
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=koni20

OncoImmunology

ISSN: (Print) 2162-402X (Online) Journal homepage: http://www.tandfonline.com/loi/koni20

Bone marrow endothelial cells sustain a tumor-
specific CD8+ T cell subset with suppressive
function in myeloma patients

Patrizia Leone, Giuseppe Di Lernia, Antonio Giovanni Solimando, Sebastiano
Cicco, Ilaria Saltarella, Aurelia Lamanuzzi, Roberto Ria, Maria Antonia
Frassanito, Maurilio Ponzoni, Paolo Ditonno, Franco Dammacco, Vito
Racanelli & Angelo Vacca

To cite this article: Patrizia Leone, Giuseppe Di Lernia, Antonio Giovanni Solimando, Sebastiano
Cicco, Ilaria Saltarella, Aurelia Lamanuzzi, Roberto Ria, Maria Antonia Frassanito, Maurilio
Ponzoni, Paolo Ditonno, Franco Dammacco, Vito Racanelli & Angelo Vacca (2018): Bone marrow
endothelial cells sustain a tumor-specific CD8+ T cell subset with suppressive function in myeloma
patients, OncoImmunology

To link to this article:  https://doi.org/10.1080/2162402X.2018.1486949

View supplementary material 

Published online: 22 Oct 2018.

Submit your article to this journal 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=koni20
http://www.tandfonline.com/loi/koni20
https://doi.org/10.1080/2162402X.2018.1486949
http://www.tandfonline.com/doi/suppl/10.1080/2162402X.2018.1486949
http://www.tandfonline.com/doi/suppl/10.1080/2162402X.2018.1486949
http://www.tandfonline.com/action/authorSubmission?journalCode=koni20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=koni20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2018.1486949&domain=pdf&date_stamp=2018-10-22
http://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2018.1486949&domain=pdf&date_stamp=2018-10-22


ORIGINAL RESEARCH

Bone marrow endothelial cells sustain a tumor-specific CD8+ T cell subset with
suppressive function in myeloma patients
Patrizia Leone a, Giuseppe Di Lerniaa, Antonio Giovanni Solimandoa, Sebastiano Ciccoa, Ilaria Saltarellaa,
Aurelia Lamanuzzia, Roberto Riaa, Maria Antonia Frassanitoa, Maurilio Ponzonib, Paolo Ditonnoc, Franco Dammaccoa,
Vito Racanelli a*, and Angelo Vaccaa*

aDepartment of Biomedical Sciences and Human Oncology, Unit of Internal Medicine “Guido Baccelli”, University of Bari Medical School, Bari, Italy;
bPathology Unit & Leukemia Unit, San Raffaele Hospital Scientific Institute, Milan, Italy; cHematology Unit, IRCCS “Giovanni Paolo II”, Bari, Italy

ABSTRACT
Endothelial cells (EC) line the bone marrow microvasculature and are in close contact with CD8+ T cells
that come and go across the permeable capillaries. Because of these intimate interactions, we investi-
gated the capacity of EC to act as antigen-presenting cells (APC) and modulate CD8+ T cell activation
and proliferation in bone marrow of patients with multiple myeloma (MM) and monoclonal gammo-
pathy of undetermined significance. We found that EC from MM patients show a phenotype of semi-
professional APC given that they express low levels of the co-stimulatory molecules CD40, CD80 and
CD86, and of the inducible co-stimulator ligand (ICOSL). In addition, they do not undergo the strong
switch from immunoproteasome to standard proteasome subunit expression which is typical of mature
professional APC such as dendritic cells. EC can trap and present antigen to CD8+ T cells, stimulating a
central memory CD8+ T cell population that expresses Foxp3 and produces high amounts of IL-10 and
TGF-β. Another CD8+ T cell population is stimulated by professional APC, produces IFN-γ, and exerts
antitumor activity. Thus, two distinct CD8+ T cell populations coexist in the bone marrow of MM
patients: the first population is sustained by EC, expresses Foxp3, produces IL-10 and TGF-β, and exerts
pro-tumor activity by negatively regulating the second population. This study adds new insight into the
role that EC play in MM biology and describes an additional immune regulatory mechanism that inhibits
the development of antitumor immunity and may impair the success of cancer immunotherapy.
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Introduction

Multiple myeloma (MM) is a lethal plasma cell malignancy that
is often preceded by a preneoplastic phase termed monoclonal
gammopathy of undetermined significance (MGUS).1 The
mechanisms by which MGUS progresses into full-blown MM
are incompletely understood. It has been recently recognized
that both patients with MGUS and those with MM have, in the
bone marrow, tumor-specific CD8+ T cells that are, however,
unable to limit the expansion of the malignant plasma cells.2-5

Tumor-specific CD8+ T cells flooding into the bone marrow
initially encounter endothelial cells (EC) that line the bone
marrow microsinusoids. Trafficking of CD8+ T cells between
blood and bone marrow is facilitated by the discontinuous base-
ment membrane and the EC fenestrations of sinusoids.6 During
their trafficking, CD8+ T cells have intimate contact with EC, but
the implications of this contact are so far unknown.7

Besides the canonical “professional” antigen-presenting
cells (pAPC; e.g., dendritic cells), EC are one of the few cell
types that have been shown to express both HLA class I and II
along with co-stimulatory molecules such as CD40, CD80,
CD86 and ICOSL, which are necessary for presenting peptide

antigens to CD4+ and CD8+ T cells (reviewed in8). EC express
the protein machinery for endogenous antigen processing,
including proteasome subunits (delta, zeta, MB1, LMP2,
LMP7, and LMP10), chaperons and peptide transporters. In
some studies, EC have also been shown to trap and cross-
present exogenous antigens to activated CD8+ T cells, indu-
cing in them a regulatory phenotype (Foxp3+, IL-10+, TGF-
β+).9-14 Whether tumor-specific CD8+ T cell responses to
plasma cells are regulated by bone marrow EC is not currently
understood, and any potential effect of EC on these responses
remains essentially unexplored.

In this study, we analyzed the frequency as well as the
phenotypic and functional features of EC and CD8+ T cells
from MM and MGUS patients, and explored the immunolo-
gic effects of the interaction between EC and tumor-specific
CD8+ T cells within the bone marrow.

Results

To understand the immunological role that EC play in tumor-
specific CD8+ T cell responses during the MGUS-to-MM
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progression, we explored a variety of features and functions of
these cells from the bone marrow of 20 patients withMGUS and
20 patients with newly diagnosed, symptomatic MM. First, we
identified EC and CD8+ T cells and established their relative
location within the bone marrow compartment. To this aim,
tissue sections from the iliac crest of MGUS and MM patients
were immunostained for CD8 and CD34 and analyzed by optical
microscopy. EC from both groups were found to line permeable
capillaries and be often in direct contact with T cells (Figure 1A).

We then quantified EC and CD8+ T cells in the two groups.
To this aim, freshly isolated bone marrow mononuclear cells

(BMMC) were immunostained and analyzed by flow cytome-
try. EC frequency was determined as the proportion of live cells
that were CD45−, CD105+ and CD309+ (Figure 1B). CD8+ T
cell frequency was determined as the proportion of live cells
that were CD3+CD8+ (Figure 1C). The mean percentage of EC
was significantly (P = 0.0180) lower in MGUS (0.44% ± 0.31%)
than in MM (0.91% ± 0.73%) patients (Figure 1D). Conversely,
the mean percentage of CD8+ T cells was significantly
(P = 0.0157) higher in MGUS (11.13% ± 4.80%) than in MM
(7.31% ± 5.16%) patients (Figure 1F). Absolute numbers of EC
(P = 0.0140) and CD8+ T cells showed similar trends

Figure 1. EC and CD8+ T cells in bone marrow. (A) Representative photomicrographs of bone marrow biopsies from MGUS and MM patients stained for CD8 (brown)
and CD34 (pink). (B-G) Frequency of EC and CD8+ T cells in bone marrow samples from 20 MGUS and 20 MM patients. (B,C) Flow cytometry strategies: gating was
done sequentially on live cells, on CD45− cells, and then on CD105+CD309+ cells to identify EC (B), or it was done on live cells, on CD3+ cells, and then on CD8+ cells
to identify CD8+ T cells (C). Representative plots from one patient for each group. (D-E) EC cells expressed as percentages (D) and in absolute numbers (E). (F-G) CD8+

T cells expressed as percentages (F) and in absolute numbers (G). (H) Memory markers of CD8+ T cells, expressed as percentages of cells expressing CD45RA and CCR7
assessed by flow cytometry. Bar graphs show means and standard deviations. Mann-Whitney test.
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(Figure 1E,G). Altogether, these results suggest that as the
frequency of EC increases, that of CD8+ T cells decreases in
bone marrow during the MGUS-to-MM progression.

The phenotype of bone marrow CD3+CD8+ T cells was
also analyzed regarding the expression of CD45RA and CCR7
(Figure 1H). In both MGUS and MM patients, a prevalence of
CCR7− cells was observed. These cells were found to be
almost equally divided between CD45RA+ (effector cells)
and CD45RA− (effector memory cells). CD45RA+CCR7+

(naive) and CD45RA−CCR7+ (central memory) cells repre-
sented smaller populations in the bone marrow. Altogether,
these results document that bone marrow from MM and
MGUS patients contains a CD8+ T cell population that con-
sists mainly of effector and effector memory cells.

We next analyzed the expression by EC of molecules
potentially involved in the processing and presentation of
antigens to CD8+ T cells. To this aim, freshly prepared
BMMC were immunostained for EC markers along with
HLA class I molecules, the co-stimulatory molecules CD40,
CD80 and CD86, the inducible co-stimulator ligand (ICOSL),
and the lymphocyte function-associated antigen 3 (LFA-3).
Flow cytometric analysis revealed that the majority of EC
expressed HLA class I antigens (92.40% ± 6.09% in MGUS,
91.27% ± 5.40% in MM; Figure 2A) and that the positive cells
in MGUS and MM samples had similar expression levels of
these antigens (6.08% ± 4.68% in MGUS, 6.56% ± 4.65% in
MM) (Figure 2B). Regarding ICOSL, both the mean percen-
tage of positive cells and the expression levels were signifi-
cantly higher in MM than in MGUS samples (P = 0.0344 and
P = 0.0245) (Figure 2A-B). Cells expressing LFA-3 were
abundant in both MGUS (83.15% ± 15.16%) and MM
(91.21% ± 8.78%) samples, but LFA-3 expression levels were
significantly higher in MM samples (4.13% ± 2.61% in MGUS
and 6.22% ± 2.45% in MM, P = 0.0322) (Figure 2A,B). Low
percentages of cells were positive for the co-stimulatory mole-
cules, with similar levels between groups for CD40 and CD80
but a significantly higher percentage of CD86-positive cells in
MM samples (Figure 2C); a similar pattern emerged for the
expression levels of the co-stimulatory molecules in the posi-
tive cells (Figure 2D). These results demonstrate that ex vivo
EC have a phenotype of semi-professional APC, given that
they express low levels of costimulatory molecules.

With a view to performing functional assays requiring
higher number of cells, expression of these molecules was
also analyzed on EC grown in vitro to understand whether
and how these cells differ from their ex vivo counterpart. To
this aim, immunostaining and flow cytometry were performed
on EC that had been immunomagnetically purified from 3-
week-old adherent BMMC cultures and expanded for four
passages. Cells were cultured in the absence or presence of
two cytokines relevant for MM progression, namely IL-6 and
VEGF. In cells cultured without cytokines, the percentages
and expression levels of positive cells for ICOSL, LFA-3,
CD80, CD86, and CD40 appeared to be substantially reduced
compared with those observed ex vivo, for both MGUS and
MM, while for HLA class I there did not seem to be any
change (Figure 2G–L). The addition of IL-6 or VEGF
increased levels of all investigated molecules, but only the
combined stimulation by the two cytokines was able to restore

the same pattern of expression found ex vivo for all molecules.
Overall these results demonstrate that the semi-professional
phenotype of EC can be preserved after in vitro expansion
with IL-6 and VEGF.

We also examined levels of standard proteasome and
immunoproteasome subunits in EC from the two study
groups. Freshly prepared BMMC were immunostained for
surface EC markers and intracellularly stained for proteasome
subunits. Flow cytometric analysis of protein levels, expressed
in MESF (molecular equivalents of soluble fluorochrome)
units, revealed that the standard proteasome subunits delta
and zeta were lower in MM than in MGUS samples
(P = 0.0337 and P = 0.0208, respectively), with no significant
difference for MB1. In contrast, the immunoproteasome sub-
units LMP2 (P = 0.0499), LMP7 and LMP10 were higher in
MM than MGUS samples (Figure 3A). Expression levels of
proteasome subunits were then used to calculate ratios
between the immunoproteasome and standard proteasome
subunits; this was done for each patient and averaged for
each group. The three ratios, namely LMP2/delta, LMP7/
MB1, and LMP10/zeta, were all higher in EC from MM
than MGUS patients (Figure 3C). Overall these findings indi-
cate that EC from MM patients are similar to immature DC as
regards their subunit proteasome profile.

We next assessed the ability of EC from MGUS and MM
patients to internalize foreign particles in a phagocytosis
assay. To this aim, purified, expanded EC were incubated
with fluorescently labeled targets, including dextran, ovalbu-
min, opsonized latex beads, and opsonized, apoptotic,
PKH26-labeled plasma cells (Figure 4). Fluorescence micro-
scopy and flow cytometry revealed that EC from MGUS
patients were poorly efficient in engulfing the foreign parti-
cles, whereas EC from MM patients showed strong phagocytic
activities, especially towards opsonized latex beads and opso-
nized apoptotic plasma cells (P = 0.0022 and P = 0.0006; MM
vs MGUS). Phagocytosis was negligible in control samples
incubated on ice (data not shown). These results indicate
that bone marrow EC from MM (but not MGUS) patients
have phagocytic capacity similar to that of immature DC, and
suggest a link between the bone marrow microenvironment
during myeloma progression and regulation of the phagocy-
tosis process in EC.

We then analyzed the ability of bone marrow EC to present
their phagocytized tumor plasma cell antigens to CD8+ T cells
by measuring EC-induced cytokine production by CD8+ T
cells. To this aim, in vitro-expanded bone marrow EC from
MM patients were cultured with autologous bone marrow
CD8+ T cells in the presence of autologous opsonized apop-
totic plasma cells. After 6 days, flow cytometry revealed that
the percentage of IFN-γ+ T cells was negligible
(3.71% ± 1.34%), while those of IL-10+ and TGF-β+ cells
averaged above 25% (Figure 5A,B). Similar results emerged
from the count of spot-forming units (Figure 5C). No cyto-
kine production was observed when EC and CD8+ T cells
were cultured without opsonized apoptotic plasma cells (data
not shown). To determine whether the observed CD8+ T cell
cytokine profile depended on EC, the experiment was
repeated replacing EC with autologous DC. This time an
opposite cytokine pattern was observed, where the frequency

ONCOIMMUNOLOGY e1486949-3



of IFN-γ-producing cells (67.34% ± 22.46%) was significantly
(P = 0.0002) higher than that of IL-10-producing
(3.20% ± 1.41%) or TGF-β-producing (0.70% ± 0.28%) cells
(Figure 5D–F). These findings indicate that inhibitory

cytokines are produced by CD8+ T cells when they are
exposed to EC.

To determine if the EC-induced and DC-induced cytokine
production profiles identified two distinct subsets of bone

Figure 2. Surface phenotype of bone marrow EC. (A,C) Percentages and (B,D) expression levels in positive cells reported in units of MESF. Mann-Whitney test.
P-values are shown only for statistically significant comparisons. (E-F) Representative overlay plots show isotype control (white) and the expression of the indicated
molecule (light gray) in (E) MGUS and (F) MM patients. (G,I) Percentages and (H,L) expression levels in positive cells reported in units of MESF of in vitro-expanded EC
upon stimulation with IL-6, VEGF or both. Wilcoxon signed rank test.

e1486949-4 P. LEONE ET AL.



marrow CD8+ T cells (or two different cytokine responses by
the same CD8+ T cells), we investigated their phenotypes in
terms of memory and regulatory markers. IL-10- and TGF-β-
producing CD8+ T cells were Foxp3+ and CD45RA−CCR7+

(Figure 6A), whereas IFN-γ-producing CD8+ T cells were
Foxp3− and CD45RA−CCR7− (Figure 6B). Comparison of
cultures containing only CD8+ T cells and autologous EC
with those containing CD8+ T cells, autologous EC and auto-
logous opsonized apoptotic plasma cells (oaPC) showed that
the percentages of CD8+IL-10+CD45RA−CCR7+ and of
CD8+IL-10+Foxp3+ cells were significantly lower (P = 0.023,
P = 0.039, respectively) in the first (Figure 6C,D). These
results suggest that EC support the proliferation of the
above-described CD8+ T cell subsets. This ability was con-
firmed in a T cell proliferation assay that measured the incor-
poration of EdU, a thymidine analog, into DNA of CD8+ T
cells cultured for 6 days with in vitro-expanded autologous
bone marrow EC (Figure 6E,F). This assay showed that the
CD8+ T cell growth response was significantly greater in the
presence than in the absence of autologous oaPC (P = 0.0286).

Overall, these findings indicate that two tumor antigen-
experienced CD8+ T cell populations harbor in the bone
marrow of MM patients: one central memory population
that produces IL-10 and TGF-β, and one effector memory
population that produces IFN-γ. Whereas the first one is
stimulated by EC, the second one is stimulated by DC. To
confirm, at the epitope level, the observed capacity of EC to
sustain a central memory population producing IL-10 and
TGF-β, we cultured EC from selected HLA-A*0201-positive
MM patients with autologous CD8+ T cells in the presence of
an established myeloma-associated HLA-A*0201-restricted
antigen, namely the NY-ESO-1157–165 peptide. After 6 days,
we harvested CD8+ T cells and expanded them with

polyclonal stimulus (anti-biotin particles preloaded with bio-
tinylated CD2, CD3 and CD28 antibodies). Flow cytometry of
the resulting NY-ESO-1157–165–specific CD8+ T cell popula-
tion revealed that the majority of these cells stained positively
for intracellular IL-10, TGF-β, and Foxp3 and were
CD45RA−CCR7+ (Figure 6G), in agreement with the previous
experiments. Cytokine production was inhibited by blocking
the HLA class I molecules with a specific mAb (data not
shown), indicating the HLA class I-restricted nature of the
antigen presentation by EC.

We also examined the capacity of EC to promote the
proliferation of NY-ESO-1-specific CD8+ T cells. To this
aim, in vitro-expanded bone marrow EC were cultured with
autologous bone marrow CD8+ T cells in the absence or
presence of NY-ESO-1157–165 peptide or control peptides
(influenza matrix58-66 and HIV-1 gag p1776-84), and T cell
proliferation was assayed after 6 days. The CD8+ T cell
response to EC stimulated with the tumor peptide NY-ESO-
1157–165 was significantly higher than controls (P = 0.0286)
(Figure 6H,I), indicating that EC are able to expand tumor-
specific CD8+ T cells (NY-ESO-1157–165 peptide-specific CD8

+

T cells).
Finally, we tested the ability of the central memory CD8+ T

cells expressing Foxp3 and producing IL-10 and TGF-β to
suppress effector memory CD8+ T cells producing IFN-γ. To
this aim, DC were cultured with autologous CD8+ T cells alone
(control) or with EC-exposed autologous CD8+ T cells in the
presence or absence of autologous oaPC. After 6 days, the T cell
proliferation assay showed that EC-exposed CD8+ T cells had
little effect on T cell growth when oaPC were lacking, while they
displayed a marked suppressive function when stimulated by
oaPC. The addition of neutralizing anti-IL-10 mAb, but not of
the corresponding isotype control, abrogated suppression

Figure 3. Proteasome components in bonemarrow EC. (A) Graphs show expression levels in positive cells reported in units of MESF in MGUS (light gray) and MM (dark gray)
patients. Mann-Whitney test. (B) Representative dot plots gated on EC according to Figure 1. The percentage of EC fromMGUS and MM patients expressing delta and LMP2
are depicted. (C) Graphs show immunoproteasome/standard proteasome subunit MESF ratios in MGUS and MM patients. Mann-Whitney test.
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Figure 4. Phagocytosis by bone marrow EC. (A-H) Representative photomicrographs of EC from MGUS patients (left panels) and MM patients (right panels) that have
engulfed, in vitro, green fluorescent dextran, green fluorescent ovalbumin, green fluorescent latex beads, or opsonized red fluorescent fragments of apoptotic plasma
cells. (I) Quantification of phagocytotic cells, expressed as the percentage of fluorescent live cells. Mann-Whitney test.
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(Figure 6J). These results strongly support the idea that EC-
exposed CD8+ T cells function as regulatory cells that require
specific antigen for their activation, but once activated they act
in an antigen-nonspecific manner via IL-10.

Discussion

Although it is well established that EC are crucial for survival
and growth of tumor plasma cells and that bone marrow
angiogenesis is a recognized hallmark of the MGUS-to-MM
progression,15,16 there was no evidence so far that EC could
directly activate plasma cell tumor-specific CD8+ T cells. Our
study provides this evidence, demonstrating that primary EC
have the phenotypic signature and molecular machinery for
trapping, processing and presenting tumor plasma cell-
derived antigens on HLA class I molecules. This in turn
leads to the stimulation of a subset of central memory CD8+

T cells with a strong capacity to suppress the proliferation of
effector memory CD8+ T cells. Altogether, the process allows
MM to escape antitumor T cell responses.

Our study confirms and extends previous observations
from our group and others that the clinical progression of
MGUS to MM is not caused by the deletion of antitumor
CD8+ T cells from the tumor bed, because these cells can
be expanded in vitro if properly activated by pAPC.2-5

Moreover, and more importantly, our study provides evi-
dence for a novel mechanism to explain why antitumor
CD8+ T cells fail in vivo to eradicate tumor plasma cells,
adding a new entry to the list of immune surveillance-
evasion strategies. Indeed, we found that two distinct but
interdependent CD8+ T cell populations coexist in the bone
marrow of MM patients: the first population is stimulated
by pAPC (such as DC), produces IFN-γ, and exerts anti-
tumor activity; the second is stimulated by EC in an

Figure 5. Cytokine production by bone marrow CD8+ T cells from MM patients. CD8+ T cells were stimulated by autologous EC (A-C) or DC (D-F) in the presence of
autologous opsonized apoptotic plasma cells. (A,D) Representative flow cytometric plots. (B,E) Percentages of IFN-γ-, IL-10- and TGF-β-producing CD8+ T cells. (C,F)
Counts of spot-forming units. Kruskal-Wallis test.
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antigen-specific fashion, produces IL-10 and TGF-β, and
exerts pro-tumor activity by negatively regulating the activ-
ity of the first population.

Bone marrow microvessel density has emerged as an inde-
pendent prognosis factor in MM.17 Because we found that the
number of EC, their skewing towards an immunoproteasome

Figure 6. Phenotype, proliferation and suppressor activity of EC-exposed CD8+ T cells (from 4 MM patients). (A) Representative flow cytometry plots showing the
regulatory (IL-10+Foxp3+, TGF-β+Foxp3+) and central memory (CD45RA−CCR7+) phenotypes of CD8+ T cells stimulated by autologous EC in the presence of
autologous opsonized apoptotic plasma cells (oaPC). (B) Representative plots showing the effector memory (IFN-γ+CD45RA−CCR7−) phenotype of CD8+ T cells
stimulated by autologous DC in the presence of oaPC. Percentages of (C) CD8+IL-10+CD45RA−CCR7+ and (D) CD8+IL-10+Foxp3+ T cells after stimulation with
autologous EC without or with oaPC; Wilcoxon signed-rank test. (E-F) Representative plots and percentages of CD8+ T cells that proliferated upon stimulation with
autologous EC and oaPC. Mann-Whitney test. (G) Representative plots showing the regulatory (IL-10+Foxp3+, TGF-β+Foxp3+) and central memory (CD45RA−CCR7+)
phenotypes of in vitro-expanded, HLA-A2 NY-ESO-1157–165 peptide-specific bone marrow CD8+ T cells upon incubation with autologous bone marrow EC. (H-I)
Representative plots and percentages of CD8+ T cells that proliferated upon stimulation with autologous EC, alone or in the presence of NY-ESO-1157–165, influenza
matrix58-66 or HIV-1 gag p1776–84 peptide; Mann-Whitney test. (J) Four independent experiments showing that EC-exposed CD8+ T cells (EC-expCD8) suppress tumor
plasma cell-specific CD8+ T cell proliferation by autologous DC only when stimulated with oaPC but not when left unstimulated. In some wells, anti-IL-10 mAb or
isotype control was added. E indicates effector cells; N, naïve cells; Em, effector memory cells; and Cm, central memory cells.
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assembly (profile), and their ability to trap exogenous antigens
are higher in MM than in MGUS patients, it is likely that the
EC-mediated expansion of regulatory CD8+ T cells increases
during the transition from MGUS to MM and that new vessel
formation in bone marrow parallels MM evasion from T cell
immune surveillance.

Some interesting speculations can be formulated from our
findings. The biology of the exogenous antigen acquisition
process by EC is not fully elucidated, but it seems to be
enhanced by some form of apoptotic cell opsonization. This
process may be antibody-dependent, as seen here. It may also
be lactadherin-dependent, as already demonstrated for the
phagocytosis of aged erythrocytes and apoptotic melanoma
cells by angiogenic EC of tumor-bearing mice18 and for the
phagocytosis of acute promyelocytic leukemia cells by macro-
phages and EC.19

Either way, EC are considered non-professional phagocytes
that can become capable of phagocytosis following adhesion
to matrix or under the influence of cytokines. In particular,
angiogenesis promotes EC to express on their surface the αv-
integrins that facilitate the growth and survival of nascent
vessels and at the same time favors the phagocytic ability of
EC.20 The type I and II IFN released in the microenvironment
during pathological circumstances enhances the expression of
the phagocytic receptor Fcγ.21,22 It is also possible that some
of the phagocytic EC are actually EC-like macrophages, i.e.
macrophages that have acquired EC markers and formed
capillary-like structures under the influence of MM plasma
cell-derived cytokines.23

Once exogenous antigens are acquired by EC, these anti-
gens may follow two different pathways for degradation and
peptide loading on HLA class I molecules: a cytosolic pathway
(TAP-dependent and proteasome-dependent)24-28 or a vacuo-
lar pathway (TAP- and proteasome-independent).29

Regardless of the specific pathway, the consequence of this
cross-presentation is induction of tumor plasma cell-specific
CD8+ T cells.30 These are central memory T cells that are
regulatory because of the incomplete or weak signal received
by EC, suggesting a role of EC as semi-professional APC.
Additional studies are required to understand the molecular
mechanisms responsible for the induction of this regulatory
CD8+ T cell subset within bone marrow of MM patients.

Many studies have characterized the antigen presentation
function of EC with a preferential activation of memory CD8+

T cells (reviewed in13). It is consistent with differences in the
anatomic location of antigen recognition by naïve and mem-
ory T cells and with the observations that memory CD8+ T
cells need less stringent signals for their activation. Moreover,
studies in mice have demonstrated that EC can activate and
induce the generation of CD4+ regulatory T cells in a way
dependent on programmed death-1 and IL-10.31,32

In conclusion, our study defines a new role that EC play in the
creation of an immune-suppressive tumor microenvironment
within bone marrow. We provide evidence that bone marrow
EC act as APC and cause harmful effects on anti-tumor T cell
responses by sustaining a central memory CD8+ T cell popula-
tion with regulatory function. This evidence suggests that cellu-
lar and molecular events traditionally considered to pertain to

either angiogenesis or immunosuppressive mechanisms are
mutually dependent in a tumor setting. In other words, the
same cell population can simultaneously promote angiogenesis
and mediate immunosuppression. This knowledge has implica-
tions for the design of new strategies to treat MM and may in
part explain therapeutic failures, as the field has conventionally
targeted only one of these mechanisms. Our study encourages
testing the combination of conventional cancer immunothera-
pies with vascular-targeting treatments.

Materials and methods

Study subjects and biological samples

The aim of this study was to understand the immunological
role that EC play in tumor-specific CD8+ T cell responses
during the MGUS-to-MM progression. Paired peripheral
blood and bone marrow samples were obtained from 40
patients with newly diagnosed monoclonal gammopathies.
Patients were classified as having MGUS (n = 20) or sympto-
matic MM (n = 20) according to the International Myeloma
Working Group criteria.33 Sampling of bone marrow con-
sisted of aspiration followed by biopsy of the posterior iliac
crest. Clinical laboratory testing included HLA typing for all
patients. The study protocol was approved by the University
of Bari Medical School Ethics Committee and conformed to
the good clinical practice guidelines of the Italian Ministry of
Health. Written informed consent was obtained from each
subject in accordance with the Declaration of Helsinki.

Tissue and cell preparations

Bone marrow tissue was fixed, decalcified, and routinely pro-
cessed into 4-µm sections. Peripheral blood and bone marrow
mononuclear cells (PBMC and BMMC, respectively) were
isolated by Ficoll-Paque Plus (GE Healthcare Life Sciences)
density gradient centrifugation. CD8+ T cells, dendritic cells
(DC), and tumor plasma cells were purified from BMMC or
PBMC by automated magnetic sorting using, respectively,
anti-CD8 microbeads, Blood Dendritic Cell Isolation Kit II,
and anti-CD138 microbeads (Miltenyi Biotec). EC were iso-
lated by automated magnetic cell sorting with anti-CD31
microbeads (Miltenyi Biotec) from adherent BMMC that
had been cultured for 3 weeks in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS, 2 mM
L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomy-
cin (all from Sigma-Aldrich). All sorted cell populations
exhibited >95% purity as revealed by flow cytometry on
immunostained cells. Purified EC were grown and expanded
for four passages in fibronectin-coated culture dishes (BD
Falcon) in endothelial basal medium (EBM-2, Lonza) contain-
ing 5% FBS with or without 25 ng/mL rIL-6 (R&D Systems)
and/or 10 ng/mL VEGF (Miltenyi Biotec).

Tumor plasma cells from patients were opsonized by incu-
bation with anti-syndecan-1 mAb (1 µg/mL; Serotec) for
30 minutes at 4°C and then made apoptotic by five freeze-
thaw cycles. Total cell disruption was confirmed with trypan
blue staining.
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Immunostaining and labeling of tissues and cells

Bone marrow sections were double stained for CD8 and CD34
using commercial monoclonal antibodies (mAb)
(Supplementary Table 1) and an enzymatic double-staining
immunohistochemistry kit (Dako). Cells were stained for sur-
face and intracellular molecules as described previously4 using
both commercial mAb (Supplementary Table 1) and non-
commercial mAb provided by S. Ferrone (Boston, USA).
These non-commercial mAb were directed against protea-
some subunits delta, MB1 and zeta (mAb SY-5, SJJ-3 and
NB1, respectively) and immunoproteasome subunits LMP2,
LMP7 and LMP10 (mAb SY-1, HB2 and TO-7, respectively).
These mAb, whose production and characterization have
already been reported,34 were labeled with FITC and used as
described previously.5 For EC identification, we chose the EC
markers CD105 and CD309 because CD105 is upregulated in
actively proliferating EC, CD309 is essential for the functions
of vascular EC, and both are associated with tumor
neoangiogenesis.35-39 NY-ESO-1157–165 HLA-A*0201 PE-con-
jugated pentamer was purchased from Proimmune and used
according to the vendor’s instructions.

Microscopy and flow cytometry

Stained bone marrow sections were analyzed with a Zeiss
Axioskop 40 microscope equipped with a Zeiss AxioCam
MRc digital camera. Fluorescent stained cells were directly
visualized under a Nikon TE2000 inverted microscope with
an epifluorescence source, or they were analyzed on an FC500
flow cytometer using CXP software (Beckman Coulter) or
FlowJo software. Protein expression levels were defined as
the percentage of cells staining positively on flow cytometry
and were also quantified in units of molecular equivalents of
soluble fluorochrome (MESF)5,40 in order to reduce signifi-
cantly inter-test variability. For cells stained with pentamers,
the level of nonspecific binding was calculated from the back-
ground signal observed in cells from four HLA-A*0201-nega-
tive patients. In particular, the cutoff for pentamer-positive
signals was set as the average background signal plus 3 SD.

Phagocytosis assay

Labeled targets for phagocytosis included FITC-labeled oval-
bumin (Thermo Fisher Scientific, cat. no. O23020), FITC-
labeled dextran (Thermo Fisher Scientific, cat. no. D1821),
and FITC-labeled rabbit-IgG-opsonized latex beads (Cayman
Chemical, cat. no. 400291). Additionally, labeled targets were
prepared from tumor plasma cells, by staining with the
PKH26 (red) lipophilic dye mini kit (Sigma-Aldrich, cat. no.
089K0781), followed by opsonization and making them
apoptotic.

For the phagocytosis assay, 5 × 104 immunomagnetically
purified EC (expanded in the presence of IL-6 and VEGF
for four passages) were incubated at 37°C with: 1 mg/mL
FITC-labeled dextran (1 hour); 1 mg/mL FITC-labeled oval-
bumin (1 hour); 100 μl/mL FITC-labeled opsonized latex
beads (20 hours); or 5 × 104 opsonized, apoptotic, PKH26-
labeled plasma cells (20 hours). Negative control

incubations were done on ice. All incubations were done
in 500 μL EBM-2 containing IL-6 and VEGF in chambered
cell culture slides (BD Falcon). After incubation, EC were
washed twice with PBS + 0.5% FBS and incubated with
0.1 mg/mL 4,6 diamidino-2-phenylindole (DAPI; Sigma-
Aldrich) for 10 min at room temperature. The uptake of
labeled targets was visualized by fluorescence microscopy
and quantified by flow cytometry, with phagocytotic cells
being expressed as the percentage of live cells that were
fluorescent.

Antigen presentation assays

Antigen-presenting cells consisted of EC or DC exposed to
antibody-coated apoptotic plasma cells or to synthetic pep-
tide. Antigen presentation assays were performed by slightly
modifying a previously described protocol.4 Briefly,
2–5 × 104/well EC or DC were cultured with 5–12.5 × 104/
well autologous CD8+ T cells (EC/DC:CD8+ T cell ratio of
1:2.5) and, when antigen loading was required, also with one
of the following: 2–5 × 104/well opsonized autologous apop-
totic tumor plasma cells (EC/DC:138-cell ratio of 1:1); 10 µg/
mL influenza A matrix protein (MP) peptide MP58-66
(Proimmune); 10 µg/mL HIV gag p1776-84 peptide
(Proimmune); or 10 µg/mL NY-ESO-1157–165 peptide
(Proimmune). These assays were done in 200 μL TexMACS
medium (Miltenyi Biotec) containing 10% FBS in 96-well
round-bottom plates. Cells were grown at 37°C in a humidi-
fied atmosphere containing 5% CO2. In some wells, the HLA-
ABC–specific mAb TP25.99.8.425 was added at 10 µg/mL.
After 6 days, cytokine production by CD8+ T cells was ana-
lyzed by immunofluorescence staining and flow cytometry, or
the cells were tested in T cell proliferation and ELISpot assays
(IFN-γ ELISpot kit, IL-10 ELISpot kit, and TGF-β ELISpot kit,
all from R&D Systems).

T cell proliferation assay

CD8+ T cells were cultured for 6 days without or with auto-
logous EC as described in the antigen presentation assay. In
the last 18 hours, 5-ethynyl-2’-deoxyuridine (EdU, Life
Technologies) was added to a final concentration of 2.5 µM
to label newly synthesized DNA. Then, cells were harvested,
washed in PBS containing 1% BSA, stained with FITC-con-
jugated anti-CD8 mAb, fixed with Click-iT fixative (Life
Technologies), and permeabilized with Click-iT saponin-
based permeabilization buffer (Life Technologies). Staining
of EdU-containing DNA was performed with a Click-iT Plus
EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Life
Technologies).

Generation of EC-exposed antigen-specific CD8+ T cells

CD8+ T cells were cultured and expanded with autologous EC
and the NY-ESO-1157–165 peptide, as described in the antigen
presentation assay. After 6 days, CD8+ T cells were harvested
and stimulated with anti-biotin MACSiBead particles loaded
with biotinylated anti-CD2/CD3/CD28 antibodies (Miltenyi
Biotec; bead-to-cell ratio, 1∶2) in 200 μL TexMACS medium
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supplemented with 10% FBS, 100 U/mL penicillin, and 100
μg/mL streptomycin in 96-well round-bottom plates. Cells
were incubated at 37°C in a humidified atmosphere contain-
ing 5% CO2. The medium was replaced with fresh culture
medium containing 20 U/mL rIL-2 (Miltenyi Biotec) on days
4, 7, 11, and 14; on day 7, the fresh culture medium also
contained 10 ng/mL rIL-7 (Miltenyi Biotec). Cultures were
restimulated on day 7. On day 14, cells were harvested and
analyzed by flow cytometry for phenotype and cytokine
production.

Suppression assay

DC purified from peripheral blood mononuclear cells (PBMC)
of MM patients (5 × 104/well) were cultured with autologous
purified CD8+ T cells (5 × 105/well; T/DC cell ratio, 10:1) alone
or with autologous EC-exposed CD8+ T cells, with or without
opsonized apoptotic plasma cells (5 × 104/well). In some wells,
neutralizing anti-IL-10 antibody (JES3-9D7, eBioscience) or iso-
type control antibody was added at the beginning of the assay.
Cells were grown at 37°C in 200 μL RPMI 1640 supplemented
with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100
μg/mL streptomycin in 96-well round-bottom plates for 6 days.
In the last 18 hours, EdU was added and cells were processed as
described in the T cell proliferation assay. Data were expressed as
the percentage of inhibition of T cell proliferation compared
with that observed with only DC and autologous CD8+ T cells.

Statistical analysis

Statistical analyses were performed using Prism (GraphPad
Software). Nonparametric statistics were preferred because
much of the data was not normally distributed. Tests included
the Mann-Whitney test and Kruskal-Wallis test for compar-
isons of groups, and the Wilcoxon signed rank test for com-
parison of matched samples. P-values are shown only for
statistically significant comparisons. A value of P < 0.05 was
taken to indicate significance.
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