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ABSTRACT

Conflicting data have been reported about the frequency and function of regulatory T cells in multiple myeloma.
Most studies have investigated peripheral blood rather than bone marrow Tregs and side-by-side comparisons
with bone marrow from healthy donors have still not been made. In this study, we show that regulatory T-cells
total count, subset distribution, and expression of chemokine receptors are similar in the bone marrow of myelo-
ma patients and healthy donors. Regulatory T cells are not recruited by myeloma cells in the bone marrow and
their counts are unaffected by the tumor burden and the disease status. The diversity of T-cell receptor repertoire
is highly preserved ensuring broad reactivity and effective suppressor function. Our results indicate that regulatory
T cells may not be the main players of immunological tolerance to myeloma cells under base-line conditions, but
their fully preserved immune competence may promote their inadvertent activation and blunt T-cell driven anti-
myeloma immune interventions even after myeloma cells have successfully been cleared by chemotherapy.

Introduction

Multiple myeloma (MM) is a B-cell malignancy that
remains incurable with conventional or high-dose
chemotherapy. The in vitro and in vivo susceptibility of MM
cells to recognition and elimination by immune effector cells
have fostered the investigation and development of immune-
based interventions. The unique availability of a highly spe-
cific tumor antigen such as idiotype has paved the way to the
development of vaccination trials aimed at generating tumor-
specific immune responses to clear the minimal residual dis-
ease and provide long-term protection against disease
relapse.' However, these approaches have fallen short of clin-
ical expectations probably because, among other biases, they
have neglected the antagonistic role played by immune sup-
pressor subsets such as regulatory T cells (Tregs). It is now
well established that the increase in Tregs in the peripheral
blood (PB) or their accumulation at the tumor site are nega-
tive prognosticators in solid tumors.” By contrast, the role of
Tregs in patients with B-cell malignancies is much more
strongly debated,* especially in MM where controversy
remains with regard to their frequency and function.”" The
lack of conclusive data is probably due to the fact that Tregs
have usually been investigated in the PB rather than the bone
marrow (BM), and their identification based on different phe-
notypes. These biases have been exacerbated by the difficul-
ty in obtaining total counts from BM samples and the lack of

BM from healthy donors for comparative analysis. Zhao et al.
have reported that the BM is a privileged site of Tregs accu-
mulation in healthy donors under physiological conditions,”
and, therefore, a direct comparison with BM from healthy
donors is a required condition in order to interpret the real
size and function of the Tregs pool in MM.

In this study, we performed a comprehensive analysis of
BM Tregs in a large series of MM patients at diagnosis (MM-
dia), in individuals with monoclonal gammopathy of unde-
termined significance (MGUS), in MM patients in remission
(MM-rem), and in MM patients in relapse (MM-rel), and
compared, for the first time, these findings with BM from
healthy donors (CTRL). Our results indicate that total counts,
phenotypes, function, and T-cell receptor (TCR) diversity of
BM Tregs are similar in MM and healthy donors and are not
influenced by the disease status.

Methods

Multiple myeloma and healthy donors’ characteristics

One hundred and eight MM patients and 12 subjects with MGUS
entered the study. The MM series included 71 MM-dia, 23 MM-
rem, and 14 MM-rel. BM and PB were investigated side-by-side in
14 MM-dia.

CTRL included PB samples from 41 healthy blood donors kindly
provided by the local Blood Bank and Transfusion Service, and 13 BM
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samples from individuals undergoing post-degenerative or post-
traumatic hip prosthesis implantation at the local Traumatological
and Orthopedic Center. Samples were collected after informed
consent and approval by the local Institutional Review Board (DN
2012/388). In addition, 7 frozen human normal BM samples con-
sisting of bone marrow mononuclear cell BMMC) samples were
purchased from Stem Cells Technologies (Vancouver, Canada).

Flow cytometry

Multicolor flow cytometry was used to determine the fre-
quency and total counts of CD4'CD25"Foxp3* and
CD4'CD25'CD127"Foxp3" T cells in BM and PB samples from
MM patients and CTRL.

More details about the phenotypic and functional characteriza-
tion of Tregs are available in the Online Supplementary Methods.

BM Tregs total counts

Automated complete cell counts per pL were obtained in BM
samples with a Coulter AcT Diff Hematology Analyzer (Beckman
Coulter, Brea, CA, USA). One million BM cells were then stained
with anti-human CD45 APC-Cy7 (Becton Dickinson, Mountain
View, CA, USA) and the percentage of lymphocytes calculated by
flow cytometry based on the scatter profile and CD45" expres-
sion. Total counts of lymphocytes were calculated by multiplying
percentages by complete BM cell counts. Tregs total counts were
obtained by multiplying the percentages of CD4'CD25"Foxp3*
and CD4'CD25'CD127"Foxp3* by absolute lymphocyte counts.

Immunohistochemical staining of BM Foxp3® cells

Five micron thin sections were cut from paraffin blocks of BM
specimens, coated on electrically charged slides, de-waxed, re-
hydrated and submitted to antigen retrieval by micro-waving in 1
mM EDTA (pH 8.0) at 900 W for 10 min. Slides were then incu-
bated with 1:50 diluted purified-anti-Foxp3 (eBioscience, San
Diego, CA, USA) for 30 min at room temperature. Antibody bind-
ing was detected using the peroxidase-based En Vision++ system
as previously described.'® Sections were then counterstained with
hematoxilin and the immunohistochemical tests were carried out
on an automatic stainer device (Dakoautostainer Dakocytomation
Glastrup, Denmark).

TCRBV repertoire analysis

TCR diversity of Tregs was determined by estimating the
length distribution of the complementarity-determining regions 3
(CDR3) of B variable (BV) gene segments with a two-step multi-
plex PCR assay developed in our laboratory."

More details are available in the Online Supplementary Methods.

Tregs isolation and suppression assay

Tregs suppressor function was assessed using irradiated allo-
geneic PBMC as accessory cells, purified BM or PB CD4'CD25" or
CD4'CD127°CD25" cells as Tregs, autologous CD4'CD25 as
responder cells and soluble anti-CD3 as polyclonal activator, as
previously reported.'®

More details are available in the Online Supplementary Methods.

Statistical analysis

The results are expressed as median and range or mean + SE as
indicated. Between-group differences were evaluated with the
Wilcoxon-Mann-Whitney non-parametric test for paired or
unpaired samples as appropriate and considered statistically signif-
icant for P<0.05. Correlation analyses were performed with the
non-parametric Spearman rank order test with a cut off of P<0.05.
The SigmaStat software (Systat Software Inc., Richmond, USA)
was used for these analyses.

Results

Frequencies and total counts of Tregs are similar
in the BM and PB of MM and CTRL

Tregs were identified based on the CD4*CD25"Foxp3*
and CD4'CD25'CD127°Foxp3* phenotypes (Ounline
Supplementary Figure S1). Frequencies (Figure 1A) and total
counts (Figure 1B) of BM Tregs were similar in CTRL,
MGUS, and MM patients independently of the phenotype
used for their identification and the disease status (IMM-
dia, MM-rem, MM-rel) (P always >0.05). Medians and
ranges of BM values in CTRL, MGUS, MM-dia, MM-rem,
and MM-rel and of PB values in CTRL and MM-dia are
listed in Online Supplementary Tables S1 and S2, respective-
ly. The results indicate that the pool of Tregs has not
increased and is not influenced by the disease status.

Tregs are infrequent in the tumor microenvironment
and not correlated with the myeloma cell burden
and infiltration pattern

To further investigate the relationship between Tregs
and the tumor burden, the frequency of Tregs and myelo-
ma cells were determined by immunohistochemical stain
in BM trephine biopsies from 23 MM-dia (Figure 2). No
correlation was observed between the frequency of Tregs
and the pattern of myeloma cell infiltration (i.e. interstitial,
diffuse, interstitial/diffuse) (Figure 2A). Representative
immunohistochemical stains of myeloma cell (CD138"), T
cells (CD3%), and Tregs (Foxp3") in 2 MM BM samples are
shown in Figure 2B. Foxp3 stain of Tregs in the BM and
tonsils from CTRL are also shown in Figure 2B.

To further assess the recruitment susceptibility at the
tumor site, we evaluated the surface expression of CCR4
that is known to attract Tregs in response to positive
CCL22/CCL17 gradients and the activation status using
the combined expression of CD45RA and CD27 which
regulates Tregs homing capacity at the tumor site. The
great majority of BM Tregs expressed CCR4 on their sur-
face at high levels and showed a predominant CM pheno-
type in all MM patients irrespective of the disease status,
but there was no difference between these values and
those observed in CTRL and MGUS (P>0.05) (Online
Supplementary Figure S2).

TCR diversity of BM MM Tregs

The TCRBV repertoire of BM and PB Tregs and
CD4°CD25 cells was investigated in 6 MM-dia and 2
CTRL. The CD3 length distribution profile of BV subfam-
ilies was prevalently polyclonal in BM (n=1) and PB (n=6)
MM Tregs and identical to that of CD4*CD25" cells (Figure
3). Only 5 of 66 successfully amplified BV subfamilies
were found oligoclonal in 3 of 6 PB MM Tregs, which was
equivalent to 7.5+3.0% of their total TCRBV repertoire.
Parallel analysis of CD8" cells from 2 MM patients showed
that 20 of 27 successfully amplified BV subfamilies were
oligoclonal (75+5% of their TCRBV repertoire) as previ-
ously reported” (Figure 3).

Both BM and PB MM Tregs are endowed with
suppressor activity

To assess the regulatory function of MM Tregs, we per-
formed a standard in vitro proliferation inhibition assay:.
The percent inhibition was calculated as reported in the
Methods (Online Supplementary Appendix). Purified BM and
PB MM CD4'CD25" Tregs inhibited the proliferation of
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autologous CD4'CD25 cells by 88+7% and 67+26%, purified MM Tregs and CTRL Tregs were used side-by- *

respectively (P>0.05). Similar inhibition was exerted by side to suppress autologous CTRL CD4'CD25 cells
purified BM and PB CTRL on autologous CD4°CD25 cells  whose proliferation to anti-CD3 mAb was occasionally
(89+12% and 66+18%, respectively) (P>0.05) (Figure 4A). found to be more vigorous than that of MM CD4'CD25
Representative experiments of MM BM and PB Tregs sup-  cells. Also in this setting, MM PB Tregs suppressed the
pressor activity are shown in Figure 4B. Purified PB  proliferation of CTRL CD4*CD25 cells with the same effi-
CD4'CD127°CD25* T cells were also used as an alterna-  ciency of Tregs purified from healthy donors (Figure 4C).
tive source of Tregs in 3 experiments and shown to have The authentic regulatory function of BM and PB MM
similar suppressor function in both CTRL and MM-dia  Tregs was confirmed by the production of effector cytokines
(data not shown). such as IFN-y and IL-17 which was restricted to Foxp3- cells
A cross-over experiment was also performed in which  after PMA + ionomycin stimulation (Figure 4D).
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Discussion

The contribution of Tregs to the immune dysregulation
of MM patients is still controversial. The current view that
BM Tregs are increased in MM comes from indirect com-
parisons with PB of CTRL or MGUS individuals.”* So far,
only one study has compared Tregs BM percentages in
MM-dia and CTRL without detecting any difference."
Our results clearly indicate that the pool of BM Tregs is
equivalent in MM and CTRL irrespectively of the pheno-
type used for their identification, and the same holds true
in the PB.

Previous reports have provided contradictory results
about possible correlations between Tregs and the tumor
burden or the disease status.”'"*"* Our findings indicate
that there is no specific Treg recruitment at the tumor site
driven by myeloma cells because frequencies and total
counts were similar in MGUS, MM-dia, MM-rem, and
MM-rel. Moreover, no correlation was found in BM
trephine biopsies between the topographic distribution of
Tregs, which is an important prognosticator in other B-cell
malignancies, and the pattern of BM myeloma cell infiltra-
tion (i.e. diffuse vs. interstitial vs. diffuse/interstitial).

CCR4 expression was also evaluated to assess the recruit-
ment susceptibility of Tregs at the tumor site, but no differ-
ences were observed between CTRL, MGUS, MM-dia,
MM-rem, and MM-rel. These data further support the con-
clusion that the pool of Tregs in the BM of MM patients
mainly consists of resident cells as in normal BM, and that
there is no major recruitment operated by the tumor burden
and disease activity via the CCR4/CCL22 axis.

Recent findings in various tumor models indicate that
the influence of Tregs on tumor progression also depends
on their functional status, which can be predicted on the
basis of their naive/memory phenotype and concurrent
CCR4 expression”” Only activated/memory, but not
naive Tregs, have been shown to home at the tumor site,
since antigen-priming is necessary to gain the appropriate
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Here, we have characterized the activation status of BM
Tregs in MM and CTRL by using the combined expression
of CD45RA and CD27 that allows their further classifica-
tion into the naive, CM, EM, and TEMRA subsets.
Activated/memory Tregs have been reported to be mainly
represented in the CM (CD45RA- CD27%) and EM
(CD45RA" CD27") subsets.”” CM was the most represent-
ed subset in the BM but Tregs subset distribution was sim-
ilar in CTRL, MGUS, MM-dia, MM-rem, and MM-rel.

Activated/memory Tregs are more inclined than naive
Tregs to acquire suppressor functions upon the TCR-
dependent recognition of the self-antigens expressed by
tumor cells.”* Thus, an extended TCR repertoire is a
good match to keep the reactivity of Tregs broadly-based,
and to ensure their optimal function and homeostasis. In
previous studies, Tregs from CTRL PB showed a polyclon-
al TCR repertoire similar to that of CD4*CD25" cells."”**
Here, we show that the TCR repertoire of BM Tregs from
MM-dia is also polyclonal, and identical to that of
CD4°CD25" cells. Side-by-side BM and PB comparison in
the same patient showed that the TCR repertoire was not
skewed at the tumor site and there was no preferential
accumulation of oligoclonal Tregs driven by myeloma
cells. This is very important considering the unique ability
of these cells, once activated via the TCR, to indifferently
inhibit the proliferation of naive and memory CD4" and
CD8* lymphocytes as well as innate immune effectors in
a non-antigen-specific manner.

The very high degree of TCR diversity in Tregs was in
marked contrast with that of CD8* cells whose TCR reper-
toire was highly disrupted in both the BM and PB and
characterized by the emergence of oligoclonal expansions
and a significant loss of TCR diversity as previously
reported.”

A shaped TCR repertoire reflects the imprinting operated
by the long-term interplay with tumor cells. Our results
indicate that CD8" cells are more perturbed by their chal-

Figure 3. TCR diversity is highly
preserved in the BM and PB
Tregs of MM patients. The
TCRBV repertoires of purified
BM and PB Tregs (CD4'CD25")
and CD4'CD25" cells from a
CD8* representative MM-dia are
PBMC shown. The CDR3 length dis-
tribution profiles at the level of
BV-BC transcripts from 22 BV
subfamilies are grouped in 5
sets. In the successfully ampli-
fied BV subfamilies, the poly-
clonal profile is distinguished
by a bell-shaped distribution of
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Figure 4. The suppressor function of BM and PB Tregs is highly preserved in MM. (A-C) Tregs suppressor function was assessed using irradiated
allogeneic PBMC as accessory cells (AC), purified CD4*CD25" cells as Tregs, and autologous CD4'CD25- as responder cells, and soluble anti-
CD3 (aCD3) as previously reported®®. (A) Purified BM and PB MM Tregs inhibited the proliferation of autologous CD4'CD25 cells by 88 + 7% and
67 £ 26%, respectively. Similar inhibition was exerted by purified BM and PB CTRL on autologous CD4'CD25" cells (89 + 12% and 66 + 18%
respectively). Bars represent the mean value £ SE from 2-9 experiments, each performed in triplicates. Differences are not statistically signifi-
cant (P>0.05). (B) Representative suppressor activity exerted by MM BM and PB Tregs on autologous CD4*CD25- cells. (C) MM Tregs suppress the
proliferation of CTRL CD4'CD25- cells with the same efficiency of CTRL Tregs. (D) Intracellular cytokine assay was performed in combination with
Foxp3 staining to confirm Tregs suppressive function. IFN-y and IL-17 production in BM and PB CD4‘Foxp3°* cells after PMA + ionomycin stimulation

in a representative MM-dia. Data are from one of 7 BMMC and 6 PBMC experiments. Percentages are backgated on CD4" cells.

lenge to hold in check myeloma cells than Tregs to exert
their regulatory function. Functional analysis showed that
neither BM nor PB MM Tregs responded to anti-CD3 stim-
ulation and both inhibited the proliferation of autologous
CD4*CD25" cells with the same efficiency as CTRL BM and
PB Tregs. The authentic suppressor function of Tregs was
confirmed by determining the production of IFN-y and IL-
17 at the single-cell level. As expected, and in contrast with
conventional non-regulatory CD4Foxp3™ T cells, neither
BM nor PB MM Tregs produced IFN-y and IL-17 even after
polyclonal stimulation with PMA + ionomycin.

In conclusion, our data indicate that the suppressor
function of BM MM Tregs is highly preserved and similar
to that of BM CTRL Tregs although the latter have never
been exposed to myeloma cells and bystander cells. The
unchanged permanence of BM Tregs during the disease
progression may reflect the local production of increasing
amounts of TGF-p and IL-6 that synergistically promote
Foxp3 degradation” and the preferential differentiation of
CD4* cells into Th17* cells at disadvantage of Tregs.”
Moreover, cytokine production is not normalized when
MM patients enter remission” and this may explain why
BM Tregs stay unchanged in MGUS, MM-dia, MM-rem,
and MM-rel.

The presence of a functional Tregs pool steadily rooted
in the BM of MM patients irrespectively of the disease sta-
tus indicates that Tregs are unlikely to influence the natu-
ral disease evolution but could inadvertently be activated
by immune-based interventions. Indeed, idiotype vaccina-

tion combined with IL-12 or IL-12 and GM-CSF* and the
injection of cytokine-matured dendritic cells” have been
reported to increase Tregs frequency in MM patients, pro-
viding further explanation as to why these strategies have
fallen short of clinical expectations. More recently, thalido-
mide and lenalidomide have also been shown to increase
the frequency and function of Tregs in MM, and lenalido-
mide, in association with dexamethasone, has been
reported to increase Tregs and concurrently decrease the
effector functions of T and NK cells.”

Finally, our data indicate that Tregs neutralization
should be considered to maximize the therapeutic effects
of immune-based interventions in MM and different
strategies are now available to achieve this goal.**
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