.

two groups using Wilcoxon rank sum testing
(Table II). None of these possible confounders corre-
lated with CD25+Foxp3+ Tregs and PD-1+ T cells
results in CIN lesions, indicating that the tolerogenic
T cells residing in the cervical mucosa were not
influenced by smoking, hormonal status, or infecting
HPV subtypes.

Next, we compared populations of CD25+Foxp3+
Tregs and PD-1+ T cells residing in the CIN lesions of
regressors (n = 12) and non-regressors (n = 12) to
determine whether there was an association
between the frequency of cervical tolerogenic T-cell
subsets and spontaneous regression of CIN. Twelve
patients had spontaneous regression of their CIN
lesions, and these women had a median follow-up
duration of 16.5 (8-33) months. The non-regression
group consisted of twelve women with persistent

cytological abnormalities who were matched to the
spontaneous regressor cohort by follow-up time. No
significant differences were seen in the detection
rates of high-risk HPV (58.3% vs 83.3%, P = 0.37),
percent of CIN 2 at the enrollment (33.3% vs
58.3%, P = 0.4), and the median ages (33 years old
vs 36, P=0.44) of patients in the regression and
non-regression groups. Among regressors, cervical
CD25+Foxp3+ Tregs comprised a median of 7.3%
(IQR: 6.3-11.4) of cervical CD4+ cells; the rate
among non-regressors was 13.9% (IQR: 11.6-16.9).
The frequency of cervical CD25+Foxp3+ Tregs in
regressors was significantly lower than that in non-
regressors (P = 0.0012) (Table II and Fig. 2). Simi-
larly, cervical PD1+ CD4+ cells comprised a median
of 20.8% (IQR: 15.8-31.9) of cervical CD4+ cells
among regressors whereas a median of 35.1% (IQR:

Table Il Correlation of the proportions of cervical Treg and PD-1+ cells among cervical CD4+ T-cell populations with clinical characteristics

Percentage of total cervical CD4+ T cells

Factors Groups CD25+Foxp3+ Tregs PD-1+ cells

Menstrual phase Proliferative 10.26 (7.04-15.4) P =094 29.8 [22.7-39.5) P=072
Secretory 12.0 (7.1-14.3) 28.1 (18.9-36.7)

HPV genotype High risk 11.8 (7.8-14.3) P =0.67 29.8 (20.3-38.2) P =082
Low risk 7.4 (6.7-15.7) 33.5 (18.5-45.4)

Smoking Smoking 10.2 (7.3-14.7) P=073 29.8 (19.5-39.5) P =0.80
Non-smoking 10.8 (5.0-15.9) 24.6 (19.6-40.9)

CIN course Regression 7.3 (6.3-11.4) P =00012 20.8 (15.8-31.9) P=0.018
Non-regression 13.9 (11.6-16.9) 35.1 (30.2-42.6)

lial neoplasia (CIN) course were shown.
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Association of cervical CD4+CD25+Foxp3+ Tregs and PD1+CD4+ cells with menstrual cycle, HPV genotype, smoking, and cervical intraepithe-
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Fig. 2 Association of cervical Tregs with the natural course of
cervical intraepithelial neoplasia. Among regressors, cervical Tregs
comprised a median of 7.33% [Interquartile ranges (IQR): 6.38-11.4,
n = 12] of CD4+ cervical T cells; the rate among non-regressors was
13.9% (IQR: 11.6-16.9, n = 12); P = 0.0012.
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Fig. 3 Association of cervical PD-1+ CD4+ T cells with the natural
course of cervical intraepithelial neoplasia. Among regressors, cervical
PD1+ cells comprised a median of 20.8% [Interquartile ranges (IQR):
15.8-31.9, n = 12] of CD4+ cervical T cells; the rate among non-
regressors was 35.1% (IQR: 30.2-42.6, n = 12); P = 0.0179.

30.2-42.6) among non-regressors. Again, the fre-
quency of cervical PD-1+ CD4+ cells in regressors
was significantly lower than that in non-regressors
(P =0.017) (Table II and Fig. 3).

Discussion

Although many studies have been reported about
the positive association between tolerogenic lympho-
cytes and poor prognosis in many cancers, there are
limited data on similar associations in women with
HPV-related cervical precursor lesions. Our results
show that the prevalence of CD25+ Foxp3+ Tregs
and of PD1+ CD4+ T cells residing in cervical precur-
sor lesions inversely correlates with spontaneous
regression of CIN.
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The peripheral population of Foxp3+ Tregs
includes nTregs and iTregs. iTregs play essential roles
in mucosal tolerance, in the control of severe
chronic allergic inflammation, and in the prevention
of organism clearance and tumor immunosurveil-
lance, while nTregs have roles in preventing autoim-
munity and exaggerated immune responses.'” We
would predict that the majority of cervical CD25
+Foxp3+ Tregs assessed in this study are iTregs
although definitive isolation of iTregs is hampered
by the lack of suitable surface markers that distin-
guish iTreg and nTreg cell populations.

In this study, cervical Treg prevalence negatively
correlated with regression of CIN (Fig. 2) but did not
correlate with CIN grade (data not shown). Support-
ing our data, several previous studies have shown a
positive correlation between Treg prevalence in
peripheral blood and high grade of CIN.'”?° Of
course, cervical iTregs and circulating Tregs may dif-
fer in their TCR repertoire. iTregs are known to dif-
ferentiate from mature naive CD4+ cells through the
effects of TGF-B and RA secreted by mucosa-associ-
ated DCs.'” In our data, the proportion of CD25
+Foxp3+ Tregs among total cervical CD4+ cells (a
median of 11%) was twofold higher than previously
reported peripheral blood levels (approximately 5%).
This suggests that iTregs may be generated continu-
ously, probably in an antigen-depending manner,
and accumulate in chronically HPV-infected tissues
and CIN lesions. Others have reported that Foxp3
mRNA levels in cervical samples that included exfo-
liated epithelial cells and cervical lymphocytes are
higher among high-grade squamous intraepithelial
lesion (HSIL) patients when compared with low-
grade squamous intraepithelial lesion  (LSIL)
patients.”” However, it is unknown whether Foxp3
mRNA levels in these cervical samples parallel the
number of Tregs because cervical lymphocytes were
not specifically isolated in this study.

Although the persistence of HPV infection was not
followed in the present study, Molling et al.*°
reported that CD4+CD25hi Treg frequency correlates
with persistence of HPV type 16. Tregs may inhibit
the HPV clearance by immune cells such as invariant
natural killer T cells.

TGF- is critical to the induction and maintenance
of Foxp3+ Tregs, with particular importance in the
induction of iTregs from naive T cells and in the
conversion of effector T cells to iTregs. Several stud-
ies have demonstrated that the expression of TGF-B
and RA receptors in cervical specimens is lower in
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CIN lesions when compared with normal epithe-
lium.?®?° In these studies, there was no correlation
between TGF-Pp mRNA levels and either CIN grade
or CIN natural course. TGF-B-induced iTreg fre-
quency may be a more direct predictor of CIN pro-
gression than TGF-B. In fact, measurement of
tolerogenic T-cell frequency in CIN lesions has the
potential to prove useful in determining individual-
ized screening and treatment paradigms.

Whether sex hormones modulate the prevalence
and function of Tregs remains controversial. Arruvito
et al. reported that the proportion of Foxp3+ cells
within the peripheral blood CD4+ T-cell population
increases during the late follicular phase when com-
pared with the luteal phase.?” The expansion of
Tregs during the follicular phase was highly corre-
lated with serum estradiol (E2) levels.>® In contrast,
Weinberg et al. reported recently that there are no
significant correlations between changes in serum
E2 levels and the prevalence of any circulating Treg
subtypes or between changes in serum progesterone
levels and the proportion of CD8+ Foxp3+ Tregs in
peripheral blood samples.>' The effect of smoking on
the generation of tolerogenic T cells is also contro-
versial.>> *>* Note that all of the above studies assess
peripheral circulating rather than local cervical
Tregs. Our data on the latter cells revealed no corre-
lations between cervical Treg prevalence and either
menstrual phase or smoking.

In this study, we focused on PD-1+ CD4+ T cells
as well as Foxp3+ Tregs as engagement of PD-1 by
its ligands on T cells is critical to the differentiation
of naive T cell into Foxp3+ iTregs. Furthermore,
Tregs and the PD-1/PD-L pathway are integral in ter-
minating immune responses and augmenting the
suppression of anti-tumor T-cell responses. In short,
the PD-1 pathway controls the development, main-
tenance, and function of iTregs at mucosal sites.
Here, we show that PD-1+ T cells are more fre-
quently found among cervical T cells than among
PBMCs and that the prevalence of PD1+ T cells in
CIN lesions (likely reflecting cervical iTregs) corre-
lates inversely with spontaneous regression of CIN.
Assessment for other tolerogenic T-cell subsets (e.g.,
Foxp3-IL10+ Trl, Foxp3-TGF-f+ Th3) in this study,
while potentially informative, was limited by the
number of cervical lymphocytes that could be iso-
lated from a single cytobrush sample.

In summary, even the study population is small
and the results are limited, our flow cytometric anal-
yses demonstrate for the first time that a prevalence
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of CD4+ CD25+ Foxp3+ Tregs infiltrating into CIN
lesions significantly correlates with regression of CIN
regardless of HPV subtype. Conversely, a high preva-
lence of lesional cervical Tregs may be responsible
for CIN persistence as well as HPV infections and
might function as a useful predictive biomarker for
progression of CIN.
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