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Abstract

Follicular lymphoma (FL) is a remarkably immune-responsive malignancy, which is still considered incurable. As, standard
immunochemotherapy is complex, toxic and not curative, improvement in FL care is now a crucial topic in hemato-oncology.
Recently, we and others have shown that dendritic cell (DC)-based therapies allow a specific immune response associated
with sustained lymphoma regression in a proportion of low-tumor burden FL patients. Importantly, the rate of objective
clinical response (33-50%) and of sustained remission is remarkably higher compared to similar studies in solid tumors, cor-
roborating the assumption of the immune responsiveness of FL. Our experimental intra-tumoral strategy combined injection
with rituximab and interferon-a-derived dendritic cells (IFN-DC), a novel DC population particularly efficient in biasing
T-helper response toward the Th1 type and in the cross-priming of CD8 +T cells. Noteworthy, intra-tumoral injection of DC
is a new therapeutic option based on the assumption that following the induction of cancer-cell immunogenic death, unloaded
DC would phagocytize in vivo the tumor associated antigens and give rise to a specific immune response. This approach
allows the design of easy and inexpensive schedules. On the other hand, advanced and straightforward methods to produce
clinical-grade antigenic formulations are currently under development. Both unloaded DC strategies and DC-vaccines are
suited for combination with radiotherapy, immune checkpoint inhibitors, immunomodulators and metronomic chemotherapy.
In fact, studies in animal models have already shown impressive results, while early-phase combination trials are ongoing.
Here, we summarize the recent advances and the future perspectives of DC-based therapies in the treatment of FL patients.
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Introduction
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Tal considered incurable [1]. However, in the past few decades,
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following advances in both treatment and supportive care,
the median overall survival of FL patients improved to
18 years. About a third of newly diagnosed, advanced-stage
FL are asymptomatic, with low-tumor burden, who have
no reduction in overall survival when systemic treatment
is deferred until lymphoma progression [1], which occurs
within a median of 30 months [2]. The standard first-line
treatment foresees 6—8 cycles of immunochemotherapy
(anti-CD20-antibody plus chemotherapy) delivered by long
intravenous infusions, followed by maintenance with an
anti-CD20-antibody [3-5]. Despite thereafter about 80%
of FLs obtain a long term remission [3], this approach is
complex, expensive and causes an increased rate of early
and late toxicities [5, 6]. Furthermore, it is not curative, as
almost all patients will eventually relapse. In addition, both
the poor responders to first-line immune-chemotherapy and
the 20-30% of patients who transform into high-grade lym-
phoma will need intensive approaches [7]. Subsequent lines
of therapy are generally less and less effective and increas-
ingly toxic, leading to a poor quality of life and a reduced
life expectancy [3, 8]. Therefore, improvement in FL care is
now considered a crucial topic in hemato-oncology.

Recently, breakthrough clinical studies have shown that a
combination therapy based on the immunomodulator lena-
lidomide with rituximab is equally effective to immuno-
chemotherapy and less toxic [9]. Although the overall impact
of this advance still needs to be included, the impressive
activity of this chemo-free combination highlights how the
synergies of this malignancy with the tumor microenvi-
ronment and the host immune system can be successfully
exploited [10]. Some unique features of FL (and other low-
grade lymphomas) make this chronic cancer particularly
attractive for active immunotherapies. In fact, FL is a slow
growing tumor, which derives from B lymphocytes that
have undergone a productive VDI rearrangements of their
immunoglobulin genes and a subsequent somatic hypermu-
tation. Normally, due to immune tolerance, germline-derived
immunoglobulin peptides are not effective targets for T cells
[11]. On the contrary, the mutated idiotype (Id) contains
novel antigenic determinants. This represents a class of neo-
antigens unique for the entire malignant B-cell clone, and it
was deemed to be an ideal target for therapeutic vaccination
[12, 13].

Indeed, in the 1990s and early 2000, many efforts were
made in order to boost host immune response against the
mutated Id of FL. However, the production of patient-tai-
lored vaccines based on B-cell clone Id for each individual
is very complex, laborious and expensive. Moreover, these
vaccines elicited specific immune responses, but except for
the trial by Schuster et al. [12], they failed to show a clear-
cut clinical benefit in a randomized setting [13]. Nonethe-
less, the search for effectively empowering the host immune
system against FL has never stopped. Recently, a few trials
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based on the concept that dendritic cells (DC) are neces-
sary mediators for eliciting an effective immune response,
yielded promising clinical results.

Conventional and IFN-a dendritic cells
(IFN-DCQ)

Dendritic cells (DC) are professional antigen-presenting
cells (APC) which play a key role in the initiation of pri-
mary immune responses [14]. Since their discovery, it has
been shown that DC lineage is complex and encompasses a
variety of different subsets, including: (1) conventional DC
(cDC), (2) plasmacytoid DC (pDC), (3) Langerhans cells
and monocyte-derived DC (moDC). DC have attracted con-
siderable attention as potential cell drugs in the formulation
of therapeutic cancer vaccines. Cancer vaccination attempts
have recently been made using reinfusion of defined popula-
tions of DC obtained ex vivo from peripheral blood, includ-
ing the use of BDCA1+cDC and pDC [15]. However, the
scarceness of these DC subsets in the peripheral blood has
so far imposed major limitations to their use in the clini-
cal setting. Therefore, most DC-based vaccines employed
moDC differentiated from circulating monocytes cultured in
the presence of IL-4 and GM-CSF and/or other cytokines,
because of the relative ease of retrieving monocytes from
the peripheral blood.

While the optimal culture conditions for generating the
most effective moDC are still a matter of debate, our group
developed an easy and rapid method for generation of par-
tially mature and highly active moDC from blood monocytes
in the presence of IFN-a and GM-CSF (IFN-DC) [16, 17].
IFEN-DC present several advantages over conventional DC,
especially in the clinical setting. The addition of IFN-o and
GM-CSF to human monocytes results in their differentia-
tion into activated DC showing a partially mature phenotype
in only 3 days of culture, thus minimizing cell manipula-
tion and avoiding the addition of maturation factors to the
culture medium. In fact, IFN-DC express very high levels
of costimulatory molecules such as CD80, CD86, CD40
and HLA-DR, as well as variable levels of the maturation
marker CD83 [16, 17] and are also endowed with enhanced
migratory response to chemokines [18]. Despite their par-
tially mature phenotype, IFN-DC retain the capacity to
efficiently engulf proteins and apoptotic cells [17]. While
antigen-loaded IFN-DC promptly acquire a phenotype of
fully mature DC upon encountering PBL [19]. IFN-DC and
conventional DC obtained with IL-4, share typical DC fea-
tures, but also show distinct molecular and functional phe-
notypes. As a result of the transcriptional signature of IFN-
o, IFN-DC show a more advanced maturation and features
of both plasmacytoid DC and NK cells [20, 21]. They are
endowed of greater RNA levels for an array of cytokines and
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chemokines like MCPs, CXCL2 and CXCL-3 which enable
the effective recruitment of other innate effector cells as well
as a predominant Th1 cytokine production. On the molecu-
lar level, IFN-DC also show peculiar features to initiate an
adaptive immune response in the lymph node, displaying a
higher expression of several molecules involved in antigen
processing, migration to and localization in the lymph nodes
(integrin a4 and CCR7) [20, 21].

Worthy of note, IFN-DC present a higher efficiency in
targeting antigens onto class I molecules, with respect to
the mature IL-4-DC counterparts [22]. In fact, IFN-DC
are competent in preserving internalized proteins from
early degradation, thus efficiently routing antigens toward
the MHC-I processing pathway and allowing long-lasting
cross-priming capacity [23]. This suggests that antigens
might be efficiently retained by IFN-DC in lymphoid organs
for extended periods after uptake, favoring the recruitment
of rare specific CD8+ T cell precursors and increasing the
probability of their interaction with the APC. Furthermore, a
different pattern of proteasome activity is apparently present
in IFN-DC, as IFN-o appears to boost epitope cross-presen-
tation by DC, enhancing the expression of immunoprotea-
some subunits [24].

An ideal cancer vaccine should be able to trigger potent
Thl-driven and CTL antitumor responses and, at the same
time, to inhibit regulatory T cells (Treg). IFN-DC are seen
as promising candidates for cancer immunotherapy on the
basis of the handy and safe methodology for their prepara-
tion, their capacity to release a unique array of cytokines and
chemokines known to efficiently favor Thl-type responses
and their enhanced capacity to stimulate CD8+ T cell
immunity. Priming of naive CD4 T cells with autologous
IFN-DC results in a prominent expansion of CXCR3 + IFN-
y-producing CD4 Thl cells [25]. They are also endowed
with a special attitude to produce IL-12 family cytokines
[22], to express higher levels of membrane-bound IL-15 as
compared to IL-4-DC [26] and were also demonstrated as
directly licensed for efficient CD4-independent CD8 + cell
priming [22]. Finally, we recently demonstrated that IFN-
DC loaded with apoptotic lymphoma cells from FL patients
and cultured for two weeks with autologous lymphocytes
led to NK cell activation, a massive IFN-y production, Th1
response skewing and enhanced cytotoxic effector function
toward autologous lymphoma cells, along with a reduced
capacity to induce Treg expansion [26].

Dendritic cell-based immunotherapies
in follicular lymphoma: current status

DC have a pivotal role in priming specific immune responses
against cancer cells. The feasibility of large-scale ex vivo
generation of DC, easily obtained at one time point from

patient’s peripheral blood monocytes and cryopreserved in
ready-for-use aliquots, allows for their clinical exploitation
in cancer therapy. Of note, while a defective differentiation
and functional alteration of the endogenous DC has been
observed in cancer patients [27], the injection/infusion
of autologous antigen-pulsed or unloaded DC, generated
ex vivo, may circumvent tumor-induced dysfunction and
restore immune surveillance. The following trials, through
different approaches, aimed at exploiting DC-based vaccina-
tion strategies in FL (Table 1).

In 2002, Timmerman and co-workers reported on a series
of 35 FL patients, treated with a personalized vaccine based
on autologous Id-pulsed DC. They showed that a specific
immune response was elicited in 65% of patients [28]. This
was associated with objective and durable clinical responses
in about a third of subjects who were relapsed/refractory
(RR) after induction chemotherapy. DC were obtained by
leukapheresis following density-gradient separation and
loaded in vitro with tumor-derived Id protein [28]. The Id-
pulsed DC-vaccine was administered by four repeated IV
infusions. Noteworthy, anti-Id T cell response was shown
in 62%, while an Ab response was detected in 14% of FL.
Interestingly, re-vaccination using the Id-KLH conjugate
to pulse DC, allowed regression, even of large tumor bur-
dens, in patients who failed a clinical response to the initial
DC-vaccine pulsed only with the Id. In addition, only the
DC-Id-KLH vaccination allowed a specific IgG response.
These antibodies were shown to mediate signal transduction
in tumor cells by cross-linking surface immunoglobulin on
B-lymphoma cells, which is known to be an initial step in
the cascade of events leading to apoptosis. This approach,
despite proving clinically effective and based on a strong
rationale was not further pursued, as the requirements of
producing a custom-made protein for each patient and limi-
tation of the antitumor response to a single antigen were
considered significant drawbacks. Conversely, DC-vaccines
using whole tumor cells were shown to be more easily gener-
ated and capable of eliciting immunity against the entire col-
lection of antigens expressed by the tumor, following their
processing and presentation as exogenous cell-derived anti-
genic peptides, thereby evoking T cell antitumor response.

In 2009, Di Nicola and co-workers reported that 6/18
(33%) heavily pre-treated relapsed/refractory (RR) patients
with FL and lymphoplasmacytic lymphoma achieved a
long-term clinical remission following vaccination with
four repeated doses of a DC-vaccine based on whole tumor
cells [29], pre-treated with heat-shock, UV and y-radiation
in order to induce an immunogenic cell death. Worth noting,
an additional 6/18 (33%) subjects remained in stable disease
after vaccination at a median follow-up time of 50 months.
In responders, it was observed an activation of natural killer
(NK) cells, which correlated with a reduced frequency
of Treg cells. Furthermore, a humoral response directed
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Table 1 Major clinical trials of DC-based vaccination of FL patients: features and interpretation of results

DC-based schedule Cycles & DC- Diagnosis/status ORR FUP mo PFS* mo Immunological Refererences
number (CR=n;PR=n) median responses
(range)
1d-pulsed or Id- 4 1V infusion of Stage III-IV FL 36% (CR=6; 64 48 (1-79) Specific T cell 62% [28]
KLH-pulsed DC 2-32%10° CR & RR after PR=4) Anti-Id Abs 14%
chemo Overall 65%
Apoptotic cell- 4 sc. injections of  Stage I-IVFLor  33% (CR=3; 50.5 45 (7-49) Reduction in Tregs [29]
loaded TNF-a- 45+3x10° DC LPL PR=3) %
matured DC RR after chemo Increase of NK %
Specific T cell
response
Anti-HPS Abs
Unloaded immature 4 intra-tumor injec- Stage I-IV FL 38% (CR=1; 60 14 (8-54) Specific CD8+&  [34]
DC, precondition-  tions Untreated & PR=4) CD4 T cell
ing with low-dose Relapsed
radiotherapy and
intra-tumoral
Rituximab
Unloaded IFN-DC 8 intra-tumor injec- Stage III-IV FL 50% (CR=3; 26 13.5 (4-28) Specific CD8+&  [19]
preconditioning tions of 1x 107 RR after chemo PR=1) CDA4 T cell
with low-dose DC
intra-tumoral
Rituximab

FL: follicular lymphoma; LPL: lymphoplasmacytic lymphoma; FUP: follow-up in months; CR: complete remission; PR: partial remission; PFS:

progression free survival in patients who attained PR or CR

against common lymphoma antigens was demonstrated [30].
Remarkably, the extent of cell membrane translocation of the
immune-stimulatory molecules calreticulin (CRT) and heat-
shock protein 90 (HSP90) upon the death-inducing treatment
of lymphoma cells varied in different patients and appeared
to positively correlate with the clinical response to the DC-
vaccine [31].

Pre-clinical studies had shown that rituximab as well as
other targeted antibodies can induce the apoptosis of lym-
phoma cells and their uptake by DC via the Fc receptor [32,
33]. Furthermore, it was demonstrated that when DC are
allowed to internalize antibody-coated lymphoma cells,
the cross-presentation of tumor antigens to T cells leads to
a wider and more potent immune response not primarily
directed toward lymphoma Id, as compared to the uptake of
untreated apoptotic cells or lysate [33].

In a following clinical study by Kolstad and co-workers
[34], the potential benefit of both mAb and radiotherapy
in inducing immunogenic lymphoma-cell death and thus
promoting their in-vivo uploading by DC were exploited.
A series of mostly untreated LTB-FL with superficial lym-
phoma lesions were enrolled. The schedule consisted in the
combination of (1) single nodal low-dose radiotherapy and
(2) intra-tumoral injection of low-dose rituximab, immature
DC and GM-CSF. Upon the completion of the scheduled
three cycles, five out of 14 patients (36%) had a systemic
response, which was long lasting in 2/5 (40%). This abscopal
effect was associated with the demonstration of a specific
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T cell response in the peripheral blood of 50% of all sub-
jects. Interestingly, both specific CD8 +and at a lesser extent
CD4 + specific T cell clones were shown to be elicited upon
this treatment. In 2019, we published a study in RR FL,
where unloaded IFN-DC were inoculated in the affected
lymph nodes [19]. This was preceded 24 h before, by the
intra-tumoral injection of low-dose rituximab. The schedule
foresaw eight repeated cycles and resulted in an impressive
ORR of 50% in eight treated subjects. Noteworthy, three
out of four respondents achieved complete remission (CR)
and the clinical response was long lasting in 2 CR and 1
PR patients, respectively [19] (Table 1). The finding that all
patients treated with this combination therapy showed induc-
tion of tumor-specific T cell responses and the observation
of the abscopal effect supports the original assumption and
rationale of our study: the intranodal injection of rituximab
and IFN-DC can result in an endogenous antitumor vac-
cination. Worth noting, all these studies were carried out in
an outpatient setting, proved safe, simple to administer and
very well tolerated.

Finally, we would like to report on a recent study which
aimed at inducing anti-lymphoma vaccination through an
in situ strategy which combined the irradiation of tumor
cells to allow their immunogenic death with the recruitment
and activation of DC within the targeted lymphoma lesion
[35]. Following FLT3 and a TLR3 agonist injection into the
irradiated lymphoma nodes, it was shown that the recruited
DC could efficiently phagocyte the apoptotic cells, eliciting
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a systemic T cell response. The ORR of 27% seems just
slightly inferior to the previously reported studies based on
the administration of DC preventively collected from the
patient. Nonetheless, this research could clearly demonstrate
that the cross-priming of CD8 + T cells by the TAA-loaded
DC is a pivotal step, in order to elicit a clinically effective
anti-lymphoma immune response.

Although it is difficult to draw definitive conclusions from
these few heterogeneous early-phase trials some preliminary
annotations can be made: (1) the ORR to DC-based therapies
was > 30% (range 33-50%), this figure is significantly higher
than in solid cancers ( range 0-16%); (2) both DC-vaccine
and intra-tumoral unloaded DC associated with rituximab
without radiotherapy elicited immune responses as well as
systemic tumor regression (3) the outbreak of autoimmune
phenomenon was not an issue.

IFN-a and IFN-DC in follicular lymphoma:
a new chapter of an old story

IFN-a was originally characterized for its antiviral activity
[36]. However, it has been extensively used for the treatment
of many types of tumors and proved the most useful and
wide-ranging biologic antitumor agent in NHL as well as in
other hematological cancers [37, 38].

A striking direct evidence of IFN-a activity in both B and
T cell low-grade lymphomas is the regression of cutaneous
and conjunctival neoplastic lesions following repeated in situ
injections of this pleiotropic drug [39, 40]. This phenomenon,
in the light of more recent knowledge, may be considered as
proof of evidence that I[FN-a, injected locally, can lead to the
disruption of the tumor microenvironment and immune stimu-
lation [41]. Furthermore, IFN-a without ribavirin was shown
to allow the sustained remission of HCV-related low-grade
lymphoma, by both counteracting the infection and restoring
the immune functions [42], while a pivotal randomized trial
in FL showed that the combination of IFN-« with standard
chemotherapy significantly prolonged progression-free sur-
vival [43-45]. However, in the late 90 s, with the advent of
the monoclonal anti-CD20-antibody rituximab, the use and
development of IFN-a combined therapies rapidly faded down
in NHL. These was also due to the relevant side effects asso-
ciated with its long-term use [44]. Nonetheless, the clinical
efficacy of IFN-a, in hematological malignancies and in low-
grade lymphomas has been clearly demonstrated [46]. Note-
worthy, recent knowledge on the interactions between type I
IFN and DC emphasizes the importance of these cytokines in
linking innate and adaptive immunity [47, 48], supporting the
notion that the therapeutic effects of IFN-a in the treatment
of lymphomas and leukemias could conceivably be associ-
ated to an efficient stimulation/activation of DC and NK cells
[47, 48]. Accordingly, IFN-a may be involved in the in vivo

conversion of circulating monocytes into powerful DC medi-
ating the immune surveillance of tumors. Of note, naturally
occurring IFN-DC has been detected in regressing molluscum
contagiosum skin lesions [49] characterized by the accumula-
tion of plasmacytoid DC (pDC) and the local production of
type I IFN, suggesting a potential contribution of IFN-DC in
the local immune response. Hence, it can be speculated that
the exposure of monocytes to type I IFN may represent an
early mechanism driving DC differentiation and activation in
response to virus infection and possibly to tumors. In fact,
high amounts of IFN are physiologically produced at the site
of infection/inflammation acting as a danger signal. This may
enable a cascade starting from the differentiation of circulating
monocytes into DC, leading to the activation of natural killer
cells, the generation of a Th1-polarized T-helper response and
the induction of CD8 T cell response against both pathogens
and cancer cells. In fact, we previously showed in vitro that
IFN-DC are effectively endowed with all these functions and,
under certain conditions, can even kill leukemic and lym-
phoma cells [16, 19, 21]. Interestingly, when IFN-a is com-
bined with GM-CSF, it can be used to allow the differentiation
of monocytes from leukemic patients into dendritic-like cells
promoting anti-leukemic cytotoxicity [S0-52]. Noteworthy,
IFN-a was also reported to have the potential to induce a
graft-versus-leukemia effect (GVL) when administered with
donor leukocyte infusion (DLI) in patients who relapsed after
allogeneic transplantation [53].

Studies to evaluate the direct effect of IFN-a as immune
adjuvant on experimental and conventional vaccines in
humans and mice have been made [54]. However, only few
pilot clinical studies have attempted to evaluate the possi-
ble immune modulating activity of these cytokines in vac-
cination strategies [54]. In some of them, IFN-a induces
improved immunological responses or enhanced peptide
immunogenicity [54]. Of note, Le Bon and colleagues [55]
demonstrated that DC were the cell type mediating the
adjuvant effect of type I IFN in vivo, inducing long-term
antibody production and immunological memory against a
poorly immunogenic antigen.

For all the above, it is reasonable to hypothesized that
the in vitro culture conditions devised for the generation of
IFN-DCs may mimic the in vivo process which leads to the
differentiation of effective APC from peripheral monocyte.
This may suggest a particular suitability of IFN-DC for the
design of cancer vaccine.

IFN-dendritic cells in the active
immunotherapy of follicular lymphoma
We have explored two basic concepts for the development of

novel IFN-DC-based therapies. Besides the standard admin-
istration of IFN-DC loaded with autologous lymphoma cells,
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a second approach was perused. This relied on the concept of
intra-tumoral vaccination, elicited by the sequential intran-
odal injection of low dose monoclonal antibodies targeted to
lymphoma antigens (i.e., rituximab), followed by unloaded
IFN-DC. Both approaches would have finally promoted the
cross-presentation to the CD8 + T cells of tumor-associated
antigens (Figs. 1 and 2).

IFN-DC loaded with an immunogenic tumor cell lysate
were recently shown to elicit lymphoma-specific CTLs in
both mantle cell lymphoma (MCL) and diffuse large B-cell
lymphoma (DLBCL) models in vitro [56]. In addition, this
IFN-DC-vaccine inhibited lymphoma growth in hu-PBL-
NOD/SCID mice [56]. The analysis of T cell subpopulations
showed that the antitumor immune responses were mediated
by both Thl and Th17 cells, while the high titers of IFN-y
detected in the sera of treated mice was consistent with the
ability IFN-DC to induce a systemic Th1-skewed immune
response [56].

We previously reported that IFN-DC generated from FL
patients, loaded with apoptotic FL cells and cultured with
autologous lymphocytes can induce and/or revitalize CD8
and NK cell effector functions toward autologous primary
FL cells in vitro, thus promoting a robust anti-lymphoma
response. We also shown IFN-DC as poor inducers of Treg-
expansion and suppressive functions [26]. Worth noting,
CDS8+T cell response toward FL cells was preceded by
IFN-DC mediated NK-cell activation. This was associated

Intranodal therapy
(in vivo antigen loading)

44

to the enhanced expression of natural cytotoxicity receptors
together with CD16 and an early sustained production of
IEN-y [30]. This cytokine is known to potently suppress the
conversion of CD4 4+ lymphocytes into Treg cells [57]. Treg
and soluble factors such as IL-10 and TGF-f seem to act
together to create a tolerant environment [58]. Conversely,
IFN-a can abrogate the tolerance mediated by human tolero-
genic DC [59]. In fact, IL-10 and TGF-p were barely detect-
able in all examined cultures of PBL from FL patients cul-
tured with autologous apoptotic tumor cell-loaded IFN-DC
[26]. These observations were in accordance with other stud-
ies showing reduced Treg frequencies in PBL cultures from
renal carcinoma (RC) patients stimulated with autologous
IFN-DC [60] and in the peripheral blood of patients with
medullary thyroid carcinoma (MTC) vaccinated with tumor
lysate-pulsed IFN-DC [61].

In order to translate the in vitro results into a clini-
cally relevant setting, IFN-DC were also evaluated in
xenograft murine models of lymphoma growth [19, 62].
Interestingly, we showed that therapeutic vaccination of
hu-PBL-NOD/SCID mice bearing established human
lymphoma with lymphoma cell-loaded IFN-DC resulted
in a significant inhibition of tumor cell growth and spread.
We also found that the administration of unloaded IFN-
DC induced a decrease in the microvasculature density
in tumor tissues, thus suggesting that stand-alone IFN-
DC can inhibit angiogenic processes or mediators [62].

Therapeutic vaccine
(in vitro antigen loading)
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Fig. 1 Proposed mechanisms of action of IFN-DC-based therapies
in follicular lymphoma. Intranodal therapy is based on the sequen-
tial injection of rituximab and unloaded IFN-DC into the affected
lymph node (left side), which results in the enhancement of tumor
apoptosis through synergistic mechanisms. Rituximab induces com-
plement and NK-mediated antibody cytotoxicity (CDC and ADCC)
of CD20-expressing FL cells and mediates FcR binding and uptake
by IFN-DC. IFN-DC enhance NK cell activation and supposedly kill
lymphoma cells directly. The local uptake of lymphoma-associated
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anti-lymphoma activity

antigens by IFN-DC promote the presentation of tumor antigens
from lymphoma cells to specific CD4 and CD8 T cells, resulting in
endogenous vaccination and the migration of the T cells to distant
lymphoma nodes. Vaccine formulations based on the use of a highly
immunogenic tumor cell preparations loaded onto IFN-DC are suit-
able for all FL patients, especially those without affected superfi-
cial targetable nodes (right side). IFN-DC are preventively loaded
with autologous lymphoma cells in vitro before their injection in FL
patients as a personalized vaccine to induce anti-lymphoma response
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Fig.2 Possible schedules for the clinical exploitation of IFN-DC in
the treatment of follicular lymphoma. Enrolled patients undergo leu-
kapheresis to collect PBMC and purify blood monocytes necessary
for IFN-DC generation. Large numbers of partially-mature IFN-
DC can be easily obtained at one time point from purified periph-
eral blood monocytes cultured in the presence IFN-a and GM-CSF,
loaded or not with tumor antigens, and cryopreserved in ready-for-
use aliquots for the programmed cycles of treatment. On the right is
depicted the prototypical schedule of intranodal therapy already per-
formed in the phase I trial in 8 patients with refractory and relapsed
FL. It is mainly based on sequential in situ injections of low-dose of
rituximab and unloaded IFN-DC. Rituximab administration is fol-
lowed, 24 h later, by the injection of unloaded IFN-DC. The main
criteria for eligibility include biopsy-confirmed indolent CD20 + folli-

A xenograft murine model was also used to assess the
concept of endogenous vaccination by the direct injec-
tion of rituximab and unloaded IFN-DC into lymphoma
nodes. This schedule, in hu-PBL-NOD/SCID mice,
resulted in the infiltration of lymphoma xenografts by
human CD8 lymphocytes thus providing the rationale for
the phase I clinical trial [19]. This study (Table 1) pro-
vided the first evidence on the safety and clinical activity

cular lymphoma, low tumor burden and superficial accessible lesions.
The intranodal injections are guided by ultrasound and performed by
a radiologist to ensure correct administration. The treatment cycle is
repeated at two-week intervals, possibly targeting a different accessi-
ble lymphoma lesion. According to the therapeutic vaccination strat-
egy shown in the left side of the figure, IFN are loaded in vitro with
autologous lymphoma antigens and are administered intradermally,
in close vicinity to axillary and inguinal lymph nodes or directly
administered into a healthy lymph node. The vaccination cycles are
repeated at two-week intervals. Conceivably, IFN-DC-based mono-
therapy can evolve in chemotherapy-free combinatorial therapy regi-
mens with immune checkpoint inhibiting antibodies, agonistic anti-
bodies or immunomodulating drugs

of unloaded IFN-DC and rituximab used for the endog-
enous vaccination of FL patients [19]. The mechanisms
of endogenous vaccination were designed to act through
repeated waves of rituximab-induced lymphoma cell kill-
ing, followed by the Fc-receptor-mediated phagocytosis
of tumor antigens by IFN-DC (Figs. 1 and 2). Indeed, the
regression of lymphoma lesions distal to the injection site
was considered proof of concept that this mechanism of
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endogenous immunization was elicited in vivo. Tumor-
specific responses directed toward clonal IGVH-predicted
epitopes were detected in the peripheral blood of the 4
patients exhibiting a partial or complete clinical response,
showing a peak at 6-9 months after the beginning of the
treatment. Worth noting, lymphocyte cytolytic responses
were not only directed toward class-I-restricted CDS idi-
otype epitopes but also to class-II-restricted CD4 epitopes.
This was not unexpected, as lymphomas are B-cell tumors
expressing on their surface both MHC class I and II alleles
and short peptides derived from Ig V-regions are almost
exclusively displayed on MHC class II molecules. In
fact, it was shown that the idiotype neoantigens arising
by somatic hypermutation events, unique to each B-cell
can be recognized by naturally occurring cognate cyto-
toxic CD4 T cells. These have been identified and can
mediate the killing of autologous lymphoma cells [11,
63, 64]. Although in our trial, no significant correlations
were found between clinical response and tumor-specific
immune response, it must be emphasized that either CD4
or CD8 T cell responses toward clonal IGVH epitopes
were observed in clinically responding patients. Even
though a wider T cell response to specific and shared
unknown FL-associated (mutated) antigens was suppos-
edly elicited by intranodal vaccination, this could not be
monitored in the course of the trial, owing to the lack of a
suitable read-out system. This study represented the first
proof of principle on the activity of intra-tumoral unloaded
IFN-DCs combined with Rituximab in inducing tumor
regression, which occurred in 50% of treated subjects.
While the induction of tumor-specific T cells was observed
in all of them, thus inferring the occurrence of a successful
endogenous anticancer vaccination. Noteworthy, regres-
sion of untreated lesions was observed in all respondents,
thus suggesting the occurrence of a systemic response. The
rationale and treatment schedule of our study was some-
how similar to that followed by Kolstad and colleagues
[34]. However, most of the subjects enrolled in his study
were mostly treatment-naive as compared to those enrolled
in our study who were heavily pretreated. Furthermore,
there are some significant differences in our study that
deserve to be emphasized: (i) the omission of radiotherapy,
which can be an additional burden for patients, consider-
ing that rituximab alone may be sufficient to promote the
release of tumor antigens; (ii) the use of IFN-DCs com-
pared to the immature IL-4-DC; (iii) a lower number of
DCs used for each treatment cycle (1 x 107 cells/cycle vs.
5-10x 107); (iv) the higher number of treatment cycles (8
vs. 3), which could be essential to elicit a long-lasting anti-
cancer response. Although the limited number of patients
evaluated in our study does not allow to draw any conclu-
sion on clinical efficacy, the antitumor response observed
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in some patients with multiple relapsed or refractory FL,
was quite impressive.

Alternative approaches for developing
DC-based vaccines

Recently, it was demonstrated that whole autologous lym-
phoma cells can represent an optimal antigenic formulation
for DC loading [26, 29]. Compared to the anti-Id vaccina-
tion, this strategy is less labor intensive and more afford-
able. Above all, it offers the advantage of presenting multiple
tumor antigens contained within FL cells, thus enabling a
wider and more efficient antitumor immune response. There-
fore, the development new GMP-grade vaccine formulations
based on the use of a highly immunogenic tumor cell prepa-
rations loaded onto DC and suitable for FL patients without
affected superficial nodes would represent a major advance
in the field. As we previously published, IFN-DC loaded
with lymphoma cells induced to undergo immunogenic
cell death are powerful inducers of specific anti-lymphoma
immune response. Autologous lymphoma cells can be easily
purified from lymph node biopsies and used as an antigen
source to load patient-derived IFN-DC. Nonetheless, GMP-
compliant standards impose major limitations to the clinical
translation of autologous follicular lymphoma apoptotic cells
as an antigen source. Microbiological testing, including ste-
rility testing for bacterial and fungal contamination must be
performed on cell preparations, in-process intermediates and
the final product in order to ensure its safety. Notably, lymph
nodes may harbor living bacteria, especially in elderly or
immunocompromised patients. Lymph nodes may also be
contaminated by bacteria during its resection or handling.
In both cases, the final product fails to meet the release cri-
teria for its clinical use. Consequently, the development of
safe and efficient FL antigen formulations remains a pressing
need for the clinical exploitation of tumor cell-loaded IFN-
DC for therapeutic vaccines. We are currently exploring the
use whole tumor lysate preparation with hypochlorous acid
(HOCI) oxidation to induce rapid necrosis and increase the
immunogenicity of tumor cells. HOCI is a strong bacteri-
cidal capable of potentiating the immunogenicity of proteins
[65] and potentially applicable to many cancer types, includ-
ing lymphomas. Interestingly, in recent years, lymphoma
cell-derived extracellular vesicle (LCEV) have raised much
interest for their therapeutic potential, including the devel-
opment of cancer vaccines [66]. LCEV are demonstrated to
carry tumor derived molecules, mRNAs as well as mem-
brane antigens, including CD20, and are actively released
in blood as well as biological fluids. Although there is still
a lack of efficient technology platforms for their isolation,
LCEV can be selectively isolated from the circulation and
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potentially used to load DC as alternative antigen sources
[66].

Combination therapies with IFN-DC

Despite DC intranodal therapy has proved effective in
generating detectable T cell responses against lymphoma
id determinants, it is likely that the full potential of DC-
therapies in lymphoma will only be realized when these are
combined with other drugs targeting tumor immunosup-
pressive mechanisms and/or boosting the ongoing immune
response, thus increasing the activity of immune effector
cells. In fact, several mechanism, such as (1) the develop-
ment of tumor-associated macrophages, (2) the induction of
regulatory Tregs; (3) the accumulation of myeloid-derived
suppressor cells (MDSCs), and (4) the expression of inhibi-
tory checkpoints such as PD-1 on CD8+T cells, may all
contribute to impair immune effector functions and vaccinal
efficacy. Therefore, the next logical step is to evaluate in
humans both unloaded DC and DC-vaccine schedules com-
bined with clinically approved immunomodulatory drugs
or immune checkpoint inhibitors (ICI), which are known
to improve the T cell response or to diminish restraints at
different levels. These combinations already proved effec-
tive in different experimental models [67-69] and are cur-
rently being tested in ongoing clinical trials. Also agonistic
antibodies, enhancing T cell costimulation [70] should act
synergistically with IFN-DC-based therapies to augment
anti-lymphoma immunity.

Immunotherapies based on ICI have convincingly led to
impressive clinical responses [71, 72], thus rekindling the
enthusiasm toward immunotherapy and tumor antigen vac-
cination. Only in the light of these recent successes with ICI,
therapeutic vaccination for cancer patients has been seri-
ously reconsidered. Thus, IFN-DC-based immunotherapy
and T cell checkpoint modulation can act as synergic part-
ners, since checkpoint inhibitors are merely immune driv-
ers of pre-existing immune responses and their efficacy is
proportional to the extent of pre-existing tumor-specific T
cell. In this view, for its best efficacy, ICI should rely on
preventive priming and expansion of tumor-specific T cells
by active immunization. This also makes biological sense,
since tumors with low mutational burden as FL. may evoke
a weak antitumor immunity, a defect that active DC-based
vaccination typically aims to correct. Notably, in our recent
study, an increase in pre-existing T cell responses against
the mutated Id of FL patients and de novo response was
observed after intranodal therapy with IFN-DC [19]. Moreo-
ver, new findings suggest that full activation of T cells by
the ICI anti-PD-1 is not direct, but rather involves tumor-
infiltrating DC producing IL-12 upon interaction with neigh-
boring T cells releasing IFN-y [73].

A particularly attractive drug to be combined with IFN-
DC-based therapies is lenalidomide, as it acts through both
the boosting of antitumor immunity and the modification
of tumor microenvironment.[74]. Previous studies demon-
strated that a combination of DC-vaccination and lenalido-
mide can efficiently enhance antitumor immune response
in murine models of multiple myeloma, via the inhibition
of immunosuppressive cells and the enhancement of CDS8
cell responses [69]. We have recently combined this pleio-
tropic drug with an IFN-DC-based lymphoma vaccine [62].
Lenalidomide was shown to enhance anti-lymphoma cyto-
toxicity of human PBL stimulated with IFN-DC in vitro and
to promote a remarkable reduction in Treg frequency, thus
demonstrating a boosting effect of anti-lymphoma effector
cell functions [62]. The treatment of xenochimeric mice
bearing established lymphoma with either IFN-DC vac-
cination or lenalidomide led to a significant decrease in
tumor growth and lymphoma cell spread. However, only the
combined treatment led to the massive regression of estab-
lished lymphomas [62]. A strong rationale would also sup-
port the triple combination of intra-tumoral rituximab and
IFN-DC plus systemic lenalidomide. In fact, lenalidomide
has been shown to synergize with rituximab by enhancing
NK-mediated ADCC and lymphoma cell killing through
complementary mechanisms [10]. This synergy should
increase antigen availability and uptake by IFN-DC, thus
improving the cross-presentation of lymphoma antigens to
CDS8 + cells. However, it should be mentioned that a phase I
trial in chronic lymphocytic leukemia (CLL) based on a DC-
vaccine combined with lenalidomide was prematurely closed
because of the outbreak of autoimmune cytopenias [75].
Nevertheless, as autoimmune phenomena are frequently
observed in CLL patients, we believe this preliminary expe-
rience should not prevent further trials of this combination
in other clinical settings.

The chance to integrate a new IFN-DC-vaccines in future
combinatorial immunotherapy regimens with ICI, agonis-
tic antibodies or immunomodulating drugs hold hopes and
expectations for the management of FL.

Perspectives and future directions

Importantly, the few early-phase DC-based trials carried out
in FL have all shown a remarkable rate of objective clinical
response and sustained remission as compared to similar
studies in solid tumors [12, 19, 29, 34]. These results, while
confirming FL as an exquisitely immune-responsive can-
cer, allow to hypothesize that DC-based immunotherapies
may become an integral part of advanced treatments for
low-grade B-cell lymphomas. However, to translate these
promising results into a clinical perspective, it is neces-
sary to both empower DC-based schedules and to define
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their applicability in specific clinical settings. Combination
agents, useful for improving the activity of DC should ide-
ally (1) reduce the tumor mass, as high disease burdens har-
ness the clinical efficacy of DC-schedules; (2) not impair the
immune system of the host; (3) release the brakes of ongoing
immune response; (4) synergize directly or indirectly with
DC functions. Several agents as radiotherapy, monoclonal
antibodies, immunomodulators, standard and metronomic
chemotherapies, are endowed with these features and may
allow effective combinations. Indeed, in patients with LTB
indolent lymphomas, the true challenge would be to coun-
teract the disease before it evolves to a more aggressive and
incurable condition. At this purpose, also unloaded DC may
be conveniently used to devise easy and inexpensive pro-
tocols. A number of studies already confirmed the activ-
ity of low-dose radiotherapy to induce immunogenic cell
death, which is a sine-qua-non condition for the suitability
of unloaded DC. In addition, ongoing studies are already
exploring the combination with checkpoint blocking anti-
bodies and pro-inflammatory stimuli.

Our previous clinical trial showed that intranodal injec-
tion of unloaded IFN-DC is not only safe and feasible, but
also exhibits promising clinical efficacy in FL patients.
However, the applicability of schedules employing in vivo
DC-loading is restricted to patients who have accessible
superficial tumor lesions. Undeniably, this limitation must
be overcome. Thus, new methodologies for the straightfor-
ward generation of clinical-grade tumor cell-derived antigen
formulations for DC loading may open new perspectives for
their wide application in FL, especially as a consolidation
strategy. On the other hand, it was already shown both in
animals and humans that the injection of in vitro-generated
DC into the lymphatic system allows their effective migra-
tion to functionally active lymph nodes (LN). Therefore,
unloaded DC may migrate through the lymphatic vessels
and upload the tumor antigens derived from lymphoma cell
death induced by systemic anti-cancer treatments, in drain-
ing lymph nodes.

The advent of the new chemo-free combination treatment
based on lenalidomide and anti-CD20 [10] promise to be a
suitable milieu for the combination with active immunother-
apies [6]. Conversely standard immunochemotherapy which
results in a long-standing immune-suppression would not
allow to envisage an effective synergy [76]. Lastly as anti-
CD20-based maintenance allows a prolonged progression-
free survival (PFS) but not a survival advantage in FL [3],
maintenance may become another scenario to be challenged
by novel DC-based therapies.
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