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Cancerimmunotherapy holds great promise, yet its efficacy and applicability can be hampered by the rise of systemic
toxicities. We have recently shown that the lethal side effects of cancer immunotherapy are markedly exacerbated with
aging. Blocking tumor necrosis factor a or macrophages can alleviate the systemic toxicity of immunotherapy while

preserving its antineoplastic effects.

The ability of immunotherapy to evoke
successful antitumor immune responses
has been well documented over the past
decade. In spite of abundant preclinical
data, it is only with the recent approval
by the Food and Drug Administration
(FDA) of drugs like sipuleucel-T and ipi-
limumab that immunotherapy is finally
being recognized as a viable alternative to
traditional therapies for treatment of vari-
ous cancers.! However, despite the abil-
ity of immunotherapy to elicit successful
antitumor immune responses, its efficacy
is hindered by several factors. In particu-
lar, systemic toxicities are major obstacles
in this setting and often lead to treat-
ment interruption. Indeed, such adverse
effects, which can be immunological and/
or parenchymal, can be particularly severe
and even fatal to some patients.

The development of new anticancer
immunotherapies currently relies on the
use of young mouse models. The use of
young (2—4 months old) mice instead of
aged mice complicates the extrapolation
of results to the human setting, as can-
cer patients are often elderly.? Aging is a
dynamic, irreversible process that leads
to the accumulation of pathophysiologi-
cal changes, including decreased/altered
immunological functions over the lifetime

of the individual. Since immunotherapy
aims at the induction or potentiation of
anticancer immune responses, it is cru-
cial to develop new immunotherapeutic
paradigms that are tailored on the elderly.
Appropriate preclinical models are neces-
sary to this aim.

Studies in mice and humans have dem-
onstrated that aging is associated with a
“low-grade pro-inflammatory state,” a sys-
temic condition characterized by aberrant
cytokine production and inflammation.?
Elevated levels of various pro-inflam-
matory cytokines including interleukin
(IL)-1, IL-6, and tumor necrosis factor o
(TNFa) have been detected in healthy,
aged individuals.*> Age-associated dis-
eases (e.g., atherosclerosis, Type 2 dia-
betes) may actually exacerbate such a
pro-inflammatory state.®

We have previously demonstrated that
agonistic CD40-specific antibodies com-
bined with IL-2 mediate synergistic thera-
peutic effects in young mice (2—4 months
old) bearing metastatic tumors.” Because
young mice are the equivalent of ado-
lescent and young adults, we tested this
immunotherapeutic regimen in mid-
dle-aged (12-15 months old) and aged
(> 16 months old) mice.® We found that
aged mice, at odds with their young
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counterparts, rapidly succumb to CD40-
specific antibodies plus IL-2 within 2 d
of administration, with several organs
involved. Such an increased mortality
was accompanied with elevation in pro-
inflammatory cytokines including IL-6,
TNFa and interferon y (IFNy), both
systemically and in situ (i.e., in the liver,
lungs, and gut). Notably, the increased
secretion of IL-6, TNFa, and IFNy in
response to combinatorial immunother-
apy was proportional to age. Ultimately,
the systemic toxicity of immunotherapy
led to multi-organ failure and death, both
in aged and middle-aged mice. Of note,
similar adverse effects were documented
in multiple murine strains and in response
to other immunomodulatory regimens,
for instance the combinatorial adminis-
tration of IL-2 or IL-12 and lipopolysac-
charide (LPS).

We have demonstrated that the sys-
temic toxicity of immunotherapy is inde-
pendent of natural killer (NK) cells as
well as CD4* and CD8* T cells, as the
depletion of these cell populations prior to
immunotherapy did not prevent the cyto-
kine storm that provoked the rapid death
of aged mice.® Conversely, the depletion
of macrophages from aged mice decreased
the severity of the systemic cytokine storm
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Figure 1. See figure legend on following page.
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Figure 1. (See following page) Strategy to circumvent potentially lethal side effects of cancerimmunotherapy in the elderly. (A-C) Immunomodulatory
agents including cytokines, such as interleukin (IL)-2, microbial components that operate as Toll-like receptor (TLR) agonists, and immunostimulatory
antibodies, such as CD40-targeting antibodies, lead to the systemic secretion of pro-inflammatory cytokines. IL-2 leads to the production of interferon
v (IFNy) by CD4* T cells, CD8* T cells and natural killer (NK) cells, as well as to the secretion of tumor necrosis factor a (TNFa) by CD4* T cells in both
young (A) and aged (B) hosts. Microbial components and immunostimulatory antibodies activate macrophages (M@) and other antigen-presenting
cells (APCs) to produce TNFa and IL-6 in both young (A) and aged (B) animals. However, the administration of immunostimulatory agents to aged hosts
results in the massive secretion of pro-inflammatory cytokines, leading to multi-organ failure (B). Inmunotherapeutic interventions result in a robust
inflammatory responses and extensive hepatic necrosis in aged (B), but not young (A) mice. The neutralization of TNFa by specific antibodies or macro-
phage depletion limits the secretion of pro-inflammatory cytokines by aged hosts responding to immunotherapy, hence inhibiting systemic and local
inflammation, reducing hepatic necrosis and ultimately protecting these animals from immunotherapy-associated lethality.

induced by immunotherapy, de facto
protecting animals from the hepatotoxic
effects and lethality of CD40-specific
antibodies plus IL-2. To further dissect
the role of macrophages in this setting,
we determined the cytokine secretion pro-
file of macrophages isolated from aged or
young mice as well as from healthy volun-
teers. Our data show that, upon stimula-
tion, macrophages from aged mice secrete
much higher amounts of TNFa and IL-6
than macrophages from young mice.®
Consistent with these findings, we found
that the production of TNFa and IL-6 by
human macrophages increases with the
age of the donor, indicating that aging
predisposes macrophages to acquire a pro-
inflammatory phenotype.®

Since macrophages are major sources
of TNFa and IL-6, and due to the well-
known role of TNFa in inflammation,’
we wondered whether TNFa plays a major
role in the systemic toxicity of immuno-
therapy in aged mice. We observed that
the administration of CD40-specific
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antibodies and IL-2 to either aged 7nfa™'~
mice (which lack the TNFoa—coding gene)
or aged mice pre-treated with the TNF
receptor-IgG1 fusion protein etanercept
(which is approved by FDA for the treat-
ment of multiple inflammatory diseases)
was associated with limited increases in
circulating IL-6, reduced hepatotoxic-
ity and a significant increase in survival.
Finally, because TNFa has both anti- and
pro-tumor functions,”® we sought to
determine whether or not the blockade of
TNFa in aged mice receiving immuno-
therapy would hamper its antineoplastic
effects. Interestingly, the combination of
etanercept with CD40-specific antibodies
plus IL-2 preserved the cytotoxic functions
of CD8* T cells, mediated robust antitu-
mor effects and prolonged the survival of
aged mice bearing lung carcinoma.®

In summary, our data suggest that
cancer immunotherapy in the elderly
is associated with an increased secre-
tion of pro-inflammatory cytokines and
an augmented susceptibility to death,
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mostly owing to a multi-organ toxic syn-
drome that is macrophage- and TNFa-
dependent (Fig. 1). Since the incidence
of several malignancies increases with
age,” we believe that experimental efforts
aimed at developing novel cancer immu-
notherapies should strongly consider
aged animals as a model to obtain pro-
found mechanistic insights into the side
effects of immunotherapy. Importantly,
especially from a therapeutic standpoint,
immunostimulatory interventions cou-
pled to the blockade of potentially lethal
mediators (i.e., TNFa) might medi-
ate long-lasting therapeutic effects in
the absence of excessive toxicity for the
patient. It will be of particular interest
to investigate the role of TNFa in the
toxicity of other anticancer treatments,
and

including radio- chemotherapy,

among the elderly.
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