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ABSTRACT

Hepatocyte growth factor, produced by stromal and follicular dendritic cells, and present at high concentrations in
the sera of patients with chronic Iymphocytic leukemia, prolongs the survival of leukemic B cells by interacting
with their receptor, c-MET. It is, however, unknown whether hepatocyte growth factor influences microenviron-
mental cells, such as nurse-like cells, which deliver survival signals to the leukemic clone. We evaluated the expres-
sion of c-MET on nurse-like cells and monocytes from patients with chronic lymphocytic leukemia and searched
for phenotypic/functional features supposed to be influenced by the hepatocyte growth factor/c-MET interaction.
c-MET is expressed at high levels on nurse-like cells and at significantly higher levels than normal on monocytes
from patients. Moreover, the hepatocyte growth factor/c-MET interaction activates STAT3"™® phosphorylation
in nurse-like cells. Indoleamine 2,3-dioxygenase, an enzyme modulating T-cell proliferation and induced on nor-
mal monocytes after hepatocyte growth factor treatment, was detected together with interleukin-10 on nurse-like
cells, and on freshly-prepared patients’ monocytes. Immunohistochemical/immunostaining analyses demonstrat-
ed the presence of c-MET" and indoleamine 2,3-dioxygenase’ cells in lymph node biopsies, co-expressed with
CD68 and vimentin. Furthermore nurse-like cells and chronic lymphocytic monocytes significantly inhibited T-cell
proliferation, prevented by anti-transforming growth factor beta and interleukin-10 antibodies and indoleamine
2,3-dioxygenase inhibitors, and supported CD4*CD25"*/FOXP3* T regulatory cell expansion. We suggest that
nurse-like cells display features of immunosuppressive type 2 macrophages: higher hepatocyte growth factor lev-
els, produced by leukemic or other microenvironmental surrounding cells, may cooperate to induce M2 polariza-
tion. Hepatocyte growth factor may thus have a dual pathophysiological role: directly through enhancement of
survival of the leukemic clone and indirectly by favoring T-cell immunosuppression.

Introduction

B-cell chronic lymphocytic leukemia (CLL) is characterized
by the relentless accumulation of monoclonal B cells in the
blood, secondary lymphoid tissue and bone marrow. Despite
their apparent longevity in vivo, CLL cells undergo sponta-
neous apoptosis when cultured i vitro, suggesting that cell-cell
contacts and factors produced in the microenvironment are
essential to prolong their survival. Apoptosis of CLL B cells can
be prevented by co-culture with mesenchymal bone marrow
stromal cells," follicular dendritic cells* and monocyte-derived
nurse-like cells.” Nurse-like cells (NLC) have been described as
a peculiar subset of cells derived from cultures of blood
mononuclear cells of CLL patients and differentiate into large,
adherent cells capable of protecting leukemic B cells from
apoptosis:® indeed CLL cells experience a rapid decline in via-
bility when removed from co-culture with NLC. Several stud-

ies identified factors and cellular contacts involved in increas-
ing CLL viability. NLC attract CLL cells by secreting CXCL12°
and CXCL18" and protect CLL from apoptosis through
CXCL12, BAFE APRIL** CD31’ and plexin-B1." These pecu-
liar cells have also been observed in spleens and lymphoid tis-
sues of CLL patients, where they possibly facilitate the expan-
sion of leukemic cells. Despite expressing myelomonocytic
antigens, NLC are believed to be distinct from monocytes-
macrophages or monocyte-derived dendritic cells. They
express low levels of CD14 and CD33 but high levels of
CD68, and are vimentin*, CDla- and CD83"" In addition,
unlike NLC found in synovia from patients with rheumatoid
arthritis," they are negative for CD106.” Many findings sup-
port the hypothesis that NLC differentiate in vitro under the
influence of leukemic B cells and specific microenviromental
factors: CLL cells (but not normal B cells) are capable of induc-
ing specific changes in CD14" monocytes.” Moreover NLC
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derived from co-culture of monocytes and autologous
leukemic cells are characterized by a gene expression pro-
file typical of cells with dysregulated immunocompetence
which could be relevant in the context of the acquired
immunodeficiency commonly found in CLL patients.”
Whether NLC represent CLL-specific tumor-associated
macrophages, as recently suggested,” is still debated.

We have recently reported that hepatocyte growth fac-
tor (HGF), together with CXCL12, is produced at high lev-
els by stromal cells and is capable of prolonging the sur-
vival of CLL cells which are positive for the HGF receptor,
c-MET." HGF is a multifunctional cytokine that induces
multiple biological responses in target cells, including
adhesion, motility, growth, survival and morphogenesis
by activating its tyrosine kinase receptor, c-MET.** In nor-
mal individuals, HGF is constitutively produced by fibrob-
last-like stromal cells in lymphoid tissue and by follicular
dendritic cells within the germinal center microenviron-
ment.””"® NLC are present in the lymph nodes of CLL
patients, where they are interspersed with stromal, den-
dritic and T cells to form proliferation centers.” The
intriguing finding that HGF levels are higher in sera from
CLL patients than from normal controls,” together with a
still undefined pattern of effects induced by HGF on
myelomonocytic cells, prompted us to determine c-MET
expression on NLC and on monocytes-macrophages as
well as investigate potential downstream events caused by
the interaction between HGF and ¢-MET.

Methods

This study was approved by the review board of the IRCCS
AOU San Martino -IST, Genoa, Italy. Full details are provided in
the Online Supplementary Methods file.

Cell preparation

Heparinized blood or bone marrow samples were taken from
CLL patients untreated for at least 3 months. The patients’ charac-
teristics are summarized in Online Supplementary Table S1. NLC
were derived and characterized as described below and in the
Online Supplementary Methods. CD14" monocytes were purified
from patients or healthy donors by magnetic beads. The human
monocytic cell line THP-1 was utilized in selected experiments.

Fluorescence microscopy and flow cytometry

NLC or fresh monocytes from CLL or normal donors were chal-
lenged with antibodies against c-MET, indoleamine 2,3-dioxyge-
nase (IDO), vimentin, CD68, interleukin (IL)-10, CD14, CXCR4,
CD163 and pSTAT3™™ and analyzed by immunofluorescence or
flow cytometry. The quantification of pSTAT3 immunopositive
cells area is described in detail in the Online Supplementary Methods.

Analysis of STAT3 and pSTAT3 activation by western
blotting

Western blotting was used to evaluate STAT3, pSTAT3 and p-
actin in monocytes from normal or CLL donors and in NLC with
or without HGF treatment.

Immunohistochemistry and immunofluorescence
analysis of lymph node and bone marrow biopsies
Tissue sections were probed with anti-human c-MET, -IDO, -
vimentin, -CD68, and -CD163. 3,3’-Diaminobenzidine (DAB)
substrate chromogen and hematoxylin counterstaining, or Alexa
488- and Alexa 568-fluorescein isothiocyanate conjugated mono-

clonal antibodies were used in the histochemistry and immunoflu-
orescence analysis, respectively.

RNA isolation and quantitative real-time polymerase
chain reaction

The relative expression of GAPDH, HGE c¢-MET, stromal
derived factor-1 (SDF-1/CXCL12), CD68, CXCR4, transforming
growth factor B-1 (TGF-B1) and IL-10 was assessed by SYBR green
quantitative real-time reverse transcriptase polymerase chain reac-

tion (PCR) analysis.

Evaluation of c-MET and indoleamine 2,3-dioxygenase
expression on normal monocytes following their co-cul-
ture with chronic lymphocytic leukemia cells

Purified monocytes from healthy donors were cultured alone or
with CD14-depleted B cells from CLL patients or normal donors.

After 10 days detached monocytes were stained with antibodies
against c-MET and IDO.

Quantification of hepatocyte growth factor in cell
cultures

HGF production was detected by enzyme-linked immunoas-
says in supernatants from cultures of monocytes, CLL cells, or
monocytes/NLC plus CLL or NLC alone, CLL sera and CLL-bone
marrow stromal cell media, prepared as detailed in the Ounline
Supplementary Methods. HGF expression was further quantified by
multiple-color staining on CLL cells, CD19*/CD5* gated, after co-
culture with monocytes/NLC for different periods (0, 4, 8, 11, and
14 days); single-color staining was used for monocytes/NLC.

Blocking chronic lymphocytic leukemia cell survival
by monoclonal antibodies against hepatocyte
growth factor

CLL cells co-cultured with NLC for 12 days were recovered and
re-plated with or without NLC. When needed anti-HGF (L2G7)
and anti-CXCR4 monoclonal antibodies were added. Apoptosis
was evaluated at different time-points by DiOCs staining.”

Determination of T-cell proliferation inhibition

To assess the suppression of T-cell proliferation, CFSE-labeled-
preactivated T cells were co-cultured with monocytes from nor-
mal or CLL donors or with NLC. The reduction in CFSE intensity
was evaluated on gated TCRaf" lymphocytes. Anti-IL-10, -TGFf
or IDO inhibitors were added when needed.

Determination of T regulatory cell expansion
in long-term co-cultures

The presence of T regulatory cells was evaluated in peripheral
blood monocytes from CLL patients either fresh or after autolo-

gous monocyte co-culture (for 8, 11, and 14 days). T regulatory
cells were identified by FOXP3 expression on CD4"/CD25"# cells.

Statistical analysis

A two-sided Student t-test or Mann-Whitney test was applied.
P values are indicated as *, ** or ***, for 0.052P= 0.01, 0.01>P=
0.001, or P<0.001, respectively.

Results

Nurse-like cells express the hepatocyte growth factor
receptor, c-MET

We first analyzed expression of the HGF receptor c-MET
on NLC by immunofluorescence. Typical large round cells

Immunosuppressive features of nurse-like cells in CLL -

haematologica | 2014; 99(6) -



P. Giannoni et al.

with morphological features of NLC were obtained after
cultures of fresh CLL in chamber slides for 14 days. As
shown in Figure 1A and B, we observed high levels of intra-
cytoplasmic expression of ¢-MET in large adherent cells.
Moreover a thin cytoplasmic fluorescent rim was detectable

on small leukemic cells, in agreement with recent data."
Two-color immunofluorescence for cMET and CD68 or
vimentin, showed that c-MET" cells were also positive for
CD68 and vimentin, two markers strongly expressed by
NLC.? Furthermore, in agreement with the notion of a nur-
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Figure 1. c-MET, IDO and IL-10 expression on NLC and pSTAT3 activation upon HGF treatment. (A) c-MET immunopositivity detection by specific
fluorescence isothiocyanate (FITC)-conjugated monoclonal antibodies, on in vitro-derived NLC from different CLL patients (#). Nuclear counter-
staining was performed by DAPI and the images are presented at 40X maghnification. (B) Immunofluorescence analysis of the coexpression of
c-MET and CD68 (FITC-conjugated) with phycoerythrin (PE)-conjugated vimentin, the latter typically highly expressed on NLC.° Images are rep-
resentative of NLC derived from one of four CLL cases studied for each coexpression. Residual DAPI* small B cells are dispersed throughout
the visual field. Images are shown at 20X maghnification. Inserts depict isotypic controls (20X) (C) Images evidence nurturing features of a large
NLC depicted as c-MET-FITC positive, CD19-PE negative. Red arrows identify CD19* B cells attached to a large CD19 NLC (green arrow). (D)
STAT3 phosphorylation was induced by treating NLC with HGF for 40 min and detected by specific PE-conjugated anti-pSTAT3 monoclonal anti-
bodies. NLC from three different CLL cases (case id# 3, 26 and 27) are represented before (untreated:Untr) and after HGF exposure (HGF).
Images are depicted at 20X maghnification, inserts at 40X. (E) Image analysis of the immunopositive integrated area in untreated (CN) versus
treated (HGF) cells. The average cell area in treated cells was normalized to the area of untreated cells in the same patient. Bars represent
the mean integrated area + SD (Student t test) (F) Immunofluorescence analysis of the coexpression of IDO-FITC and CD68-PE on NLC from a
representative CLL case of three studied, as demonstrated by the merged images. Photographs and inserts as in (D). (G) Immunofluorescence
analysis of the coexpression of IDO-FITC and IL-10-PE on NLC as demonstrated by the merged images. Photographs and inserts as in (D).
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turing function of NLC, the large round cells were surround-
ed by smaller CD19* leukemic cells (Figure 1C).

Hepatocyte growth factor induces STAT3 phosphorylation
in nurse-like cells

STAT3, a downstream effector activated by HGE” is
also considered one of the master regulators of M2 polar-
ization in monocytes-macrophages.” We, therefore, inves-
tigated whether HGF could induce STATS phosporylation
in NLC: indeed we recently described rapid STATS activa-
tion in leukemic CLL cells following interaction between
HGF and ¢-MET."* Although a weak phosphorylation sig-
nal is sometimes observed already on NLC in basal condi-
tions, treatment with HGF for 40 min induced de novo, or
strongly increased, STAT3"™® phosphorylation, as shown
in three representative cases (Figure 1D). When we quan-
tified the pSTAT3 immunopositive integrated area of
HGEF-treated versus untreated cells, the phosphorylation
was statistically significant in the three cases analyzed
(Figure 1E). The finding of rapid STAT3 activation demon-
strates that the interaction of HGF with its receptor exerts
a direct effect on NLC through STAT3 signaling. Western
blot analysis confirmed STATS activation in CLL-mono-
cytes and in NLC after HGF treatment (Ounline
Supplementary Figure S1).

Nurse-like cells express indoleamine 2,3-dioxygenase
and interleukin-10

Here we investigated whether NLC from CLL patients
constitutively expressed IDO, a key enzyme in the trypto-
phan catabolism that modulates T-cell proliferation and

activation. The rationale for these tests is based upon the
observation that normal monocytes-macrophages express
IDO wusually upon exposure to HGF* and that CLL
patients have higher than normal HGF levels.” We derived
NLC as previously described (see Online Supplementary
File) and after 14 days of culture we analyzed large CD68*
cells for IDO expression. As shown in Figure 1F we
observed IDO positivity on CD68* cells and also found
that, on the 14-day derived NLC, IDO appeared to be co-
expressed with IL-10 (Figure 1G), a cytokine typically
involved in immunosuppression. In agreement with the
immunofluorescence analysis, quantitative reverse tran-
scriptase PCR confirmed that NLC, and not CLL cells,
expressed IL-10. c-MET expression was also confirmed on
NLC by real-time reverse transcriptase PCR, at higher lev-
els than on leukemic B cells (Online Supplementary Figure
52). We further observed that substantial amounts of HGF
mRNA were expressed by NLC co-cultured with CLL
cells, correlating with a moderate release of HGF by NLC
(300-400 pg/ml), along with other characteristic mRNA
(CD68, CXCL12) (Online Supplementary Figure S2).

Cells from CLL-bone marrow aspirates were cultured at
high cell concentration in chamber slides for 14 days. As
for peripheral blood from CLL patients we again obtained
a significant number of adherent cells with features of
NLC which were also c-MET* and IDO", as well as CD68*
and CD14* (Online Supplementary Figure S3: one represen-
tative cases of two analyzed). This finding indicates that
NLC precursors may also be present in the bone marrow
and suggests a possible recirculation between peripheral
blood, bone marrow and lymphoid tissues.
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Figure 2. Immunofluorescence and immunohistochemical analysis of c-MET and IDO expression on CD68" or vimentin* cells in bone marrow
and lymph node biopsies. (A) Immunohistochemical analysis of c-MET and IDO expression in bone marrow and lymph nodes. Red arrows indi-
cate ¢-MET and IDO positivity on large cells resembling NLC: one representative case (#49 or #51) of eight analyzed. Images are shown at
20X and 40X magnification. (B) Immunofluorescence analysis of the coexpression of c-MET-fluorescein isothiocyanate (FITC) and CD68-phy-
coerythrin (PE), of VIM-FITC and IDO-PE, or of IDO-FITC and CD68- or CD163-PE in lymph nodes. Yellow arrows identify double-positive cells.
Single-positive cells are also present in the images. Images are at 40X maghnification.
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Interestingly, immunohistochemical staining demon-
strated c-MET and IDO expression by lymph node and
bone marrow cells with a morphology resembling that of
NLC (Figure 2). In addition, c-MET and IDO were co-
expressed by CD68* and vimentin® cells (Figure 2) in
lymph nodes. The expression of these markers is consis-
tent with a NLC phenotype.® Furthermore IDO was co-
expressed in vivo with CD163, an antigen typically dis-
played by tumor associated macrophages (Figure 2), as
well as with CXCR4 on NLC derived i vitro from periph-
eral blood (Online Supplementary Figure S4). Altogether the

present data demonstrate that c-MET, IDO and CD163 are
already expressed in vivo by NLC and not induced by in
vitro culture.

Indoleamine 2,3-dioxygenase is present on monocytes
freshly isolated from patients with chronic lymphocytic
leukemia

Using flow cytometry, we further analyzed the expres-
sion of IDO by monocytes from CLL patients and healthy
donors as well as by NLC. Substantial IDO expression
was detected in CLL-monocytes and in NLC but not in
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Figure 3. Flow cytometric analysis of c-MET and IDO expression on NLC or monocytes from CLL patients or healthy donors and study of their
induction following HGF treatment. (A) Upper row: c-MET and IDO were analyzed on NLC or monocytes by setting a gate based on the side- and
forward-angle light scatter and including at least 95% of CD14" cells. The second row depicts fluorochrome-conjugated isotype control mono-
clonal antibodies while the third and fourth rows depict c-MET and IDO expression, respectively, indicated as mean fluorescence intensity
(m.f.i.). One representative case for each cell type is shown, Id numbers refer to patients as reported in Online Supplementary Table S1,
HeaMo#1: healthy monocytes (B) Comparison between c-MET and IDO expression on monocytes from healthy donors (n=9) or from CLL
patients (n=30), as detected by flow cytometry. c-MET and IDO expression was significantly higher on CLL-monocytes (P=0.005 and P=0.008
respectively, Mann-Whitney test). (C) c-MET and IDO surface expression was enhanced after 48 h HGF treatment on healthy monocytes (one
representative cases of three analyzed). (D) The THP-1 monocytic cell line was evaluated for c-MET and IDO expression after HGF treatment
or M1-, M2-induced polarization. A significat increase in c-MET and IDO expression was observed in HGF-treated cells; c-MET resulted even
more expressed upon M2-like driven polarization. (E) Representation of consistent c-MET and IDO upregulation on normal monocytes following
long-term co-cultures (10 days) with CLL cells. Data are representative of four different samples of healthy monocytes matched with CLL cells
from seven different patients or normal B cells from two healthy donors. c-MET and IDO were analyzed by flow cytometry and values are
expressed as mean fluorescence intensity (m.f.i.) £ SD.
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monocytes from healthy donors (Figure 3A,B; P=0.005;
n=9 healthy-monocytes versus n=30 CLL-monocytes). In
addition, c-MET levels were significantly higher than nor-
mal in CLL-monocytes (Figure 3B; P=0.008). We then con-
firmed that exposure to HGF for 48 h caused IDO and c-
MET upregulation in normal monocytes (Figure 3C). The
same HGF treatment induced upregulation in the THP-1
cell line, a valuable i1 vitro model for studying monocyte-
macrophage differentiation” (Figure 3D). Interestingly
when THP-1 cells were treated with phorbol myristate
(PMA) to induce macrophage differentiation, and then cul-
tured with interferon-y/lipopolysaccharide or interleukin-
4 to induce M1 or M2 polarization respectively, c-MET
upregulation was seen only on the M2 polarized cells
(Figure 3D). IDO also resulted increased, albeit weakly, on
M2 cells (Figure 3D). High ¢-MET and to a lesser extent
IDO levels appear to be features of type 2 monocytes-
macrophages, thus suggesting an M2-oriented phenotype
of CLL-monocytes.

Chronic lymphocytic leukemia cells induce indoleamine
2,3-dioxygenase and c-MET expression by normal
monocytes

CLL cells from seven patients were co-cultured with
purified monocytes from healthy donors for 10 days. IDO
and c-MET were consistently upregulated in monocytes
co-cultured with CLL cells, compared to their levels in
monocytes freshly-prepared, cultured with medium only
or co-cultured with normal B cells (Figure 3E). These
experiments demonstrate the capacity of CLL cells to
induce IDO and c-MET expression by normal monocytes.

Co-cultures of chronic lymphocytic leukemia B and
nurse-like cells stimulate hepatocyte growth factor
production in vitro

We analyzed HGEF levels in media of purified CLL-
monocytes, or differentiated NLC or CLL cells cultured for

different periods in vitro. HGE, absent from the media of
CLL cells or CLL-monocytes cultured alone for 48 h, was
instead found at significant levels in the 14-day super-
natants of CLL/NLC co-cultures. However, no HGF was
detected in the media of NLC re-cultured for an additional
48 h (Figure 4A). Whether CLL cells and/or NLC are
induced to produce HGF in co-cultures was analyzed by
flow cytometry on cells cultured for different periods. As
shown in Figure 4B, HGE absent from fresh cells and
expressed at a low level until day 8, was significantly
upregulated between days 11 and 14 by both NLC and
CLL cells (P<0.001 for both types at day 11; P=0.04 for
monocytes/NLC and P=0.004 for CLL cells at day 14, n=4,
Mann-Whitney test). CLL cells, previously co-cultured
with NLC, were re-cultured with medium alone or with
NLC in the presence or absence of a neutralizing anti-HGF
monoclonal antibody. The anti-HGF monoclonal antibody
caused a substantial inhibition of viability when B cells
were re-cultured alone (Figure 4C; P=0.027). This inhibi-
tion was not observed when B cells were re-cultured with
NLC. The association of an anti-CXCR4 with the anti-
HGF monoclonal antibody could, however, induce a
greater reduction of survival (Figure 4C), in agreement
with putative amounts of CXCL12 expressed by NLC.
These data demonstrate that, upon mutual stimulation,
both CLL cells and NLC are capable of producing HGE
which, in turn, inhibits CLL apoptosis.

Inhibitory effect of chronic lymphocytic leukemia
monocytes and nurse-like cells on T-cell proliferation
To explore whether monocytes from CLL patients or
NLC can exert immuno-regulatory functions, allogeneic
pre-activated T cells were cultured with graded concentra-
tions of monocytes from CLL or normal donors. CLL-
monocytes, but not monocytes from healthy subjects,
caused a consistent (almost significant, P=0.057) decrease
of T-cell proliferation, which was significantly reduced to
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Figure 4. Determination of HGF production through different experimental approaches. (A) Evaluation of HGF released in 48 h cultures by dif-
ferent cell types alone or in the indicated combinations: CLL cells (CLL) (mean £SD of four CLL patients: n=4), CLL-monocytes (Mono CLL, n=7),
NLC (n=7) in medium alone, or co-cultured, NLC+CLL (n=7) for 14 days. Sera (n=2) and spent medium of bone marrow stromal cells from CLL
patients (n=2) were also tested. (B) Flow cytometry determination of HGF expression during a 14-day co-culture of monocytes and CLL cells.
HGF, absent in freshly prepared monocytes and in CLL cells, remained low in both cell types until day 8, but was significantly upregulated
between days 11 and 14. Data represent means of four cases studied at day O and day 14, two of which were also studied at intermediate
time points. (C) Viability of CLL cells cultured alone or in the presence of NLC with/without anti-HGF monoclonal antibodies alone or in asso-
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versus B cells plus anti-HGF (P=0.027, Mann-Whitney).
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Figure 5. Suppression of T-cell proliferation by monocytes from CLL and NLC, determination of the factors involved and of T regulatory cell
expansion in autologous monocyte/peripheral blood mononuclear cell co-cultures. (A) Proliferation of activated T cells, as determined by CFSE
staining, was inhibited by addition of either monocytes or NLC (P=0.016, Mann-Whitney) derived from CLL patients but not monocytes from
healthy donors. Results are the mean of two independent experiments each with four cases/cell type (n=4). (B) T-cell proliferation in the pres-
ence of CLL monocytes (white bars) or NLC (black bars) was restored by the addition of anti-TGFf, or anti-IL-10 neutralizing antibodies, or IDO
inhibitors (inh), as detected by CFSE staining. The combination of these three blocking agents (mix) induced a stronger effect for CLL-mono-
cytes (**) while for NLC even the use of the anti-TGF(} alone (**) was sufficient to restore T-cell proliferation to almost normal values (n=6 for
CLL-monocytes; n= 5 for NLC). Data were normalized to proliferation values obtained with T cells and monocytes from healthy subjects (gray
bar), P values were calculated by a two sided Mann-Whitney test. (C) According to functional data shown in panel B, higher trends of IL-10 (left
y axis, white bars) and TGFf3 (right y axis, black bars) mRNA levels were observed in NLC and CLL-monocytes with respect to healthy monocytes
as detected by real-time reverse transcriptase-PCR. (D) HGF increased, weakly but significantly, TGF3 mRNA expression in THP-1 cells at basal
conditions and in a more marked manner in PMA pre-treated cells: this latter effect was significantly inhibited by the neutralizing anti-HGF
humanized monoclonal antibody L2G7. Increased expression of TGF3 mRNA was further induced in THP-1 only on cells polarized towards the
M2 phenotype but not towards M1. Data are relative fold increase compared to untreated THP-1 cells of the TGF3/GAPDH mRNA expression
ratio, P values for the Mann-Whitney test. (E) Co-cultures of enriched CLL monocytes with autologous peripheral blood mononuclear cells favor
T regulatory cell expansion as determined by three-color staining (CD4/CD25/FOXP3). The lymphocyte subpopulation was gated on forward
side scatter (FSC) versus CD4" cells. Only the CD4'/CD25"¢"*population was further assessed for FOXP3 expression. CD4*/CD25"¢"/FOXP3* T
regulatory cells progressively expanded in autologous co-culture by day 8 to 14. The maximal FOXP3 expression was reached at day 14
(70.6%).




less than 50% when NLC were added in the place of nor-
mal monocytes (P=0.016 Figure 5A). The cultures were
also carried out in the presence of anti-TGFp or -IL-10 neu-
tralizing antibodies or IDO inhibitors. Anti-TGFp antibod-
ies almost completely restored T-cell proliferation inhibited
by NLC, indicating a prominent role of this factor. All three
agents, taken separately, had a partial effect in restoring the
proliferation inhibited by the presence of CLL-monocytes,
but exhibited a synergistic effect when added together to
the cultures, suggesting that IDO, IL-10 and TGF$ may all
contribute to suppress T-cell proliferation (Figure 5B).
Histograms of T-cell proliferation inhibition by CLL mono-
cytes/NLC from representative cases, as determined by
CFSE staining, are shown in Online Supplementary Figure S5.
Reverse transcriptase PCR analysis showed increasing lev-
els of TGEP and IL-10 mRNA in NLC and CLL-monocytes
compared to normal monocytes, in accordance with the
above functional data (Figure 5C). A minimal although sig-
nificant increase of TGF mRNA expression was detected
in HGF-treated THP-1 cells (P<0.05). It is of further note
that in PMA-treated THP-1 cells there was an increase in
TGEB mRNA expression, which was even more remark-
able after exposure to HGF (0.01>P=0.001). M2 pheno-
type-oriented THP-1 cells also demonstrated this increase
in TGF$ mRNA (Figure 5D).

CD4'CD25"FOXP3* T regulatory cells are expanded
in long-term co-cultures of enriched monocytes with
autologous peripheral blood monocytes from patients
with chronic lymphocytic leukemia

Next we examined whether co-culturing purified and
enriched CLL monocytes with total peripheral blood mono-
cytes from the same patient could favor the expansion of T
regulatory cells (identified as CD4" cells, with high CD25
expression, co-expressing the transcription factor FOXP3).
As shown in one representative case depicted in Figure 5E,
a number of CD4* T cells appeared to be activated by day
8 of culture because of CD25 upregulation. Moreover, a
consistent percentage of these CD4/CD25" T cells exhib-
ited a progressive increase of FOXP3 expression (average
=72% at dayl14; n=2). In our in vitro culture system, T-cell
activation is due to endogenously, and not exogenously,
produced factors: this system putatively models what may
occur physiologically when monocytes/macrophages infil-
trate lymph nodes and drive the T-cell repertoire towards
an immunosuppressive T regulatory phenotype.

Discussion

Increasing attention has recently been focused on the
interactions between CLL cells and their microenviron-
ment. Soluble factors as well as contact between malig-
nant cells and bystander NLC, T cells, stromal cells or fol-
licular dendritic cells prolong the survival of CLL cells and
facilitate clonal expansion. HGE produced by mesenchy-
mal and follicular dendritic cells in bone marrow or lymph
nodes,®” increases CLL cell viability." The levels of HGF
are higher than normal in sera from CLL patients,” a find-
ing suggesting a possible role for this factor in CLL clonal
expansion. Here we investigated whether HGF could
interfere in the control of this mechanism by regulating
the function of NCL and monocytes.

We demonstrated that c-MET is highly expressed by
NLC and that the interaction between HGF and ¢-MET

Immunosuppressive features of nurse-like cells in CLL -

leads to rapid STAT3 phosphorylation. We further
observed that the expression of c¢-MET is significantly
higher than normal on circulating CLL-monocytes. Since
the expression of ¢-MET is constitutively low in mono-
cytes from healthy donors but is upregulated upon activa-
tion by endotoxin or IL-1B,” high c-MET expression by
CLL-monocytes suggests a continuous in vivo activation.
We also observed that IDO, which is relevant in
immunosuppressive mechanisms, is constitutively
expressed on NLC and on CLL-monocytes. Monocytes
from normal individuals, on the other hand, are IDO-neg-
ative but become IDO-positive following exposure to
HGE” IDO is an intracellular enzyme that catalyzes the
conversion of the essential amino-acid tryptophan into
kynurinine.”® The role of IDO, initially thought to be
antimicrobial, has been recently extended to the regula-
tion of prevention of T-cell-driven rejection of the fetus
during pregnancy and to tumor immune escape phenom-
ena.”™ In diffuse large B-cell lymphomas, IDO expression
correlates with prognosis.* While in some cases of diffuse
large B-cell lymphoma, the lymphoma cells are them-
selves IDO-producers, in others cases only the cells of the
microenvironment are IDO-positive.” Furthermore,
kynurinine-tryptophan ratios, reflecting increased IDO
activity, have been found to be higher than normal in sera
from CLL patients.” Since the genes encoding IDO are
downregulated in CLL cells, higher kynurinine-tryptophan
ratios appear putatively related to the IDO activity of
microenvironmental cells. This is in agreement with IDO
expression by CD68, vimentin’, CD163" cells in lymph
nodes (see Figure 2); a finding which may suggest ongoing
immunosuppression of tumor-specific T cells i vivo.™
Moreover, the simultaneous expression of IL-10 and IDO
by NLC may also indicate the acquisition of an immuno-
suppressive phenotype, similar to that of type 2
macrophages.” Since in the context of immune responses,
the cytokine milieu compels mononuclear phagocytes to
express specialized and polarized functional properties,
we also hypothesized that HGE possibly present at high
amounts in the CLL-microenvironment, could contribute
to drive polarization of CLL-monocytes and NLC. This
suggestion appears strengthened by the observation that
STATS is rapidly activated by HGF on NLC. STAT3 activa-
tion promotes tumor evasion by inhibiting the production
of Thl-type immunostimulating molecules and, at the
same time, enhances expression of immunosuppressive
factors with subsequent inhibition of dendritic cell matu-
ration. While M1 macrophages have immunostimulatory;,
Th1-orienting properties, M2 cells exhibit high IL-10 and
low IL-12 production, poor antigen-presenting capacities
and suppress Th1 adaptive immunity.” In relation to this,
NLC exhibit a gene expression profile consistent with
impaired immunocompetence, with reduced levels of
lysozyme activity, CD74 and DR-antigens and increased
FCGR2B expression.” The findings that CLL-monocytes,
and to a greater extent NLC, significantly inhibit T-cell
proliferation, as demonstrated here, provide important
support to the notion of ongoing immunosuppression.
Soluble factors produced by NLC should also favor the
expansion of T regulatory cells within the CLL microenvi-
ronment. Indeed higher than normal numbers of T regula-
tory cells have been found in CLL patients.*® We show
here that T regulatory cells (CD4/CD25"¢/FOXP3*) are
significantly expanded by the presence of CLL-monocytes
or NLC: this observation strengthens a link between
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impairment of immune response and CLL progression.
We further demonstrated that TGFp was the major
cytokine involved in suppression of T-cell proliferation
(Figure 5B) and, in agreement with functional studies,
NLC showed higher levels of TGFp mRNA expression
than did normal monocytes. However, since simultaneous
addition of antibodies against TGFf and IL-10, and IDO
inhibitors resulted in greater and more significant effects
when CLL-monocytes were co-cultured with T cells, it is
likely that multiple factors cooperate in immunosuppres-
sion. Recently CLL-monocytes have been shown to have
diminished HLA-DR or CD86 expression and reduced
immune stimulatory activity.” In addition, an increased
proportion of CD14'HLA-DR***& monocytes correlate
with a shorter time to progression in CLL: interestingly
monocytes characterized by low/negative HLA-DR
expression were observed in prostate and ovarian cancers
and induced immunosuppression through IL-10 and TGF
secretion.”” IL-10 affects many important functions of
monocytes-macrophages and dendritic cells by inhibiting
the secretion of various cytokines (IL-2, IL-12, tumor necro-
sis factor-o, interferon-y), downregulating MHC class I
expression and recruiting T regulatory cells.* On the other
hand TGFp suppresses anti-tumor activity of T/NK cells
and monocytes-macrophages* and has a key role in mes-
enchymal stem cell-induced immunosuppression.” HGE,
released by mesenchymal bone marrow cells, also displays
immunosuppressive activities, and may inhibit T-cell pro-
liferation in synergy with TGEB.* We further demonstrat-
ed here that TGFf expression is significantly increased fol-
lowing HGF treatment and that M2-like cells appear char-
acterized by higher levels of c-MET than M1-like cells in
the PMA-treated THP-1 model. The expression of HGF by
leukemic B cells themselves intriguingly suggests that, in
the CLL microenvironment, HGF may be derived in both
autocrine and paracrine manners. In naive splenic B cells
from mice, HGF is produced after an interaction between
CD74 and macrophage migration inhibitory factor and reg-
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ulates the survival of these cells.” Interestingly, high levels
of macrophage migration inhibitory factor have been
detected in sera from CLL patients and lack or inhibition of
this factor delays CLL development in the Eu-TCL1 mouse
model of the disease.”

In keeping with our data, a phenotype resembling
tumor-associated M2 macrophages has been recently pro-
posed for NLC* as well as deregulation of genes involved
in phagocytosis and inflammation for CLL-monocytes.”
Intriguingly, acquisition of an M2 phenotype appears to be
induced under the influence of malignant CLL cells as we
demonstrated in normal monocytes, through IDO and c-
MET upregulation.

Collectively our findings support a model for ongoing
immunosuppression in CLL. Cross-talk between mono-
cytes/NLC and CLL cells results in autocrine HGF produc-
tion: HGF in turn induces activation of the former cells,
causes elevated secretion of TGFp, IL-10 and IDO, and
depresses anti-tumor immune responses, through M2 dif-
ferentiation and T regulatory cell expansion (Online
Supplementary Figure S6). Collectively our observations
provide new bases for investigating novel therapies to
revert polarization of monocytes-macrophages towards a
classical immune-responsive M1 phenotype. These thera-
pies would facilitate the potential induction of a tumor-
specific response while preventing the onset of immuno-
suppressive mechanisms.
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