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Chemotherapy and immunotherapy: A close interplay to fight cancer?
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ABSTRACT

In theory, the immunotherapy of cancer should induce the selective destruction of cancer cells and a long-
term specific protection, based on the specificity and memory of immunity. This contrasts with the
collateral damages of conventional therapies and their toxic effects on host tissues. However, recent data
suggest that chemotherapy may potentiate ongoing immune responses, through homeostatic
mechanisms. Massive tumor death, empty “immune” niches and selected cytokines may act as a danger
signal, alerting the immune system and amplifying pre-existing antitumor reactivity.
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Introduction

Numerous observations in the past years in cancer patients and
in rodents have suggested a counterintuitive effect of chemo-
therapy on the immune system, i.e. its capacity to potentiate
the tumor-specific immune response. This synergy between
chemotherapy and immunity is of major interest, as it may
open the way to innovative combined therapies.

Several molecular mechanisms have been identified by
which chemotherapy may result in increased immunity to
tumor cells: (i) induction of immunogenic tumor cell death
resulting in the release of danger signals, such as high mobility
group box 1 (HMGBL1), and effective presentation by dendritic
cells (DCs); (ii) expression of formyl peptide receptor 1 on
DCs, thereby favoring stable interactions with annexin-1-
expressing dying cancer cells, DC maturation and cross-presen-
tation of tumor-associated antigens;' (iii) disruption of homeo-
stasis and/or inhibition of the function of regulatory T
lymphocytes (Tregs).

However, the effect of the chemotherapeutic treatment on T
cells themselves remains elusive. Two factors may directly affect
T cell survival and/or activation: their capacity to extrude drugs
through ATP-binding cassette transporters and their ability to
proliferate in a lymphopenic environment created by conven-
tional cytotoxic treatments (Fig. 1).

In this review, we will summarize experimental observations
suggesting that the repertoire of reconstituted T cell memory
after chemotherapy may be shaped by the drug efflux capacity
and the stem cell like properties of tumor-specific T
lymphocytes.

Memory and chemotherapy

Early observations suggested that memory T cells may resist
chemotherapy. Indeed, a report compared infections
between different treatments of children with acute myeloid
leukemia (AML) and revealed similar fungal and viral (but
increased bacterial) infections in patients treated with che-
motherapy as compared to allogeneic stem cell transplanta-
tion.>” To test whether T cells were resistant and by which
mechanism, the group of Riddell examined whether CD8"
T cells specific for viruses could be detected in the blood
from adults after recovery from chemotherapy. These
patients were treated with ATP-binding cassette sub-family
B member 1 (ABCBI1) chemotherapeutic substrates and
developed profound lymphocytopenia (absolute blood
counts < 100 cells/mL). After recovery (about 1000 cells/
mL), PBMCs were stimulated in vitro with a pool of anti-
genic peptides from cytomegalovirus (CMV), Epstein Barr
virus (EBV) and influenza viruses for 8 d with IL-2, IL-7
and IL-15 and the percentage of IFNy-producing CD8" T
cells was estimated. Approximately 12% CD8* T cells were
detected, suggesting that a defined subset of memory T cells
preferentially survived to the treatment. The authors identi-
fied subsets of central and effector memory cells which dis-
played high multidrug efflux capacity mediated by ABCBI1
transporters, hence survived cytotoxic therapy in vivo, pro-
liferated and were enriched during lymphopenia. These sub-
sets are quiescent cells which may respond to antigens only
in inflammatory conditions and display stem cells-like prop-
erties. These observations suggest that chemotherapy may
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Figure 1. Model illustrating potential effects of chemotherapy on immune resistance. Two factors may affect T cell survival/function (i) their capacity to efflux drug via
ATP-binding cassette (ABC) transporters; (i) the availability of specific niches and their capacity to respond to homeostatic cytokines, such as IL-2, IL-7 and IL-15.

potentiate immune resistance by favoring survival of selected
clones from the spontaneous tumor-specific immune
response.*

It is noteworthy that the increased immune resistance
after chemotherapy may also result from decreased immuno-
suppression. Indeed, human regulatory T cells have been
shown to lack the cyclophosphamide extruding transporter.”
As compared to conventional CD4™ T cells, this regulatory
subset had a reduced capacity to efflux the fluorescent sub-
strate (mitotracker green), did not express ABCB1 mRNA or
protein and was more susceptible to cyclophosphamide-
induced apoptosis. The lack of capacity to pump out cyclo-
phosphamide may contribute to the selective susceptibility of
this subset to this agent, together with the low ATP levels
and impaired DNA repair mechanisms.

Surprisingly, very few observations were reported regarding
the drug efflux capacity of T lymphocytes in humans, and even
less in murine models.

Multiple questions remain to be answered and in particular
the nature of the factor(s) that induce(s) the expression of the
transporters and the link between stem-cell like properties and
efflux capacity.

Memory and lymphopenia

One of the hallmarks of memory CD8* T cells is their capacity
of homeostatic proliferation. The analysis of persisting immune
memory in yellow fever vaccines identified a subset of naive-
like yellow fever-specific CD8™ T cells which persisted for deca-
des and resembled stem-cell like memory cells (phenotypical
similarity to naive cells and high stemness). The long-term per-
sisting human memory CD8" T cells from the vaccinees (but
not unvaccinated individuals) efficiently responded to cognate

peptides and IL-15-driven homeostatic proliferation, in con-
trast to the reference naive subset.’

As these lymphocytes share phenotypic features with cells
expressing ABCBI1 transporters, namely CD161 and IL-18R, it
is tempting to speculate that the combination of efflux capacity
and homeostatic proliferation to lymphopenic cytokines may
provide a proliferative advantage to selected tumor-specific
CD8* T lymphocytes after chemotherapy, thus conferring
long-term therapeutic efficacy.

Several factors may contribute to the activation of T cells in
lymphopenic conditions:

- Old studies have shown that the overall size of the T cell
pool remains relatively constant and that T lymphocytes
proliferate when niches are “empty.” In 2002, Ge et al.
transferred lymph node cells from 2C TCR transgenic
mice (consisting of >95 % naive T cells) into non-irradi-
ated recombination activating gene-1~'~ (RAG™'") recip-
ients or sublethally irradiated C57BL/6 hosts and
examined their phenotype. They found that thymopoiesis
and homeostasis-driven proliferation contributed to the
reconstitution of naive and memory T cell compartments,
respectively.”

- The homeostatic proliferation mechanisms that control
naive and memory T cells in lymphopenic conditions
appear distinct. Proliferation of naive T cells has been
shown to require TcR engagement by self-pMHC and IL-
7 signaling. Indeed, naive T cells transferred into irradi-
ated IL-7'~ mice failed to proliferate, and disappeared
within a month, and the infusion of exogenous IL-7
restored their homeostatic proliferation.® IL-7 signaling
induces the expression of the anti-apoptotic genes, Bcl-2
and Mcl-1 and inhibits the pro-apoptotic genes, Bax and
Bak, therefore regulating T cell survival.”'' However,



optimal survival of naive T cells, mainly for CD8* T cells,
requires other y. cytokines, such as IL-2 and IL-15 (for
review, see'?). By contrast, the survival and homeostatic
proliferation of memory T cells are less dependent on
TcR engagement, as CD4""?> and CD8™'* T cells were
long-lived in the absence of MHC and retained their
capacity to make rapid cytokine responses. The cytokine
IL-15 appears critical for CD8" T cell proliferation,"”®
whereas CD4" T cells may require IL-7 and/or TcR-
derived signals'’ (for review, see’’.). Of note, DCs express
IL-15Re, the high affinity receptor for IL-15, allowing
trans-presentation and persistent IL-15 signaling.'
Cross-presentation by DCs may therefore not only induce
TcR signaling but also regulate memory CD8" T cells
homeostasis.”*

Different cytokines may be involved in slow vs. rapid
homeostatic proliferation. Naive T cells transferred into
y.-deficient hosts (thus unable to respond to IL-2, —4,
—7, —9, —15 and —21) displayed fast proliferation and
capacity to differentiate into central memory cells, proba-
bly due to increased cytokine availability. The prolifera-
tion was driven mainly by IL-15, with a lesser
contribution from IL-2.*> Tt is noteworthy that the fast
donor T cell proliferation was not observed if the hosts
were raised under germfree condition, highlighting a role
for the host microflora.**

Similarly in patients with T cell depletion of varying etiol-
ogies, evidence was found that increased availability of
IL-7 could favor T cell homeostasis following T-cell
depletion.”® Administration of IL-7 in patients with idio-
pathic CD4" lymphopenia, a rare syndrome defined by
low CD4" T-cell counts (<300 cells /uL), led to an
increase in the number of CD4* and CD8" T cells in
peripheral blood and tissues, confirming the critical role
of IL-7 for thymopoiesis, T cell homeostasis and/or
survival.”®

Lymphopenia and antitumor immunity

A few reports suggest that homeostatic expansion, in particular in a
lymphopenic environment (induced by chemotherapy or irradia-
tion), may improve the persistence and antitumoral function of T
lymphocytes. A recent study by Ray-Coquard et al. revealed that
lymphopenia may represent a valuable and simple prognostic fac-
tor for overall survival in three tumor types: metastatic breast carci-
nomas, advanced sarcoma and non-Hodgkin’s lymphomas.”
Non-myeloablative lymphodepleting chemotherapy may also
improve the efficacy of adoptive transfer therapy. Six of thirteen
melanoma patients, who received immunodepleting chemotherapy
(cyclophosphamide and fludarabine for 7 d) before adoptive trans-
fer of tumor reactive T cells and IL-2, had objective clinical
responses and four others displayed partial responses.”® These
results were extended on a total of 35 patients with refractory meta-
static melanoma.”

Similarly, growth of B78D14 melanoma cells was decreased
in mice after sublethal irradiation and this effect was amplified
by adoptive transfer of syngeneic T cells. This antitumor effect
was mediated by polyclonal homeostatic T cell expansion, was
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independent from CD4" T cells and correlated with elevated
IFNy production and B78D14-specific cytotoxicity.*

Several studies highlighted the role of IL-7 in lymphopenia-
associated proliferation. IL-7 levels were shown to be increased
in human immunodeficiency virus (HIV) patients and in
patients after chemotherapy *° (for review, see’"). IL-7 displays
pleiotropic actions on T cell immunity, increasing homeostatic
expansion of CD4" and CD8" lymphocytes,’>** extending the
TcR repertoire diversity’* and stimulating thymus-dependent
T-cell generation.”> Murine studies revealed that blockade of
IL-7 signaling during lymphopenia-induced proliferation
(using anti-IL-7R mAb) prevented the induction of antitumor
activity, but had not effect at a later stage, suggesting that IL-7
is required for cell expansion rather than for expression of
effector function.”

There is evidence that IL-15 may favor the differentiation of
effector cells that persist for prolonged time and are highly effective
in vivo. Indeed, tumor-specific CD8" T cells cultured in the pres-
ence of IL-15 displayed a central memory phenotype (with low
effector functions) but caused a strong reduction in the number of
pulmonary metastases when transferred in tumor-bearing mice.
By contrast, the same cells cultured in the presence of IL-2 exhib-
ited potent effector function in vitro but failed to reduce the num-
ber of lung metastases.”” As trans-presentation of IL-15 by IL-
15R is thought to be the dominant and most efficient mechanism
of action of this cytokine, Steel et al. examined the antitumor effect
of DCs engineered to express IL-15, IL-15Ra and NEU oncopro-
tein. Female BALB-neu T mice, transgenic for a transforming rat
neu oncogene under the control of a chimeric mouse mammary
tumor virus promoter, developed mammary tumors and died by
about 20 weeks. Vaccination of mice with DCs expressing the triple
combination resulted in survival of 70% of mice after 30 weeks. The
antitumor effect was antibody dependent and independent of
CD4"-help.”® Kaiser et al. further demonstrated that the memory-
like CD8™ T cells (generated in vivo in alymphopenic environment
or in vitro using and-CD3/CD28 + IL-15 stimulation) displayed
intrinsic antitumor potential, as they maintained their capacity to
control tumor growth upon transfer in a non-lymphopenic host.*
Collectively, these observations suggest that homeostatic prolifera-
tion may be critical to generate T cells with high antitumor
function.

CART cells

Very recently, a novel strategy has been developed which con-
sists in the generation of T cells engineered to express chimeric
antigen receptors (CAR) to specifically retarget tumor cells.
This approach, that combines the specificity of an antibody
with the cytotoxicity and memory functions of a T cell, has
given impressive clinical results.*’ The transfer of CAR T cells
that specifically target the CD19 antigen has been shown to
very efficiently control the growth of B cell malignancies in
mice and humans. Complete response rates in approximately
90% of patients have been reported in adults and children with
relapsed or refractory B-cell acute lymphoblastic leukemia
(ALL) after adoptive transfer of CD19 CAR T cells expressing
costimulatory domain CD28 or 4-1BB (for review, see*'). Of
note, human CAR T cells engineered to express the homeo-
static cytokine IL-15 displayed superior survival and expansion



e1190061-4 A. HANOTEAU AND M. MOSER

in vitro and enhanced antitumor activity in vivo in severe com-
bined immunodeficiency (SCID) mice.**

Regulatory T cells after lymphopenia

As early as in 1982, North showed that cyclophosphamide facil-
itated adoptive immunotherapy. Indeed, complete tumor
regression was caused by infusion of cyclophosphamide and
1 h later tumor-immune spleen cells. However, tumor regres-
sion caused by the combination therapy was completely inhib-
ited by intravenous infusion of cyclophosphamide-sensitive
“suppressor” T cells from the spleens of tumor-bearing
donors.” Accordingly, as mentioned earlier, chemotherapeutic
treatment, and in particular cyclophosphamide, may affect the
survival of regulatory T cells. In addition, a few reports have
examined the effect of lymphopenia itself on Treg homeostasis.
Murine regulatory CD4" T cells proliferated more strongly
than the conventional CD4" T cells upon transfer in CD3&™/~
host but their expansion was primarily controlled by IL-2
rather than IL-7.** Co-transfer of conventional and regulatory
T cells increased the extent of Treg expansion, pointing to con-
ventional T cells as the source of IL-2. The role of Tregs was
further highlighted by their capacity to prevent the rapid oligo-
clonal proliferation of conventional CD4™ T cells while pre-
serving the slow homeostatic expansion, which favored
protection to graft-versus-host disease (GVHD) in a bone mar-
row transplant model.** Finally, mice lacking IL-7 had no sign
of autoimmune disease and had a robust peripheral pool of
Foxp3™' T cells that control inflammatory bowel disease.*® In
humans, IL-7 administration led to expansion of CD4" and
CD8™" cells and broadening of the T cell repertoire, along with
a decrease in the percentage of CD4 " regulatory T cells.”>**

Collectively, these data suggest that lymphopenia may
enhance immunity through direct (by enhancing T cell effector
function) and indirect (by inhibiting Treg function)
mechanisms.

Conclusion

The dark side of conventional treatments to cancer, i.e., the
toxic effect on most tissues, may in fact be of benefit to the
host, by potentiating the ongoing tumor-specific immune
response. The selected resistance to chemotherapeutic agents
and/or the increased availability of homeostatic cytokines in
lymphopenic conditions may indeed select T cells displaying
strong cytotoxic and memory functions and restrict the reper-
toire of tumor-specific T cells to a defined subset of pre-acti-
vated effector/memory cells. Interestingly, homeostatic T cell
proliferation has been shown to depend on gut microflora,”* an
observation in line with two recent reports demonstrating that
antibiotics may ablate the beneficial effect of chemotherapy.*’*

A key question is whether the beneficial effect of chemother-
apy on the tumor itself and on the immune response may be
uncoupled from the toxic effect on neighboring tissues. The
mode of administration and the dose of cyclophosphamide
may be determinant, as discussed in a recent review (for review,
see*”). In 2001, Machiels et al. concluded “that the optimal
immune-modulating dose for three chemotherapeutic agents
was just above the doses that began to cause cytopenia”,”

suggesting that a short chemotherapeutic treatment may be suf-
ficient to boost the antitumor response.

Collectively, these observations are in favor of novel
therapies that would combine immunotherapy with chemo/
radiotherapy in order to exploit the potentiating effect of
lymphopenia on tumor-specific immune resistance.
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