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Abstract

Background

Excessive adiposity, or obesity, has been associated with cancer promotion, including an increased risk
for developing Hodgkin Lymphoma (HL). However, the association between obesity and survival in HL
can be somewhat paradoxical and may indeed influence prognosis. Examining the bone marrow (BM)
cytokine profile in HL patients could provide insights into the mechanisms underlying the altered
association between excess adiposity and HL. The BM is an important site for hematopoiesis and can be
influenced by various factors, including disease processes and systemic metabolic changes associated
with obesity.

Methods

From our cohort, we analyzed interstitial marrow fluid (IMF) from BM aspirates of 16 HL patients at
diagnosis and 11 control subjects. Participants were then matched by sex, age, and Body mass index
(BMI) for inclusion in our discovery protein array analysis (n =8 HL and n = 8 donors). We validated our
findings in the total sample by measuring adipokine-related molecules using ELISA. Adiposity was
measured through abdominal circumference measurement and BMI. Gene expression analysis was
conducted through RT-gPCR. Activated signaling pathways were analyzed using HL cell line (L428 cells).
Statistical analyses were performed using SPSS and GraphPad.

Results

The IMF of HL patients presented downregulation of interleukins (IL-1a/B, IL-6sR, IL-12), chemokines
(CCL2, CCL3, CCL16), IGF-axis mediators (IGFBP-1, IGFBP-2, IGFBP-3, IGF-1sR), sTNFRII, TGFB1, leptin,
osteoprotegerin (OPG), and Fas compared to healthy donors and after controlling for adiposity status.
Interestingly, HL overweight/obese subjects showed up-regulation of OPG and lymphotactin in IMF. The
results were confirmed by quantification of cytokines, where we observed lower levels of insulin growth
factor binding protein IGFBP-3 and higher levels of OPG levels in HL patients. The high-molecular weight
(HMW) and total of adiponectin levels were high in HL BM. We further demonstrate that LEPR, TGF31,
and /GFBP3 transcripts were upregulated in fractionated BMAd from HL compared to controls, while
IFG2R was upregulated in SC. Finally, we observed a possible modulation of L428 cells through IGFBP-3
in an IGF-1-dependent manner, which could be reflected in the BM TME of HL disease.

Conclusions

Our data supports a role for the insulin axis in the BM microenvironment of obese HL patients,
particularly through the regulation of insulin ligand-binding proteins.

Background
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Obesity has been associated with cancer progression (1). In Hodgkin Lymphoma (HL), a recent large
population study revealed a 10% increase in the incidence of Hodgkin's lymphoma (95% confidence
interval: 2-19) with each 5 kg/m2 rise in Body Mass Index (BMI) (2). More recently, epidemiological data
revealed an association of obesity prevalence with incidence and mortality of HL (3). Albeit obesity
increases the risk for developing HL disease, the association with survival seem paradoxical, likely
influencing prognosis. In HL patients under chemotherapy, adiposity was associated with better
prognostic risk profile, and improved cause-specific survival (4). Excessive adiposity can regulate immune
function and impact HL (5). HL has a unique pathological feature characterized by a minority of
malignant Hodgkin and Reed-Sternberg cells (HRS) (0.1-1%) and non-neoplastic surrounding cells that
express a number of receptors for growth factors and cytokines/chemokines that influence HL growth
and progression (6). In lymph nodes (LN), adipokines/cytokines can induce paracrine effects on HRS
cells by directly binding to cell receptors or indirect effects driven by altered interactions with tumor
microenvironment (TME) LN cells and crosstalk with HRS cells. This network is involved in
autocrine/paracrine stimulus in HRS cells, and for maintenance of a microenvironment that fosters
immune evasion (7). The HL’s TME components include increased T-helper (Th)2-polarized cells, and
regulatory T-cells (Treg), but a paucity of Th1-skewed T cells and cytotoxic T cells (CTL), and natural killer
(NK) cells (8).

HL is usually confined to the LN, but bones are common extra-lymphatic sites of HL metastasis (9). In
this specific niche, bone marrow adipocytes (BMAdSs) represent over 10% of total adipose tissue mass. In
humans, BMAd is considered to occupy 50 to 70% of the BM volume by early adulthood (10). Concerning
the endocrine effects of obesity on cancer cells, the excessive adiposity may modulate HRS
aggressiveness in LN through a systemic effect mediated by adipokines and/or migration of adipose
stem cells. Metastatic bone involvement in HL, which presents as an osteolytic process, has been
described to occur in 5-14% of patients at diagnosis (11). However, the percentage of cases with bone
marrow infiltration is likely to be higher as revealed by studies using a more sensitive method of detection
(positron emission tomography-computed tomography, PET-CT) compared with bone marrow biopsy (12,
13). Intriguingly, the role of BMAd is currently unknown, although we hypothesize, considering their
effector roles in the marrow (described in (5)), that they could modulate the TME. BMAds stimulate
osteoclast differentiation and activity by directly secreting the receptor activator of the nuclear factor
kappa-B (RANK).

The RANK and its ligand (RANKL) are known to play important roles in regulating bone remodeling and
immune responses. Their involvement in HL suggests potential implications for cellular infiltrate,
cytokine/chemokine secretion, and overall disease pathogenesis (14). Furthermore, other cytokines are
secreted at high levels in the bone marrow, such as leptin and IL-6, in contrast to IL-18 and TNF-a that
show low levels of expression (14, 15). In an obesity-associated cancer, the insulin-like growth factor
(IGF) system has a pivotal role, including hematological malignancies such as multiple myeloma (16).

Here, we sought to characterize the bone marrow TME according to obesity and pathological status, and
to uncover the role of adipokines, and specially the IGF axis, in HL aggressiveness.
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Methods
Patients, sample collection and processing

lliac crest or sternum BM aspirates and peripheral blood samples were obtained from 16 Hodgkin
Lymphoma (HL) patients (mean age of 29.4 + 1.9 years) diagnosed and treated at the Department of
Onco-hematology of the Portuguese Institute of Oncology Porto Centre (IPO Porto) and from 11 BM
healthy donors / volunteers (mean age of 29.6 + 2.5 years), recruited from the Laboratory of Cellular
Therapy at IPO Porto, and the Immunotherapy Unit and Clinical Pathology Department of Sta Maria
Hospital (CHSM), Lisbon. HL patients were included at the time of the first visit to confirm diagnosis in
the Department of Onco-hematology of IPO Porto. One patient was excluded due the histopathological
diagnosis of histiocytic sarcoma (Supplementary Fig. 1). Donors were selected to match HL participants
by age, sex, and body mass index (BMI). BM and peripheral blood samples were gathered in the morning,
and for HL patients the collection was performed at the time of diagnosis and before any treatment.
Throughout BM aspiration procedure, conducted by experimented clinical hematologists, the first sample
(2-4 mL) was collected into a tube with citrate and immediately inverted. The aspirates were centrifuged
in Ficoll gradient (Histopaque, Sigma) at 1500 rpm, room temperature for 30min. The upper layer with
floating adipocytes (BMAds) was removed, washed and the isolated adipocytes processed to RNA and
stored at -80°C. The interstitial marrow fluid (IMF) was separated, centrifuged, and stored at -80°C.
Stromal cells were collected from a layer after gradient centrifugation, washed, and resuspended in
erythrocyte lysis buffer. Isolated stromal cells’ pellet was used for RNA processing and then stored at
-80°C. Plasma and serum were separated from peripheral blood samples and stored at -80°C.

Anthropometric data included height, weight, and abdominal perimeter, following standardized
procedures; briefly, a digital scale and a wall-mounted stadiometer were used for weight and height
determination, while abdominal circumference was measured at the midpoint between the lower rib
margin and the iliac crest. The BMI was calculated using the formula [weight (kg)/height? (m)], and
thereafter categorized according to WHO classification as underweight (BMI < 18.5 kg/m?), normal weight
(BMI=18.5 to 25 kg/m?), overweight (BMI = 25 to 30 kg/m?) and obese (BMI = 30kg/m?). Then,
participants were stratified into normal BMI (BMI <25 kg/m?) and overweight/obese (OW/0B) (BMI =
25kg/m?) groups. The waist circumference (WC) cutoffs were based on median of 86.0 cm (< =86 cm:
lower abdominal circumference; >86 cm: higher abdominal circumference). Patients were further
stratified using the International Prognostic Score (IPS) (18). All individuals consented to participate by
signing a written informed consent. The study was approved by ethics’ committees of participating
institutions (IPO Porto reference: GOM_PI_2013.03 and CHSM reference: 151/14, Ref2 DIRCLN -
16JUL2014-228). Research was conducted according to principles of the Declaration of Helsinki.

Multiplex array in interstitial medullar fluid

Initially we used a multiplex array (simultaneous determination of 62 adipokines, AAHADIG18 Obesity
Adipokine antibody array G series 1, RayBiotech®) for comparing differences of adipokines in the IMF
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between HL patients (n = 8) and Donors (n = 8), and obese/overweight versus normal weight subjects.
The calculated minimum sample size for having experimental effect is 8 individuals in each group (with a
a=0.05, B =0.8, rate = 1.0). Briefly, membranes were initially incubated with blocking buffer under gentle
shaking for 30 minutes, followed by overnight incubation with IMF at 4°C. The membranes were then
washed and incubated with a biotinylated antibody cocktail for 2 hours at RT. After another washing step,
the membranes were labeled with HRP-Streptavidin for 2 hours. Signal intensity was detected by
chemiluminescence after adding the substrate and revealed on X-ray film, using several exposure times.

Quantification of adipokines in interstitial medullar fluid and
serum

The IMF collected from participants were used to analyze the most differently expressed adipokines
through multiplex array. The adipokines were quantified using ELISAs Kits (RayBiotech) in IMF and serum
samples (HL versus donors), according to manufacturer instructions. Afterwards, the analysis was
extended to 16 HL and 11 donors to assess reliability, and to confirm differences found in the protein
array. Furthermore, the levels of total and HMW adiponectin were measured using ELISA (Alpco
Diagnostics). The nerve growth factor Beta Subunit (NGF-B) and insulin growth factor 1 (IGF-1) levels
were quantified using R&D kits, following manufacturer’s instructions.

qRT-PCR from BMAd and SVF fractions

The RNA from BMAds and SVF was extracted using TriPure reagent (Roche Applied Science) and purified
with the RNeasy Micro Kit. All RNA samples were treated with DNase | (Qiagen). The RNA concentration
was determined in a Nanodrop spectrophotometer and stored at -80°C. Synthesis of cDNA was
performed from 50ng total RNA of isolated BMAds and SVF using Nzytech reagents according to
manufacturer’s instructions. Reverse transcription PCR conditions included an initial step at 70°C for 10
minutes followed by a second step at 37°C for 60 minutes. Transcript amount was analyzed by semi-
quantitative real-time PCR (gPCR), in duplicates, using 10 pL reaction volume containing 0.5 pL of
complementary cDNA, 5 pL of 2x KAPA Probe Fast and 0.2 pL Rox Low (Roche, KK4702), 4 uL H,0dd for
each 10 pL final volume of mix used. Then, the mix was divided in two-halfes and added 0.5 pL of
primers/probe per reaction. Reactions were loaded into 96-well gPCR plates and run on an Applied
Biosystems 7500 Real-Time PCR System. Primers and probes of target genes were bought from
Integrated DNA technologies (IDT) (ADIPOQ- Hs.PT.58.39512107, LEP- Hs00174877_m1, LEPR -
Hs.PT.58.20484310, TGFT-Hs.PT.58.39813975, IGF1 - Hs.PT.58.21022358, IGF1R - Hs.PT.58.3124838,
IGF2-Hs.PT.58.39913403, IGF2R - Hs.PT.58.4204696, IGFBPT - Hs.PT.58.3620731, IGF2BP3 -
Hs.PT.58.41034240, IGFBP3 - Hs.PT.58.4065867). The glyceraldehyde 3-phosphate dehydrogenase
(GAPDH Endogenous Control) primers/probe was acquired from ThermoFisher (Hs00266705_g1).
Relative quantification was calculated using the REST 2009 software (Qiagen, Hilden, Germany), and
relative mRNA expression expressed as fold increase/decrease.

Zymography from interstitial medullar fluid and serum
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IMF and serum were analyzed by gelatin zymography. Protein content was determined using the DC
Protein assay kit (Bio-Rad). Ten micrograms of protein were mixed with sample buffer (10% sodium
dodecyl sulfate, 4% sucrose and 0.03% bromophenol blue in 0.5 M Tris—HCI, pH 6.8) and separated on
10% polyacrylamide gels containing 0.1% gelatin (Sigma-Aldrich) as substrate. After electrophoresis, gels
were washed twice with 2% Triton X-100. Gelatin gels were subsequently incubated for 16 hours at 37°C
in 50 mM Tris—HCI, pH 7.5 and 10 mM CaCl2. Gels were stained with 0.1% Coomassie Brilliant Blue R-250
(Sigma-Aldrich), 50% methanol and 10% acetic acid (Merck). MMP-2 and MMP-9 band size and activity
were estimated through densitometry analysis (ImageJ2, version 2.3.0).

Proliferation and apoptosis in HL cell line

The Hodgkin Lymphoma human cell line L428was a kind gift from Prof. Nuno Rodrigo dos Santos
(Intercellular Communication and Cancer Group, from i3S-Instituto de Investigacao e Inovagdo em Saude,
University of Porto). Testing and authentication of the cell line was conducted using Short Tandem
Repeat analysis in DNA with POWERPLEX 16 HSkit (Promega). Cell lines were maintained in RPMI-1640,
with 10% of FBS (Gibco BRL). Cells were repeatedly tested for mycoplasma infection during the time flow
of experiments.

For the functional studies, 5*10° cells per ml were cultured in duplicate with RPMI 1640 without serum for
24 hours. Then, cells were treated for 72 hours with different concentrations of human proteins (rh) IGF-1
(Abcam ab9573), IGFBP-3 (sigma SRP3067), rh-Adiponectin (Acrp-30, 450 - 24, Peprotech), and rh-
Adiponectin globular (gAdiponectin, Cedarlane, CLCYT615-2, 25ug). Apoptosis experiments were
conducted after 72 h of stimulation using BD Pharmingen™ FITC Annexin V Apoptosis Detection Kit |
(reference: 556547). Cells were collected, washed in binding buffer 1x (BD Biosciences) and incubated
with 5 pL of 50 ug/mL of PI (BD Biosciences, 51-66211E) and 2 uL AV (FITC, Immunotools, Cat n°
31490013) for 15 minutes in the dark. In proliferation experiments, L428 cells were labelled with 5nM
Carboxyfluorescein N-hydroxysuccinimidyl ester (CFSE) before stimulation with rh-GF-1 and rh-IGFBP-3.
We analyzed the proliferation rate after 72 hours of incubation. Over 10.000 cells were examined in the
flow cytometer Canto I, and results were analyzed using Flow Jo.

Immunofluorescence of HL cell line

L428 cells were placed on glass coverslips and then fixed with 4% paraformaldehyde (PFA),
permeabilized with 0.1% Triton X-100, blocked with 10% FBS, and incubated overnight at 4°C with anti-
rabbit primary antibodies anti-ADIPOR1 (1:50, ab126611; Abcam), mouse anti-ADIPOR2 (1:100, sc-
514045; Abcam), and sheep IGFBP-3R/TMEM219 (1:1000, AF7556; R&D System). Then, cells were
incubated for 1 hour at room temperature with secondary antibodies Goat anti-rabbit Alexa 488 (1:500, A-
11008; Invitrogen), Goat anti-mouse Alexa 488 (1:200, A-11029; Invitrogen), and anti-sheep 568 (A21099,
Invitrogen). Later, coverslips were washed three times for 5 min in PBS and mounted in microscope slides
with Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Images were
acquired with a laser scanning confocal microscope Leica TCS SP5Il using a HCX PL APO CS 63x 1.40
OIL UV objective.
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Western Blot

Cell lines were starved in medium without serum for 24 hours and treated with different concentrations of
rh IGFBP-3 (sigma SRP3067) and IGF-1 (abcam ab9573) for 1 hour. After that, cells were lysed in RIPA
buffer (1% NP-40, 150 mM NaCl, 50 mM Tris-HCI pH 7.5, 2 mM EDTA), supplemented with a mixture of
protease and phosphatase inhibitors (10 ug/mL NaF, 20 pg/mL Na3V04, 10 pg/mL PMSF, 10 pg/mL
Aprotinin, 10 pg/mL Leupeptin and 50 pg/mL Na4P207). Protein content was quantified using the DC
protein assay Kit (Bio-Rad) following the manufacturer protocol. Absorbance was determined at 655 nm
using SynergyTM Mx fluorometer. For western blot (WB) analysis, 25 ug of protein were mixed in loading
buffer 4x (0.25 M Tris-HCI pH 6.8, 9.2% sodium dodecyl sulphate (SDS), 40% Glycerol, 5% (v/v) B-
mercaptoethanol and 5% (w/v) bro-mophenol blue) and denatured at 95°C for 5 min. Samples were
separated in a 10% SDS-polyacrylamide gel (375 mM Tris-HCI pH 8.8 SDS 0.4%, 0.1% TEMED, 0.05%
APS) and transferred to a nitrocellulose membrane (GE Healthcare, Chicago, IL, USA). Membranes were
blocked with 5% milk or 4% BSA in phosphate-buffered saline with 0,1% Tween 20 (PBS-T) and incubated
overnight with primary antibodies anti-akt (pan 1E7, cell signaling), anti-phospho-akt (ser473, cell
signaling), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204, cell signaling), anti-44/42 MAPK (Erk1/2,
cell signaling), anti-mTOR (7C10, cell signaling), anti-phospho-mTOR (S2448, cell signaling) and beta-
actin (sc47778, Santa cruz).

Statistical analysis

Departure from normality was tested using Shapiro-Wilk test. Then, accordingly, parametric, or non-
parametric tests were used to compare differences among variables. Independent samples t-test and
Mann Whitney were used whenever variables were non-parametric. Determination of the Spearman or
Pearson correlation coefficient was applied to test the strength of association between continuous
variables. Specifically for multiplex array, quantile normalization was performed and LIMMA used for
differential analysis (19). Signal intensities (intensity by millimeter squared) were calculated using 2-D
densitometry software, in agreement with manufacturer’s instructions. MCP-3 and TNF-a were excluded
from the protein array data due to missing or negative values. Then, array data was log2-transformed to
become normally distributed. Statistical analyses on array data were performed using LIMMA R package,
and the adjusted P-value was considered statistically significant when < 0.1. Other statistical analyses
were conducted using SPSS 21.0 or GraphPad Prism 8. P-values below p < 0.05 were considered
statistically significant.

Results
Demographics and baseline clinical characteristics

Demographic and clinicopathological data from HL and donors are depicted in Table 1. No differences
were observed among disease and control groups. Participants were then matched by sex, age, and BMI
for inclusion in our discovery protein array analysis (n =8 HL and n = 8 donors). Within each group
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organized by disease status, we further verified equal distribution by obesity status (n=4 NW and n=4
OW/0B), and that normal weight group presented significantly lower BMI compared to the
overweight/obese one (Table 1).

Page 9/30



Table 1

Participants clinicopathological information'’s.

Age, years
Gender
Women
Male
Height, cm
Weight, Kg
WC, cm

Low

High @

BMI, Kg/m?
NW (18.5-25)
OW/OB (= 25)

Stages?

[+

+1v

Histopathology

Nodular sclerosis
Lymphocyte predominance
B-symptoms ©

Yes

No

IPS risk score ¢
Good

Fair

Poor

Treatment

Donors (n=11)

29.6+2.5

6 (54.5)

5 (45.5)
167.9+3.3
72.0+5.9
84.8+4.2
8 (72.7)

3 (27.3)

253+1.5

6 (54.4)
5 (45.5)
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HL (n=16)

29.4+19

10 (62.5)
6 (37.5)
170.4+1.7
72.7+3.2
89.0+3.0
6 (37.5)
10 (62.5)

251+1.1

11 (68.8)
5(31.3)

11 (68.8)
5(31.3)

13 (81.3)
3(18.8)

4 (25.0)
12 (75.0)

10 (62.5)
6 (37.5)
0(0.0)

P-value *

0.951

0.679

0.477
0.906
0.402
0.120

0.906

0.453




Donors(n=11) HL(n=16) P-value*

ABVD - 3(17.6) -

ABVD +RT - 14 (82.4) -

Disease status and obesity impact adipokine profile in the BM microenvironment.

Analysis of the adipokine protein array (Fig. 1, A) in the discovery set revealed that the IMF of HL patients
yielded significantly decreased expression of several interleukins ((IL-1q, IL-1B, IL-8, IL-12), insulin axis
proteins (IGFBP-1, IGFBP-3), tumor growth factor 1 (TGF-B1) and leptin, in comparison with donors

(Fig. 1, B.1). Lower expression in the IMF of HL subjects was maintained for IL-1a and IL-1B, IGFBP-1,
IGFBP-3, and for the chemokine stromal cell-derived factor-1 (SDF-1), when only overweight/obese
(OW/0B) participants were included in the analysis (Fig. 1, B.2). Considering WC or BMI as obesity
measure, in the high WC group and OW/0OB, IGFBP-3 remained decreased in the marrow of HL patients
(Fig. 1, B.2). Conversely, comparison of HL with donors, within normal weight (NW) individuals, resulted in
unaltered adipokine profile (Supplementary Fig. 1).

Within the HL group, OPG expression was upregulated in OW/OB, whereas insulin, IL-11, XCL1 and the
pro-angiogenic vascular endothelial growth factor A (VEGFA) expression was elevated in the high WC
group (Fig. 1, C1). Nevertheless, the comparison of obesity status only for donors resulted in unaffected
adipokine expression profile (data not shown). Therefore, we moved on to the analysis of extreme groups,
HL with OW/OB in relation to NW donors, that supported the putative involvement of IGF axis
(downregulation of IGFBP-2 and IGFBP-3), interleukins (IL-8 and IL-1B) and decreased Fas (CD95) protein
in the BM of OW/0B HL subjects (Fig. 1, C.2). When grouped by obesity status, the OW/0B and the high
WC groups had significantly higher levels of the osteoprotegerin (OPG) and the inflammatory chemokine
lymphotactin (XCL1), respectively (Fig. 1, D). As adiponectin blots were oversaturated and unreliable to
compare among groups within the array, we performed ELISA quantification of total and high molecular
weight (HMW) adiponectin isoforms (Fig. 1, E.1). The HL patients presented higher IMF levels of total
adiponectin and HMW isoform in comparison with donors, even when considering OW/0B status, and
extreme groups (HL with OW/OB in relation to NW donors) (Fig. 1, E.1 - E.3), but for the last two, only
statistically significative for HMW adiponectin isoform.

Molecular characterization of BM niche and peripheral
blood in Hodgkin Lymphoma patients

Altered adipokines from the array were further verified using ELISA in an expanded set of n = 27 subjects
(11 donors and 16 HL), to replicate the exploratory findings in IMF and to match with circulating serum
levels.

In agreement, IGFBP-3 levels were significantly lower in the IMF of HL patients versus donors (Fig. 2, A.1),
within NW subjects (HL versus donors) (Fig. 2, A.2), and among extreme groups, as OW/OB HL patients in
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comparation to NW Donors (Fig. 2, A.4). For the same comparation (HL versus donors), but within
OW/0B, we didn’t observed any association (Fig. 2, A.3). On the other hand, the OPG was increased in HL
patients without obesity (Fig. 2, A.2). Beyond these cytokines, the levels of HMW of adiponectin in the BM
were higher in HL and HL with OW/0B versus donors and donors with different obesity status (NW or
OW/0B) (Fig. 2A.4 - A.6). But the total adiponectin levels were higher in HL and HL with OW/OB but only
when compared with donors without OW/0B (Fig. 2A.4 - A.6). Additionally, NGF- levels were decreased in
HL patients (Fig. 2A.7), even when HL with obesity (Fig. 2A.8), although a tendency was also observed for
IGF-1, not statistically significant differences were observed (Fig. 2, A.9).

From the peripheral blood, serum IL-8 and IGFBP-1 were significantly lower in HL (Fig. 2, B.1), and IL-8
was significantly lower in the serum of HL NW patients than in the serum of NW donors (Fig. 2, B.2). The
circulating hepatocyte growth factor (HGF) levels were elevated in HL, comparing to donors, even in
obesity analysis (Fig. 2, B.1 to B.3), with exception for extreme group (Fig. 2, B.4). Furthermore, serum
matrix metalloprotease-9 (MMP-9) levels were also elevated in HL, comparing to donors (Fig. 2, B.1to B.2
and B.4), in all conditions with exception for obesity group (Fig. 2, B.3). Being MMP’s important
regulators of several soluble factors, we investigated the activity of MMP-9 and MMP-2 in IMF in our
clinical cohort through gelatin zymography (Fig. 2, C.1). Interestingly, besides the altered expression, no
statistical differences were observed regarding the activity of both metalloproteases among groups by
pathology, or obesity status (Fig. 2, C.2 and C.3).

As expected, BMI and waist circumference were directly correlated (r=0.908, P <0.001) (data not shown),
so we analyzed the mentioned cytokines accordingly waist circumference (median of 86 cm).
Interestingly, we can confirm some markers, namely, the lower levels of IGFBP-3 and NGF-, and higher
levels of adiponectin (HMW and total) for the HL patients with higher waist circumference versus the
donor’s counterparty (data not shown). These profiles were also observed for HL patients versus donors
without obesity phenotype (data not shown). When considering the high waist circumference, adiponectin
levels (HMW and total), continue to be higher among HL patients (data not shown).

In HL patients a positive and significant correlation between bone marrow microenvironment-derived IMF
and circulating levels was observed for IGFBP-1, leptin and OPG (Fig. 4, C). Within HLs (n = 16) we
analyzed the putative association between IMF and serum levels with clinicopathological characteristics.
Adipokine abundance was not related with histopathological subtypes, clinical staging, or presence of B
symptoms (data not shown).

The cellular content of bone marrow aspirate was fractionated into adipocytes and stromal vascular
fraction (SVF). Bone marrow-derived adipocytes (BMAd) from HL subjects had significantly higher
expression of LEPR, TGFB1 and IGFBP3 mRNA transcripts comparing to donors (Fig. 3, A.1, A.3). But with
obesity, we observed different profile, namely higher expression of LEPR and /GFBP3 for HL patients with
OW/OB in relation to normal weight donors (Fig. 3, A.2). When considering all obese, the IGF-1 and IGF-1R
mRNA transcripts were increased (Fig. 3, A.4). For the stromal vascular fraction (SVF), the IGF-axis was
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deregulated, particularly the receptors. The IGFTR and IGFZR were overexpressed in HL, and /IGFTR was
overexpressed in OW/0B HL subjects (Fig. 3, B).

Altogether, our data suggest that in soluble factors, as IGF1, IGFBP3 and adiponectin, present at IMF or in
the serum might be associated with disease and/or adiposity status. Therefore, we tried to deepen the
possible relationship and interaction pf these proteins in the HL disease in a metastatic
microenvironment, that is, with the cancer cells present.

IGF-axis and adiponectin signaling pathway on HL cell line.

L428 HL cell line expresses IGFBP-3R (TMEM219), IGF-1R and adiponectin receptors (ADIPO-R1 and
ADIPO-R2), which was confirmed by gene expression and immunofluorescence analysis (Supplementary
figure). Thus, we used L428 cell line for studying the IGF and adiponectin signaling pathways after serum
starvation with IGF-1, IGFBP-3, total adiponectin, and globular adiponectin stimulation.

To understand the role of the IGF axis in HL, the HL cell line L428 was challenged with different
concentrations of human recombinant (hr) proteins hrIGF-1 and hriIGFBP-3. RhIGF-1 stimulated cell
proliferation, whereas no effect was observed in combination with IGFBP-3 (Fig. 4, A). But the
combination of IGFBP-3 and IGF-1 decreased the apoptosis of L428 cells (Fig. 4, B). Moreover, the
addition of IGFBP-3 induced the activation of mTOR (Fig. 4, C.2) and IGF-1 the activation of AMPK (Fig. 4,
C.3). Interestingly, the combination of IGF-1 and IGFBP-3 decreased the activation of AKT and ERK (Figure
C.4 and C.5, respectively). Nevertheless, the addition of adiponectin, full-length protein, and its globular
isoform, yielded no significant impact on L428 cell phenotype (data not shown).

Discussion

Beyond the association between obesity and cardiovascular risk, current knowledge supports a link
between obesity and incidence of cancer and poorer survival outcomes compared to normal (healthy)
weight subjects (20). This evidence highlights the possible impact of obesity and particularly the putative
effect of hypertrophied adipocytes in the HL TME.

Distinctive environmental factors, particularly the excess BM adiposity, may influence absolute and
relative cellular population distribution at the marrow microenvironment (5). This unbalanced
microenvironment might support recruitment of malignant cells, promoting BM metastasis formation,
and maintenance of a specific immunosuppressive environment that supports tumor growth (5, 21, 22).
As seen in HL, the BM is one of the common sites for metastasis (24). However, the knowledge about the
profile of adipokines in the BM fluid from subjects with cancer and/or with obesity remains limited.
Therefore, considering the obesity context, we assessed the adipokine profile as a gauge of local adipose
tissue activity.

By comparing adipokin€'s expression in cancer and / or adiposity status, our findings revealed that
adipokine expression from several axes were downregulated in the IMF of HL subjects, namely cytokines
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(IL-1B, IL-1q, IL-6SR, IL-8, IL-12, Fas/CD95, MIP-1b/CCL4), sTNFRII, chemokine ligands (CCL-2 and CCL-3,
CCL-16), IGF (IGFBP-1, IGFBP-2, IGFBP-3, IGF-1sR), leptin, growth factors (TGF-B, FGF-6) and bone
remodeling molecules (OPG). Lower levels of pro-inflammatory cytokines were found in the IMF of HL
patients, supporting the presence of an immunosuppressive microenvironment. IL-6sR, IL-12 and sTNFRII
are associated with inflammatory processes at the BM HL niche and have been detected in other
hematological malignancies, such as myeloproliferative neoplasms (25). IL-6 has been implicated in
oncogenesis and metastasis, throughout osteoclast differentiation and consequent release of growth
factors, as observed in multiple myeloma (26). IL-12 has been implicated as stimulator of diseases
characterized by inflammation-induced bone destruction. This cytokine stimulates interferon-y (IFN-y)
synthesis through Signal Transducer And Activator Of Transcription 4 (STAT4) activation promoting Th1
helper cells differentiation with important role on cancer treatment, by controlling tumor growth (27).
Indeed, treatment with IL-12 transduced BM cells has been shown to impact metastatic prostate cancer
(28). Moreover, murine second generation CAR T cells expressing IL-12 were capable of eradicating
established B cell lymphoma with a long-term survival rate of ~25% (29), supporting an anti-tumor effect
of this cytokine. Findings suggest that decreased expression of IL-12 at HL BM TME might represent an
immune escape mechanism. Another immune escape process involves the expression of Fas (CD95) by
cancer cells, which modulates apoptosis through binding at T cells ligand Fas-ligand (FasL), inducing T
cell death. Here, we observed decreased Fas expression in HL, independently of obesity status, which may

be associates with anti-apoptotic signal driven by CD95* cytotoxic T cells (30).

It is known that immune escape mechanisms of HRS cells are notable, protecting them by inhibition of
cytotoxic T and NK cells activity, as well as promoting anti-inflammatory Treg and Th2 cells recruitment
and differentiation (31, 32). Therefore, it is acceptable that at the bone marrow niche we found a counter-
regulatory mechanism favoring a protective microenvironment for malignant HRS cell seeding, as an
immune escape mechanism.

The IGF axis has also been implicated in obesity-cancer association (33). While IGF-1 is produced at the
tumor microenvironment and HRS cells express IGF-1R, the ligand also binds to specific proteins to form
binary complexes with binding proteins (34, 35). Here, we found a significantly reduced expression of
IGBPs - 1,-2 and - 3 at the medullar fluid of HL subjects compared to donors. De-regulation of IGFBPs
has also been demonstrated in the BM of multiple myeloma (36). In particular, the IGFBP-3 protein was
consistently reduced in the IMF of HL patients, independently of the obesity status, which might result in
an increased free IGF-1 levels and availability of this pro-proliferative ligand. To understand the role of
IGFBP-3 in the BM TME of HL subjects, we conducted in vitro studies using human recombinant IGFBP-3
and IGF-1 proteins. Previous work on L428 cells demonstrated that IGF-1 [16 ng/mL] and [40 ng/mL]
induced cancer cell growth (35). However, for IGFBP-3 there is not much evidence in HL cell lines, which
prompted us to test the concentration of IGFBP-3 that we found in IMF from HL patients and reported
concentrations from healthy subjects (37). We observed a positive proliferative effect of IGF-1 in HRS
cells, but this effect was no longer observed when IGFBP-3 was added, suggesting a competitive
inhibition effect. Furthermore, we observed that the combination of IGF-1 [16 ng/mL] and/or IGFBP-3 [15
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ng/mL] decreased the impact of this insulin growth factor binding protein in apoptosis. In other cancer
types, the IGFBP-3 regulated IGF-1 by blocking IGF-1R with implications on transcription level of type 1
insulin-like growth factor receptor (IGF1R), ERK and AKT (38, 39). Furthermore, at protein level, the
interaction between IGFBP-3 and IGF-1 decreased the activation of ERK and AKT, although individually,
IGFP-3 induced the activation of mTOR and IGF-1 AMPK. It is described that IGFBP-3 interacts with its
receptor (IGFBP-3R/TMEM219) inducing apoptosis (40). However, the observed data may be dependent
on availability of each molecule or the pleiotropic nature of IGFBP-3, as proposed elsewhere (40).

Interestingly, although lower levels of IGFBP-3 were observed at BM fluid, its expression may be
modulated by BMAds, since we observed a higher mRNA transcript of IGBP-3 in HL patients in relation to
donors, excluding in obesity groups (HL OW/OB versus Donors OW/OB). It has been previously described
that IGFBP3 expression is regulated during adipocyte differentiation by interfering with the PPAR gamma-
dependent processes (41). Remarkably, an increased expression of IGFBP-3 in the BM has been reported
to facilitate bone metastasis by increasing TGF-B-mediated cell proliferation (41). Moreover, the IGFBP-3-
modified BM-derived mesenchymal stem cells, promoting apoptosis and downregulating the expression
of B-cell lymphoma-2 (Bcl-2), but increasing the expression of the pro-survival Bcl-2 associated X protein
in human pulmonary artery smooth muscle cells (42). From our cohort, the increase expression of IGFBP-
3 and TGF-B in adipocytes, suggest that they contribute to the formation of an immunosuppressive
microenvironment, although we cannot infer an association to bone marrow invasion.

Bone resorption and bone formation are likely to become affected (23). Concerning obesity, and when
patients were stratified by BMI classification, we observed osteoprotegerin (OPG) was significantly
elevated in the IMF of HL OW/OB compared with lean HLs. OPG is a secreted glycoprotein member of
TNF-alpha receptor superfamily, which acts in bone microenvironment as a decoy receptor, binding to
RANKL-mediated osteoclast recruitment and activation. Therefore, the increased RANKL/OPG ratio is
critical for osteoclastogenesis, by inhibiting osteoclasts differentiation and osteoclastic bone resorption
(43). Our findings may reflect a systemic influence of the environment either modulated systemically, by
the tumor itself, or through paracrine and/or endocrine mediators from adipocytes and adipose tissue. It
is well established that OPG is secreted primarily by osteoblasts but also by adipocytes (44). In
conditions of excess adiposity, some reports mentioned increased BMAd count and hypertrophy (45).
Adipocytes, normal constituents of the BM microenvironment, were reported to crosstalk with osteoblasts
and increase RANKL, while decreasing OPG secretion in the BM, influencing RANKL/OPG ratio through a
still unknown mechanism (46). Previous data supports a reduced level of OPG and increased RANKL in
the bone marrow of obese mice, which were correlated with higher BM adiposity and upregulated
osteoclastogenesis (47, 48). In agreement, previous work revealed higher OPG levels in the IMF of
osteoporotic and leaner women (49). Correlating with other cytokines that we found relevant at IMF, the
downregulation of pro-inflammatory cytokine IL-11 and VEGF-A may also contribute to inhibition of bone
resorption. IL-11R has been suggested as a possible cell surface target for ligand-directed applications in
human leukemia and lymphoma (50). On the other hand, VEGF serves as a survival factor for
chondrocytes and couples the resorption of cartilage with bone formation during endochondral
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ossification. Recently, VEGF has also been found to regulate the balance between osteoblast and
adipocyte differentiation in BM mesenchymal stem cells (51).

Beyond the adipo-like molecules described previously, adiponectin is highly enriched at BM
microenvironment. Although BM adipose tissue is a source of adiponectin, circulating adiponectin
decreases in obese, and insulin-resistant states (52). Since adiponectin exists in distinct multimeric forms
including low-molecular-weight (LMW) trimers, middle-molecular-weight (MMW) hexamers, and high-
molecular-weight (HMW) complexes, we quantified these isoforms at IMF. We observed higher levels for
HL patients with obesity, comparing to donors, which confirms the unfavorable niche for metastasis since
low adiponectin levels represents a risk factor for cancer, and for a more aggressive phenotype (53, 54).
Furthermore, BMAds of HL patients do express significantly higher levels of adiponectin mRNA. BMAds
might be particularly susceptible to such stress, given their relatively high expression of proinflammatory
genes and relative resistance to insulin (53). Thus, it seems likely that obesity would also lead to
adipocyte dysfunction within the BM, thereby compromising production of adiponectin (55).

Although, we didn"t found a metastatic niche in the studied patients, we found increased serum levels of
HGF and MMP-9, precursors of invasion and of metastasis. Evidence reported that the MMP-9 expression
by neoplastic cells in HL is associated with EBV positivity (56). This association is correlated with
increased serum levels of MMP-9 in HL patients (57). In our study, we also found increased serum levels
of MMP-9, a matrix metalloproteinase regulator, involved on degradation of extracellular matrix, growth
factors activation and their expression are associated with immune system regulator (58). Notably,
treatment with anti-MMP-9 and anti-PDL1 antibodies reduced T-cell receptor clonality and increased TCR
diversity (58). Nevertheless, other factors associated with invasion and metastasis, activation of
stemness, clonal expansion, and cell transformation, such as HGF and MMP9, were increased in HL
patients’ serum comparing to controls. This profile seemed to be associated to particularities of the
disease, since we found the same profile when considering the normal ponderal subjects, comparing HL
patients with controls. Furthermore, the decrease of IL-8, a chemotactic signal for neutrophils, may also
indicate a non-reactive infiltrate in HL disease. In line with this, the downregulation of NGF-beta in BM of
HL patients seemed to corroborate the decrease differentiation of BM mesenchymal stem cells, thereby
diminishing the capability of metastasis (59). The “seed and soil hypothesis” explains the mechanism by
which a certain primary cancer metastasis to a specific organ, and according to this theory (60), in
Hodgkin Lymphoma disease we might not have good “soil” (bone), for “seed” (cancer cells).

Conclusions

We identified that downregulation of adipokine pathways in the BM are likely modulators of
immunoinflammatory (Fas/CD95, IL-12, IL-1 B, IL-8, MIP-1b/CCL4), hormonal (leptin), proliferative (TGF-B,
FGF-6 and IGF-axis binding proteins, IGFBP-1, IGFBP-2, IGFBP-3) mechanisms, which ultimately could
contribute to the establishment of a metastatic niche in HL. Furthermore, the adipocyte-bone crosstalk,
represented by OPG, is likely to impact bone remodeling and consequently the metastatic phenotype.
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Finally, our data suggested a role for the insulin axis in the BM microenvironment of obese HL patients,
particularly through the regulation of insulin ligand-binding proteins.
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Fas
FGF-6
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IL-12
IL-1a
IL-1B
IL-6

IL-6 sR
IL-8
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MCP-1

Bone marrow

Bone marrow adipocytes

Fas cell surface death receptor

Fibroblast growth factor 6

Fibroblast growth factor 6

Hepatocyte growth factor

Hodgkin Lymphoma

High molecular weight

Hodgkin and Reed Stenberg Cells
Interferon, gamma

Insulin-like growth factor 1 receptor
insulin-like growth factor 1

Insulin-like growth factor-binding protein 1
insulin-like growth factor binding protein 2
Insulin-like growth factor-binding protein 3
Interleukin 1 alpha

Interleukin 1 beta

interleukin Soluble Receptor 1

Interleukin 10

Interleukin 11

Interleukin 12

Interleukin 1 alpha

Interleukin 1 beta

Interleukin 6

Interleukin 6 soluble receptor

Interleukin 8

Insulin

Leptin receptor

Monocyte chemotactic protein 2; chemokine (C-C motif) ligand 2
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MCP-3
MCSF
MIF
MIP-1beta
MSP alpha
NK

OPG

PAI-
PARC
RANK
RANKL
RANTES
Resistin
SDF-1
STAT4
STNF RI
STNF RIl
SVF
TGF-beta
TNF-alpha
VEGF
XCL1
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Monocyte chemotactic protein 3

Macrophage colony-stimulating factor
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Macrophage inflammatory protein beta
Macrophage stimulating protein alfa

Natural Killer
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Plasminogen activator inhibitor-1

parkin-like ubiquitin ligase

Receptor activator of the nuclear factor kappa-B
Receptor activator of the nuclear factor kappa-B ligand
Regulated on activation, normal T cell expressed and secreted
Resistin

Stromal cell-derived factor 1

Signal Transducer And Activator Of Transcription 4
Tumor necrosis factor receptor |

Tumor necrosis factor receptor I

Stromal vascular fraction

Tumor Growth Factor beta

Tumor necrosis factor alfa

Vascular endothelial growth factor

Monocyte chemotactic protein 1; chemokine (C motif) ligand 1
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Figure 1
A) Interstitial marrow fluid cytokine/adipakine expression profile
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Figure 1

Untangle the interstitial medullary fluid from the adipokine point of view of Hodgkin Lymphoma patients
and donors. A) Representative blot membranes of adipokine expression in IMF of one donor and one
Hodgkin Lymphoma (HL) patient. B-D)Comparison of the amount of adipokines in IMF of donors and HL
using an adipokine membrane array. Values represent the fold change and only adipokines with P<0.1
were considered; Differential analysis for the altered adipokines detected from array after quantile
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normalization; E) Secretion of total and HMW adiponectin at bone marrow IMF, quantify by ELISA; E.1) HL
patients versus donors; E.2) extreme groups: HL OW/OB versus Donor NW. From B to D values represent
fold change. For E values represent mean + SEM and applied the independent t-test. *, P<0.05; ***,
P<0.001. IMF, interstitial medullary fluid; HL, Hodgkin's Lymphoma; D, Donors; OW/OB, overweight/obese;
NW, normal weight; WC, waist circumference.

A) Quantification of soluble factors from IMF

AAd) mm HLpe1e) A2) mm wLMwn=10) A.3) -HLO\WOB[FJ Ad) -m_mvwoaapas;
3 Donors (n=10) 3 Donors NW {n=5) [ Donors OWIOB (n=5) O Donars NW (n=58)
1000 000 ' 2000 2000
l . ﬁi 10001 i "ml ,r.i mm{ i
L ]
R RN EN
£ ] n 1 E 2 £ |"I ”I
§::I o han £ e "I'- i i L li M i gEL i hi
- 2 = 2 ' S g
1 1 : 2 1
I I ) Te s g £1% @ e & e aif o e s 2 £1% @
SEED IR 5538 3138 SR ERIE 8 23 §{2 5
[™ H [ -
5 8 & & i 5 5 & &
gL il ngiml. Pl ngimi. pimL gl Pl
Ad) - AS) mowgtin | AG) mmmowesce AT) ERRO. AR EpoUew  Ag)  m e
6000 10000 . 0 . %000 . 4000
8000 o T 3000 3000
4000 . 2‘ ) g %
6000 1500
2 000 E 2 . §‘ 8 2000 2 2000
% £ 200 S I £ S H .
2000 50 _ 1000 1000
0 0 o
al HMW  Total A NGF-f i NGF- . IGF-1
B) Quantification of soluble factors from Serum
B.1 B.2) -HLNW[MJ B.3) - B.4)
) . o 10 D Denors i (n=6) B e Tic) -1 owos (r-5)

N [16)

= T - I oo B ri

: E £
o It Lo ozl 3% o Mol B2
] n' AElnL ] ni Lxi '—ln g O A fli ﬁ.ini nl '.g :] Al
: § i = £, | i ,
T]lIJlI;.JllJlIJM ; L0 LA InJL.ileﬂll
o—vmg::wn n-ngggﬁ'?g n—»um%eﬂg L .me-g
i ¢ L g i d 1= i 4 ¢ & §13 i3 8 g g1
1A ppfics AR AR Rl
gL PamL ngimL ot gt oL o gL
C) Correlation of soluble factors bet IMF and Serum on HL patients
c.1) Hodgkin Lymphoma c.2) Hodgkin Lymphoma c3) Hodgkin Lymphoma
0718 0776
P=0013 P 0t
1
S E
: g
& 3
@
' 1'5 ] 50 100 150 200
OPG - Serum

Lepén - Serum

D) No Invasive phenotype in bone marrow aspiration and peripheral blood samples of HL patients
D.1)

HL Donse  Donor Donor Donor
WDa L Seum [ IMF Serum

Denor  Donod  Donor Donor HL
¥Da L maF Serum IMF Serum INFE

150
108
s

150
Prommpy 190
75
MMPZ

Ed 80

a7,

ar-

D.2) W HL (n=18) D.3) W HL (n=9)
15000 [ Donors (n=11) 15000 [J Donors (n=11)

% :

£ 10000 @ 10000
3 5

o 5000 = 5000
E &
H

[ o

Pro-MMP9 Pro-MMPZ  MMP-2  MMP-2 Total Pro-MMPS Pro-MMP2  MMP-2 MMP-2 Total

Figure 2

Page 27/30



Molecular characterization of Bone marrow niche and peripheral blood in Hodgkin Lymphoma disease.
Quantification in IMF (A) and serum (B) of the most relevant adipokines from array analysis or from
recent literature evidence. C) Correlations of IMF and serum levels. D.1) shows representative
zymograms. D.2-D.3) The activity of metalloproteinases (MMP)-9 and MMP-2 were analysed between HL
and donors, either from IMF (D.2)and serum (D.3) samples. Values represent mean + SEM. Mann-Whitney
U test: IGFBP1, IL-8, leptin, HGF, MMP9, adiponectin HMW; Independent t-test: OPG, IGFBP3, total
adiponectin. Spearman (C.1, C.3) and Pearson (C.2) correlations were performed. The dash (—)
corresponds to error bars. *, P<0.05; **, P<0.01; ***, P<0.001. IMF, interstitial marrow fluid; HL, Hodgkin's

Lymphoma.
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Figure 3

BM adipocytes (A.1, A.2) and SVF (B.1, B.2) are transcriptionally distinct. qPCR analysis of adipocytes
and SVF isolated from the bone marrow. Data represent mean. Expression of each target gene was
normalized to expression of 18S and GADPH for adipocytes and 18S for SVF. *, P<0.05; **, P<0.01.
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A) Impact of IGF-axis on proliferation of L428 cells

A1) A.2) -
L
/\ Control § - !
=
= 30 |
Untreated g
Y
IGF-1 [16 ng/mL] [
IGF-1 [40 nglmL.
- A Eengl ummdo - e . -
IGF-1 [40 ng/mL] + IGFBP-3 [15 ng/mL] IGFA[6ngml] - + - i +
IGFA[@0ngml] - - + i -
// ‘\\ IGF-1 [40 ng/mL] + IGFBP-3 [300 ng/mL] IGFBP3[1SngimL] - - - | 4
10? "; lw’ ‘w 1105

CFSE Fluorescence

B) Impact of IGF-axis on survival of HL cell line.
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Figure 4

IGF-axis expression and its effect on proliferation and apoptosis of HL cell lines. A) Evaluation of
proliferation after incubation 72 hours with different concentrations of recombinant human proteins (rh)
IGF-1 and in combination with rh-IGFBP-3, using CFSE. The untreated condition corresponds to L428 cells
stained with CFSE and incubated during 72h, without treatment; and the control corresponds to L428
cells incubated with CFSE at the end point of the experiment (A.1) (n=5). B) The apoptosis was evaluated
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using annexin/pi staining after the incubation of L428 cells with different concentrations of rh-IGFBP-3
and in combination with rh-IGF-1 (n=4). C) Phosphorylation and total levels of mTOR, AMPK, Akt and ERK
were analysed by western blotting upon IGF-1 and IGFBP-3 stimulation for 1 hour, with different
concentrations (n=4). C.2 to C.5) Quantification of the proteins analysed by western blotting. *, P<0.05; **,
P<0.01; ***, P<0.001. IGFBP-3, insulin growth factor binding protein-3; IGF-1, insulin growth factor.
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