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Abstract

Glucocorticoids inhibit angiogenesis by activating the glucocorticoid receptor. Inhibition of the

glucocorticoid-activating enzyme 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1)

reduces tissue-specific glucocorticoid action and promotes angiogenesis in murine models of

myocardial infarction. Angiogenesis is important in the growth of some solid tumours. This

study used murine models of squamous cell carcinoma (SCC) and pancreatic ductal adeno-

carcinoma (PDAC) to test the hypothesis that 11β-HSD1 inhibition promotes angiogenesis

and subsequent tumour growth. SCC or PDAC cells were injected into female FVB/N or

C57BL6/J mice fed either standard diet, or diet containing the 11β-HSD1 inhibitor UE2316.

SCC tumours grew more rapidly in UE2316-treated mice, reaching a larger (P<0.01) final vol-

ume (0.158 ± 0.037 cm3) than in control mice (0.051 ± 0.007 cm3). However, PDAC tumour

growth was unaffected. Immunofluorescent analysis of SCC tumours did not show differences

in vessel density (CD31/alpha-smooth muscle actin) or cell proliferation (Ki67) after 11β-HSD1

inhibition, and immunohistochemistry of SCC tumours did not show changes in inflammatory

cell (CD3- or F4/80-positive) infiltration. In culture, the growth/viability (assessed by live cell

imaging) of SCC cells was not affected by UE2316 or corticosterone. Second Harmonic Gen-

eration microscopy showed that UE2316 reduced Type I collagen (P<0.001), whilst RNA-

sequencing revealed that multiple factors involved in the innate immune/inflammatory

response were reduced in UE2316-treated SCC tumours. 11β-HSD1 inhibition increases SCC

tumour growth, likely via suppression of inflammatory/immune cell signalling and extracellular

matrix deposition, but does not promote tumour angiogenesis or growth of all solid tumours.
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Introduction

Glucocorticoids are vital modulators of the physiological stress response, exerting myriad

effects across a range of tissues [1]. Their potent anti-inflammatory and immunosuppressive

effects have also been exploited clinically for more than half a century; synthetic glucocorti-

coids are commonly used to treat chronic inflammatory conditions such as rheumatoid arthri-

tis, to suppress the immune system before organ transplant, and in the treatment of leukemia

[2].

The adverse consequences of chronic glucocorticoid excess are exemplified in people with

Cushing’s syndrome, who develop increased central adiposity, dyslipidemia, muscle wasting,

loss of memory, hyperglycaemia and insulin resistance [1]. Reducing glucocorticoid action in

key target tissues, such as liver, adipose and brain, may therefore be clinically desirable, but tar-

geting the hypothalamic-pituitary-adrenal (HPA) axis risks compromising the systemic coor-

dination of the stress response.

Glucocorticoids are subject to tissue-specific pre-receptor regulation by the 11β-hydroxys-

teroid (11β-HSD) isozymes; 11β-HSD2 converts cortisol or corticosterone to inert 11-keto

metabolites (cortisone or 11-dehydrocorticosterone, respectively) to allow selective access of

aldosterone to mineralocorticoid receptors (MR), while 11β-HSD1 re-activates glucocorticoids

by catalyzing the reverse reductase reaction in target tissues [3], including liver, adipose, brain

and the blood vessel wall [4]. Preclinical investigations have demonstrated that 11β-HSD2

inhibition can reduce myocardial fibrosis in a rat (uni-nephrectomy) model [5] whilst inhibi-

tion of 11β-HSD1 reduced hepatic steatosis in mice fed a high fat diet [6]. Targeting 11β-

HSD1 offers a novel therapeutic avenue to reduce glucocorticoid action. Clinical trials of 11β-

HSD1 inhibitors have shown moderate improvements in glycaemic control in patients with

type II diabetes [7], and more recently have shown promise in the treatment of cognitive

decline [8].

Glucocorticoids also exert potent angiostatic effects, an activity first shown over 30 years

ago but the mechanism of which remains uncertain [9]. Inhibition or deletion of 11β-HSD1

promotes angiogenesis in vitro and in vivo, enhancing wound healing, reducing intra-adi-

pose hypoxia and, most strikingly, enhancing recovery after myocardial infarction in mice

[10–14]. Whilst presenting a potential clinical opportunity, these findings have also raised

concerns that 11β-HSD1 inhibitors could exacerbate conditions characterised by pathologi-

cal angiogenesis, such as proliferative diabetic retinopathy and solid tumour growth [15].

Whereas 11β-HSD1 inhibition or deletion was recently shown not to promote angiogenesis

in a model of proliferative retinopathy [16], there is evidence to suggest it could influence

tumour growth [17]. Moreover, not only might 11β-HSD1 inhibitors act in vascular cells to

promote tumour angiogenesis, but they might also directly influence tumour cells as well as

other cells in the tumour microenvironment, including fibroblasts, and tumour-associated

immune cells [18].

The only study to address this topic thus far demonstrated that overexpression of

11β-HSD1 in hepatocellular carcinoma cells reduced tumour growth and angiogenesis

[17]. No study has yet examined the effects of 11β-HSD1 inhibition on tumour growth.

Of note, expression of 11β-HSD1 and the glucocorticoid receptor (GR) are particularly

high in squamous cell carcinoma (SCC) [19], highlighting this tumour type as potentially

glucocorticoid-sensitive. The present study tested the hypothesis that 11β-HSD1

inhibition promotes the growth of subcutaneously-implanted SCC and pancreatic

ductal adenocarcinoma (PDAC) tumours in mice, as a result of increased tumour

angiogenesis.

PLOS ONE 11β-HSD1 inhibition does not affect murine tumour angiogenesis but may affect tumour growth

PLOS ONE | https://doi.org/10.1371/journal.pone.0255709 March 20, 2023 2 / 19

RG/11/4/28734 (BRW, RA); www.bhf.org.uk)

Cancer Research UK (Award Number: C157/

A24837 (VGB) and the Wellcome Trust (Award

Number: 107049/Z/15/Z (BRW); wellcome.org).

The funders had no role in study design, data

collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: Brian Walker, Patrick Hadoke

and Scott Webster are inventors on relevant

patents owned by the University of Edinburgh (see

below). Additionally, Brian Walker reports

consultancy fees as part of membership of

Actinogen Medical’s Scientific Advisory Board,

related to 11β-hydroxysteroid dehydrogenase type

I inhibitors, and Scott Webster and Ruth Andrew

report consultancy fees from Actinogen Medical

unrelated to the current work. Callam Davidson is

an editor for PLOS Medicine. This does not alter

our adherence to PLOS ONE policies on sharing

data and materials.

https://doi.org/10.1371/journal.pone.0255709
http://www.bhf.org.uk


Material and methods

Animals

In total, 18 C57BL6/J and 18 FVB/N mice were purchased from Envigo (Blackthorn, UK) or

Charles River (Elphinstone, UK), respectively. All experimental animals were female and aged

9–14 weeks and sacrificed by cervical dislocation. Groups were age-matched. All procedures

were approved by the institutional ethical committee and carried out by a licensed individual

and in strict accordance with the Animals (Scientific Procedures) Act 1986 and the EU Direc-

tive 2010/63 and under project licence 70/8897 or 60/4523.

Cell culture

Studies made use of two immortalised murine cancer cell lines. SCC cells [20] were generated

in-house by Dr Alan Serrels using a two-stage 7,12-Dimethylbenz[a]anthracene (DMBA)/TPA

chemical carcinogenesis protocol [21]. A PDAC cell line, Panc043, was provided by the Beat-

son Institute in Glasgow; these cells were originally derived from tumours developed using the

LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC) model [22]. Panc-043 cells were cul-

tured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FCS. SCC cells

were maintained in Glasgow Minimum Essential Medium (GMEM) supplemented with 10%

FCS, 2mM L-Glutamine, 1mM sodium pyruvate, MEM non-essential amino acids (Thermo-

Fisher) and MEM vitamins.

Tumour cells (SCC or Panc043) were cultured in 96-well plates (Bio-Greiner; 5000 cells per

well) and treated with 25-300nM UE2316 or corticosterone. Plates were imaged and conflu-

ence determined using the Incucyte ZOOM Live-cell analysis system (over 72 hours; Essen

BioScience). An alamarBlue assay (Thermo-Fisher) was also performed as per manufacturer’s

instructions to provide a secondary measure of viable cell number.

Drugs and corticosteroids

The 11β-HSD1 inhibitor UE2316 ([4-(2-chlorophenyl-4-fluoro-1-piperidinyl][5-(1H-pyrazol-

4-yl)-3-thienyl]-methanone) was synthesised by High Force Ltd (Durham, UK) [23]. For in
vivo studies, UE2316 was delivered ad libitum to animals added to a RM1 diet (175mg/kg

UE2316) prepared by Special Diet Services (Essex, UK). 11-Dehydrocorticosterone and corti-

costerone were from Steraloids (Newport, USA). Tritiated steroids ([1,2,6,7]-3H4-corticoste-

rone and [1,2,6,7]-3H4-cortisone) were from PerkinElmer (Wokingham, UK).

Tumour model

In vivo studies used an established model of subcutaneous tumour development [24]. SCC or

PDAC cells were injected subcutaneously (1x106 cells/flank) into FVB/N or C57BL6/J mice,

respectively, fed either control or UE2316 diet for 5 days in advance of injection and through-

out the remainder of the experiment (N = 6-9/group). Diet was weighed regularly to monitor

consumption, which did not differ between diets. SCC tumours were grown for 11 days,

PDAC tumours were grown for 14 days, and both were measured using calipers every 2–3

days. Tumour volume was calculated as the volume of an ellipsoid (0.5�length�breadth2).

Animals were weighed and checked for signs of unexpected ill health every 2–3 days.

Weight loss of>20% between measurements was considered grounds for humane termina-

tion, as were any tumour-related limitations in the animal’s normal behavioural repertoire

(e.g., impeded movement) or a body conditioning score of 2 being reached. Animals were

to be culled prior to the pre-defined experimental endpoint if tumours reached maximum
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permissible size (15 mm diameter), or if signs of ulceration were evident. Mice were culled by

cervical dislocation.

Histology

Vessel staining. Paraffin-embedded tumour sections underwent rehydration and heat-

based antigen retrieval. Sections were permeabilised (0.4% Triton-X, 15 min) and blocked (1%

normal goat serum, 30 min; Biosera, Nuaille, France), incubated with primary CD31 antibody

(1/300 dilution, 18h, 4˚C, Ab28364; Abcam, Cambridge, UK), rinsed with PBS and incubated

with secondary antibody and primary conjugated α-smooth muscle actin antibody (1/1000

dilution, 1 hour, room temperature, A-11034; Molecular Probes, Eugene, USA. C6198; Sigma)

before counterstaining with DAPI (5 min) and mounting using Fluoromount G (SouthernBio-

tech, Cambridge, UK). Slides were imaged with an Axioscan.Z1 (Zeiss) digital slide scanner.

Higher magnification images were obtained using a LSM710 confocal microscope (Zeiss). Ves-

sels were manually counted by a blinded observer across 10 randomly selected 0.1mm2 fields

of view, from two tumour sections spaced 50 μm apart. CD31-positive/α-SMA-negative vessels

and CD31/α-SMA-positive vessels were both quantified to allow the ratio of vessels with

smooth muscle coverage to be calculated. As a secondary measure of vessel density, sections

stained for CD31 were quantified by Chalkley count, as described [25]. One section (three hot-

spots) was quantified per tumour.

In vivo tumour cell proliferation. Tumour sections were stained with Ki67 antibody

(proliferation marker, 1/100 dilution, Ab155580; Abcam) as above. 2 sections/tumour were

scanned at 200x magnification, the most proliferative region selected by eye, and this region

then imaged at 400x magnification. Ki67-positive cells were then quantified manually per

hotspot.

Immune/Inflammatory cell staining. F4/80 (1/300, 14–4801; eBiosciences) and CD3 (1/

100, Sc-20047; Santa-Cruz) staining were performed using the Leica BOND-III automated

staining system and the Leica refine detection kit as per manufacturer’s instructions (Leica).

Trypsin-based antigen retrieval was used for F4/80 staining, and heat-based antigen retrieval

for CD3 staining. Dehydrated sections were mounted with DPX and imaged using the slide

scanner. Images were segmented and stain percentage area was quantified automatically using

ImageJ software.

Enzyme activity assays

A BioRad protein DC assay (BioRad, Hemel-Hempsted, UK) was performed as per manufac-

turer’s instructions.

Dehydrogenase activity assay. Homogenized tumour samples were diluted in assay

buffer (63g glycerol, 8.77g NaCl, 186mg ethylenediaminetetraacetic acid (EDTA), 3.03g Tris,

made up to 500mL with distilled H2O and pH adjusted to 7.7). 3H4-Corticosterone (250nM)

and NADP+ (2mM; Cambridge Bioscience) were added before incubation in a shaking water

bath (37˚C). After incubation, samples were extracted with ethyl acetate (10:1), dried under

nitrogen and dissolved in 65:15:25 water/acetonitrile/methanol.

Reductase activity assay. C57BL6/J mouse liver was excised and sectioned. Liver pieces

(5-20mg, N = 6/group) were cultured in 1mL DMEM-F12 medium containing 12.5nM 3H4-

cortisone and 1μM cold cortisone with either 300nM UE2316 or vehicle (final DMSO concen-

tration 0.3%). Plates were incubated for 24 hours (5% CO2, 37˚C). Media was extracted on

Sep-Pak C-18 (360mg) cartridges (Waters, Elstree, UK), dried under nitrogen, resuspended in

200μL HPLC-grade H2O added, and extracted with ethyl acetate (10:1) to remove phenol red

contamination, dried under nitrogen and dissolved in 60:40 water/methanol.
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Second harmonic generation imaging

Type I collagen was visualized in SCC and PDAC tumours (N = 6/group) by Second Harmonic

Generation (SHG) microscopy. A pump laser (tuned to 816.8 nm, 7 ps, 80 MHz repetition

rate; 50 mW power at the objective) and a spatially overlapped second beam, termed the Stokes

laser (1064 nm, 5–6 ps, 80 MHz repetition rate, 30 mW power at the objective; picoEmerald

(APE) laser) was inserted into an Olympus FV1000 microscope coupled with an Olympus

XLPL25XWMP N.A. 1.05 objective lens with a short-pass 690 nm dichroic mirror (Olympus).

The Second Harmonic Generation signal was filtered (FF552-Di02, FF483/639-Di01 and

FF420/40) and images quantified using Image J.

qPCR

Frozen tissue was homogenized in Qiazol reagent (Qiagen), allowed to settle at room tem-

perature for 5 min, vortexed in chloroform and left to settle for 2 min before centrifuga-

tion (12000 RCF x 15 min at 4˚C). The resultant aqueous phase was mixed with an equal

volume of 70% ethanol. All subsequent on-column steps were performed as per the RNeasy

manufacturer’s protocol. RNA concentration and integrity were assessed using the Nano-

drop 1000 (Thermo-Fisher Scientific). cDNA was generated from RNA using the Quanti-

Tect Reverse Transcription Kit (Qiagen) as per manufacturer’s protocol. For the PCR

reaction, samples were incubated at 42˚ for 15 min followed by 95˚ for 3 min in a Thermal

cycler (Techne-Cole-Palmer, Staffordshire, UK). cDNA was diluted 1/40 in RNase-free

water and a standard curve constructed by serial dilution of a pooled sample. In triplicate

on a 384-well plate, 2μL of sample were combined with 5μL of Lightcyler 480 Probes Mas-

ter mastermix (Roche), primers (0.1μL/sample Forward and Reverse), probe (0.1μl/sam-

ple) and RNase-free water to make up to 10μL total volume. Plates were spun (420 RCF x 2

min on LCM-3000 plate centrifuge (Grant Instruments, Royston, UK) before analysis on

the Light Cycler 480 (Roche). Samples were run for 50 cycles (10s at 95˚C and 30s at

60˚C). All data were normalised to the average of two housekeeping genes (Gapdh and

Tbp).

RNA sequencing

RNA from SCC tumours, extracted as described above, was sequenced by GATC Biotech

(Constance, Germany). Raw data were processed using Tophat2 [26], which was used to map

reads to the mouse mm10 reference genome. Differential gene expression was analysed using

Cuffdiff [27]. DEseq2 was used to perform a Principle Component Analysis (PCA) to assess

variance between samples. Gene ontology analysis was performed using the Database for

Annotation, Visualization and Integrated Discovery (DAVID) v6.8.

Data analysis and statistics

All statistics were performed using Prism software v6/7 (Graphpad). Data are presented as

mean ± S.E. Outliers were identified using Grubbs’ test and excluded appropriately. All data

sets were tested for a parametric distribution and transformed/analysed appropriately. N refers

to the number of animals per group in an experiment, with the exception of cell culture studies

in which N refers to biological repeats on separate days using the same cell line. P<0.05 was

considered significant.
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Results

11β-HSD1 is expressed in SCC but not PDAC tumour cell lines

When comparing 11β-HSD1 dehydrogenase activity between tumour types, SCC tumours

showed a considerably higher rate of product formation than PDAC (Fig 1A) and showed

higher GR expression (Fig 1B). 11β-HSD2 was not detected in either tumour type.

11β-HSD1 inhibition enhances SCC tumour growth

UE2316 accelerated the growth of SCC tumours from day 4 onwards (Fig 2A) but had no

effect on the growth of PDAC tumours (Fig 2B). UE2316 and control diet fed groups con-

sumed similar quantities of diet and did not differ in weight throughout the experiment (Fig

2C). The estimated dosage achieved in the present studies (based on diet consumed per cage

per 2–3 days) was 25-30mg/kg/mouse/day. Ki67 staining revealed a trend towards reduced

tumour cell proliferation in UE2316-treated SCC tumours compared to control tumours, but

this did not reach significance (Fig 2D–2F).

11β-HSD1 inhibition does not promote angiogenesis in SCC tumours

The effect of 11β-HSD1 inhibition on vessels in tumours was assessed by CD31/α-SMA-posi-

tive staining (Fig 3A and 3B). In SCC and PDAC tumours, UE2316 did not affect the number

of blood vessels per field of view (Fig 3C) or the vessel number determined by Chalkley counts

(Fig 3E). In SCC tumours, UE2316 did not affect the proportion of immature vessels lacking

smooth muscle coverage, assessed by CD31 staining in the absence of α-SMA staining (Fig

3D). UE2316 also did not affect mRNA levels for angiogenic factors Vegfa and Vegfr2 in either

tumour type (Fig 3F).

Neither corticosterone nor UE2316 affect SCC cell proliferation in vitro
SCC cells in culture were imaged using the Incucyte ZOOM live cell imaging system to investi-

gate the effects of glucocorticoids and UE2316 on cell growth and morphology. Addition of

increasing concentrations of corticosterone (Fig 4A) or UE2316 (Fig 4B) had no effect on

the growth of SCC cells over 72 hours. Neither corticosterone (Fig 4C) nor UE2316 (Fig 4D)

affected cell viability at any concentration, assessed after 72 hours using an alamarBlue assay.

Fig 1. SCC tumours show greater 11β-HSD1 activity and express more GR than PDAC tumours. A) SCC tumours

had greater 11β-HSD1 dehydrogenase activity than PDAC tumours. ��� P<0.001. N = 6/group. B) GR transcript levels

were greater in SCC tumours than PDAC tumours. N = 5-6/group. � P<0.05. Data were compared by independent

sample t-test.

https://doi.org/10.1371/journal.pone.0255709.g001
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Fig 2. The 11β-HSD1 inhibitor UE2316 enhances SCC but not PDAC tumour growth. A) UE2316 enhanced tumour growth from day 4 onwards in

mice injected with SCC cells. N = 9/group. B) UE2316 did not affect PDAC tumour growth in mice injected with Panc043 cells. N = 6/group. C)

Neither tumour cell injection (day 5) nor UE2316 diet introduction affected mouse weight. N = 6-9/group. �� P<0.01. Data were compared by 2-Way

ANOVA. D) The proportion of cells staining positive for proliferation marker Ki67 showed a trend towards being reduced (P = 0.07) in tumours from

UE2316-treated mice but this did not reach significance. N = 6/group. Data were compared by independent samples t-test. Representative images of

hotspots from Ki67-stained squamous cell carcinoma (SCC) tumours from control (E) and UE2316 treated (F) mice are shown. Hotspots were typically

near the periphery of the tumour. Scale bar = 50μm.

https://doi.org/10.1371/journal.pone.0255709.g002
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Fig 3. UE2316 does not affect angiogenesis in tumours. A) Tumour tissue from SCC tumours; endothelial cells are stained green

(CD31 visualised with Alexa-Fluor 488), smooth muscle cells are stained red (α-SMA visualised with Cy3) and nuclei are stained

blue (DAPI). Tumours had densely packed nuclei. 200x magnification. Scale bar 50μm. B) CD31 was also visualised with

diaminobenzidine (DAB) for counts. 200x magnification. Scale bar 50μm. C) UE2316 did not affect vessel density in either SCC or

PDAC tumours. D) UE2316 did not affect the proportion of vessels lacking smooth muscle coverage in SCC tumours (i.e. CD31

positive but α-SMA negative). (E) UE2316 did not affect Chalkely counts in SCC tumours. 1 section/tumour, N = 5–6 animals/

group. F) mRNA levels for Vegfa and Vegfr2 in SCC tumours were unaffected by UE2316. Data were compared by independent

samples t-test for panels C/D, Mann-Whitney U test for Panel E.

https://doi.org/10.1371/journal.pone.0255709.g003
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11β-HSD1 inhibition does not alter F4/80- or CD3- positive cell infiltration

into SCC tumours

To quantify inflammatory cell content, sections from SCC tumours from control (Fig 5A) and

UE2316-diet-fed mice (Fig 5B; N = 6/group) were labelled with F4/80 antibody, a macrophage

marker. The antibody produced a cytoplasmic stain, present across the tumour but concen-

trated at the tumour periphery and in regions near the centre of the tumour. There was no sig-

nificant difference in F4/80-positive area in tumours from RM-1 and UE2316 diet-fed mice,

despite a trend towards a decrease in UE2316-treated tumours (Fig 5C). To quantify infiltrat-

ing T-cells, SCC tumours from control and UE2316-diet-fed mice (N = 5/group) were labelled

with anti-CD3 to identify CD3-positive cells. There was no significant difference in CD3-posi-

tive area in tumours from RM-1 and UE2316 diet-fed mice (Fig 5D); representative images are

shown in Fig 5E and 5F.

11β-HSD1 inhibition reduces type 1 collagen deposition in SCC tumours

To determine whether tumour collagen deposition was altered by 11β-HSD1 inhibition, Sec-

ond Harmonic Generation (SHG) microscopy was performed on SCC tumours (N = 6/group;

Fig 6A and 6B). Automatic quantification of % collagen area from SHG images revealed a

reduced amount of type I collagen in tumours from mice fed UE2316-diet compared to

tumours from mice fed normal diet (Fig 6C). This difference was also apparent at a transcrip-

tional level (Fig 6D).

Fig 4. Neither corticosterone nor UE2316 affect SCC cell growth or viability in vitro. The confluence of SCC cells

imaged over 72 hours using the Incucyte was unaffected by exposure to either corticosterone (CORT, panel A) or the

11β-HSD1 inhibitor UE2316 (panel B). 300nM STS was included in all experiments as a positive cytotoxic control.

N = 5 (technical repeats, treatments in sextuplet). SCC viability, as determined by the alamarBlue assay, was unaffected

by the addition of corticosterone (panel C) or the 11β-HSD1 inhibitor UE2316 (panel D). AU = Arbitrary units. N = 4

(technical repeats, treatments in sextuplet). Data were compared by one-way ANOVA.

https://doi.org/10.1371/journal.pone.0255709.g004
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Fig 5. F4/80 and CD3 positive cell number in SCC tumours were unaffected by UE2316. Representative images of squamous

cell carcinoma (SCC) tumours from control (A) and UE2316-treated (B) mice are shown, with DAB immunoreactivity to anti-

F4/80 antibody shown in brown and haematoxylin-counterstained nuclei in blue. C) Immunostaining did not reveal a difference

in F4/80-positive stain area between tumour from control and UE2316-treated mice (P = 0.17). N = 5-6/group. Data were

compared by independent samples t-test. Scale bar = 50μm. Immunostaining found no difference in CD3-positive stain area

between SCC tumours from control and UE2316-treated mice, assessed by whole section analysis. N = 5/group (D).

Representative images of CD3 labelled SCC tumour sections from control (E) and UE2316-treated (F) squamous cell carcinoma

(SCC). DAB immunoreactivity shown in brown and haematoxylin-counterstained nuclei in blue. Data were compared by

independent samples t-test, N = 5/group.

https://doi.org/10.1371/journal.pone.0255709.g005
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Fig 6. Type I collagen is reduced in SCC tumours from UE2316-treated mice. Second Harmonic Generation imaging showed type I collagen (white signal) in

SCC tumours from UE2316-treated (B) and control mice (A). Scale bar = 100μm. C) Type I collagen was reduced in tumours from UE2316-treated mice. ���

P<0.001. N = 5/group. D) Col1a1 mRNA was reduced in SCC tumours from UE2316-treated mice compared to control mice. AU = Arbitrary units. �� P<0.01.

N = 5-6/group. Data were compared by independent samples t-test.

https://doi.org/10.1371/journal.pone.0255709.g006
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11β-HSD1 inhibition influences immune and inflammatory signaling in

SCC tumours

Genes found to be differentially expressed (DE) between control and UE2316-treated SCC

tumours by RNA sequencing were analysed using the Database for Annotation, Visualization

and Integrated Discovery (DAVID) v6.8. 674 genes were found to be differentially regulated

between treatment groups. Significantly relevant (P<0.05) biological processes are listed in

Table 1. Given the importance of local glucocorticoids in regulating inflammation, and the

chronic inflammatory state of the tumour microenvironment, genes associated with the

inflammatory response and immune response (6.1% and 4.1% of DE genes respectively, as

identified by DAVID) and their relative expression in UE2316-treated tumours (as identified

by RNA-seq) are shown in Fig 7A and 7B. mRNA coding for a large number of pro-inflamma-

tory cytokines were reduced after UE2316 treatment, while mRNA for cytokine receptors, toll-

like receptor and mast cell protease transcript was increased.

Discussion

The data generated in this investigation demonstrate that 11β-HSD1 inhibition can promote

SCC tumour growth in mice. This effect was not seen in PDAC tumours, which expressed

lower levels of both GR and 11β-HSD1 than SCC. The present findings are in agreement with

Table 1.

Process q-value

Inflammatory response 3E-08

Cellular response to interferon-beta 4E-07

Positive regulation of gene expression 3E-04

Immune response 6E-04

Response to lipopolysaccharide 0.001

Positive regulation of cell migration 0.001

Chemokine-mediated signalling pathway 0.004

Cellular response to interferon-γ 0.004

Negative regulation of osteoblast differentiation 0.003

Chemotaxis 0.008

Collagen fibril organization 0.008

Defence response to virus 0.007

Positive regulation of apoptotic process 0.008

Circadian rhythm 0.009

Osteoblast differentiation 0.01

Negative regulation of cell migration 0.03

Cell adhesion 0.04

Ossification 0.04

Immune system process 0.05

Positive regulation of osteoblast differentiation 0.05

Defense response to protozoan 0.05

Gene ontology analysis of RNA-seq data demonstrates the importance of immune and inflammatory responses in the

effects of UE2316. Gene Ontology (GO) analysis was performed using the Database for Annotation, Visualization

and Integrated Discovery (DAVID) v6.8. Significance is expressed using the p-value corrected for multiple

hypothesis testing using the Benjamini-Hochberg method (q-value). The listed biological processes had q<0.05.

https://doi.org/10.1371/journal.pone.0255709.t001
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Fig 7. UE2316 affects inflammatory and immune response genes in SCC tumours; analysed using Gene Ontology

analysis. Differentially-expressed genes identified by RNA-sequencing were defined as being related to the

inflammatory response (A) or immune response (B) by Gene Ontology analysis. N = 4-5/group. A modified Fisher

Exact test was used to determine whether the proportion of genes in a given list was significantly associated with a

biological process compared to the murine genome: P<0.05 for all the above. Data represent mean values with black

bars representing genes that are down-regulated in the UE2316-treated tumours and open bars those that are up-

regulated.

https://doi.org/10.1371/journal.pone.0255709.g007
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other studies that report SCC express particularly high levels of GR [28,29], suggesting that

SCC may be a more glucocorticoid-sensitive tumour type than PDAC. 11β-HSD1 inhibition

did not alter vessel density or in vitro tumour cell proliferation, but immune and inflammatory

signalling pathways were altered at the transcriptomic level, as was 11β-HSD1 itself. Immune

and inflammatory cell content did not differ between control and UE2316-treated SCC

tumours, suggesting perhaps that cell behaviour (cytokine environment/activation state) is

altered by UE2316. Fluorescence-Associated Cell Sorting of tumours would be required to

more elegantly investigate this question in future studies. Generation of Type 1 collagen was

reduced at both the transcriptomic and protein level in UE2316-treated SCC tumours; whether

this change relates to the altered inflammatory environment remains uncertain.

The only previous study to directly manipulate 11β-HSD1 expression in a solid tumour

model demonstrated that 11β-HSD1 overexpression reduced the growth of hepatocellular car-

cinoma (HCC) tumours in Balb/C nude mice [17], an effect which was apparent over a similar

time course as the effect of 11β-HSD1 inhibition shown here (i.e. 3–5 days after cell injection).

While the present study supports a role for 11β-HSD1 and local glucocorticoid metabolism in

regulating tumour growth from an early stage, a different mechanism may be responsible; the

study in HCC identified a significant reduction in tumour angiogenesis, attributed to reduced

glycolysis, in tumours overexpressing 11β-HSD1 compared to controls. No evidence of such a

process was seen in SCC tumours. The present study made use of a murine tumour cell line

able to grow in mice with a functional immune system, a significant strength given that 11β-

HSD1 deletion reduces T-cell infiltration in some inflammatory models [30–32] and is likely

to influence the tumour microenvironment [33]. Interestingly, both tumour types used in

these separate studies (SCC and HCC) were derived from tissues in which 11β-HSD1 is

known to play a regulatory role (skin and liver) [34–38].

However, the present study found no evidence of enhanced angiogenesis after 11β-HSD1

inhibition. Enhanced angiogenesis and recovery post-myocardial infarction have been demon-

strated consistently in 11β-HSD1 knockout mice [10,11,13,14] and following exposure to the

11β-HSD1 inhibitor UE2316 [39]. The reparative response to myocardial infarction is charac-

terised by increased neutrophil and macrophage recruitment into the myocardium after

11β-HSD1 inhibition [11,14], an effect absent in SCC tumours. Angiogenesis after induced

myocardial infarction in rodents is a beneficial process and distinct from the aberrant non-

resolving hypoxia-driven angiogenesis seen in tumours [40], which may be mediated by differ-

ent mechanisms and explain the context-specific effects of 11β-HSD1 inhibition.

Given the lack of evidence that exaggerated angiogenesis promotes SCC tumour growth fol-

lowing 11β-HSD1 inhibition, we considered other mechanisms. The absence of a glucocorti-

coid-mediated effect on SCC cell proliferation, or any direct effect of UE2316 in vitro, strongly

suggests that direct proliferative effects on tumour cells are not relevant. However, based on

the gene ontogeny analysis of SCC tumours, the immune and inflammatory responses are

likely to be of mechanistic importance. SCC tumours from UE2316-treated mice showed

reduced expression of a range of pro-inflammatory cytokine and chemokine genes. These

changes were accompanied by an increase in the expression of several members of the Tlr and

Tnfrsf families, and Csf1r, suggesting reduced pro-inflammatory ligand binding. Furthermore,

expression of a number of interferon-γ (IFN-γ) inducible genes was reduced in tumours from

UE2316-treated animals. As TLR activation can stimulate the production of IFNs, interleukins

and TNF by myeloid and lymphoid cells [18], the evidence points towards reduced inflamma-

tory and immune cell signalling within tumours from UE2316-treated mice. The reduced

expression of Ccl and Cxcl chemokines would predict reduced migration of eosinophils,

neutrophils and T-cells into tumours, whilst the reduced expression of 11β-HSD1 itself

after UE2316 treatment is indicative of reduced immune/inflammatory cell infiltration and
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activation as the enzyme is expressed in macrophages and lymphocytes and upregulated by

immune cell activation [3].

The role of inflammation in tumour progression is controversial in that it can both promote

tumour progression (including via stimulation of angiogenesis) and inhibit tumour progres-

sion (via anti-tumour immunosurveillance). In the present model, 11β-HSD1 inhibition

appears to decrease inflammatory signalling whilst enhancing tumour growth, raising the

intriguing possibility that UE2316 dampens the anti-tumour immune response. This requires

confirmation at the cellular level.

11β-HSD1 inhibition has been shown to influence inflammation previously, but its effects

are context-dependent and may vary between acute or chronic inflammation. Similar to

induced myocardial infarction, 11β-HSD1 deficiency increases acute inflammation in models

of arthritis, peritonitis and pleurisy [41,42]. In obese adipose tissue and atherosclerotic plaques

from 11β-HSD1 deficient animals, however, inflammatory and immune cell infiltration is

attenuated [30,31]. Arguably, the chronic, non-resolving inflammation and hypoxia seen in

obese adipose tissue and atheroma are more similar to the tumour microenvironment than to

the ischaemic myocardium; thus mechanistically the latter models may be more relevant.

There is analogous evidence from other models that 11β-HSD1 influences the same inflam-

matory pathways as we observed here. Wamil et al. [30] reported that 11β-HSD1 deletion

reduces similar cytokines (including members of the CCL, CXCL and TNF families) in adipose

tissue from high-fat diet-fed mice, associated with decreased CD8+ T-cell infiltration and mac-

rophage infiltration in adipose tissue. Michailidou et al. [12] found decreased fibrosis in adi-

pose tissue from 11β-HSD1 knockout animals. Furthermore, 11β-HSD1 deletion reduces

macrophage and T-cell infiltration into atherosclerotic plaques [32]. Several of the key gene

expression changes seen in the present study have also been seen in atherosclerotic plaques

after 11β-HSD1 inhibition [31], including reductions in interleukins, toll-like receptors, STAT

family members, and several chemokines. The selective 11β-HSD1 inhibitor BVT-2733 was

previously shown to improve symptoms of collagen-induced arthritis by reducing the expres-

sion of pro-inflammatory cytokines, including TNF, IL-1β and IL6, and reducing inflamma-

tory cell infiltration into joints [43]. Furthermore, the beneficial effects of 11β-HSD1

inhibition in the synovium have been linked to reduced glucocorticoid action in synovial

fibroblasts and osteoclasts resulting in a net reduction in damaging inflammation [44].

Although we found effects of 11β-HSD1 inhibition on transcripts in SCC tumours, these

were not reflected in demonstrable differences in cell content. Staining for the T cell marker

CD3 did not identify a difference between SCC tumours from control and UE2316-treated

mice. Likewise, F4/80 staining did not reveal a marked difference in macrophage numbers

between treatment groups, yet key transcripts for markers of macrophage polarisation were

altered in whole tumour homogenates, suggesting a more subtle effect of 11β-HSD1 inhibition

on macrophage content or polarisation.

Cancer-associated fibroblasts and extracellular matrix (ECM) deposition can also influence

tumour progression [45–47]. The reduced type 1 collagen seen in SCC tumours mirrors the

reduced fibrosis in obese adipose tissue from 11β-HSD1 deficient mice [15], which also

showed decreased alpha-smooth muscle actin expression, suggesting reduced fibroblast num-

bers. Reduced fibrosis and reduced expression of Col1a1, Col1a2, Col14a1, stromal-cell derived

factor 1 (Sdf1) and Lox are all suggestive of reduced fibroblast activity [45,46]. Since fibroblasts

can promote anti-tumour immune cell infiltration into tumours [45,47], suppression of fibro-

blasts by UE2316 could explain the potentially dampened anti-tumour immune response in

SCC tumours. Conversely, inflammatory cells are also able to recruit fibroblasts into SCC

tumours [48] and this enhanced recruitment can promote SCC growth suppression via the

deposition of a fibrotic ECM that constrains tumour cell proliferation and invasiveness
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[49,50], so the effect of UE2316 could be primarily on inflammatory cells or on tumour cells

releasing pro-inflammatory signals, with secondary effects on fibroblasts.

Given that only one of the two tumour types examined responded to UE2316 treatment,

predicting which tumour types may be more at risk will be important if 11β-HSD1 inhibitors

are to be used in at-risk patients. Review of cancer genomics data sets available via the cBioPor-

tal for Cancer Genomics [51] reveals amplification of HSD11B1 expression in 8–10% of breast

and hepatobiliary cancer studies, while around 8% of cutaneous melanomas show either muta-

tion (4%) or amplification (4%) of the gene. Altered expression of HSD11B1 is also apparent

in around 5% of studies on endometrial cancers, non-Hodgkin lymphomas, non-small cell

lung cancers and melanomas. Extra vigilance is recommended if 11β-HSD1 use is indicated in

patients with such HSD11B1-expressing tumours.

In summary, to the best of our knowledge this is the first study to investigate the possibility

that pharmacological inhibition of 11β-HSD1 could promote tumour growth by increasing the

angiogenic growth of blood vessels. Our results demonstrate that inhibition of 11β-HSD1 in

SCC tumours does not alter tumour angiogenesis but dampens immune and inflammatory

signalling within the tumour microenvironment, possibly leading to the reduced activation of

cancer associated fibroblasts and the reduced deposition of type I collagen. These factors,

in combination, may promote SCC growth in this model but relevance to other tumours is

uncertain.
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