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IL-2/CD40-activated macrophages rescue age
and tumor-induced T cell dysfunction in elderly mice
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Abstract The role of macrophages and their interac-
tions with T cells during aging is not well understood.
We determined if activating elderly-derived macro-
phages could rescue age-related and tumor-induced T
cell dysfunction. Healthy elderly (18—24 months) Balb/c
contained significantly more splenic IL-10-secreting
M2-macrophages and myeloid-derived suppressor cells
than young (6-8 weeks) mice. Exposure to syngeneic
mesothelioma or lung carcinoma-conditioned media po-
larized peritoneal macrophages into suppressive M2-
macrophages regardless of age. Tumor-exposed, elderly,
but not young-derived, macrophages produced high
levels of IL-4 and could not induce T cell [FN-y pro-
duction. We attempted to rescue tumor-exposed macro-
phages with LPS/IFN-y (M1 stimulus) or IL-2/agonist
anti-CD40 antibody. Tumor-exposed, M1-stimulated
macrophages retained high CD40 expression, yet
TNF-o and IFN-y production were diminished relative
to non-tumor-exposed, M1-stimulated controls. These
macrophages induced young and elderly-derived T cell
proliferation however, T cells did not secrete [FN-y. In
contrast, tumor-exposed, IL-2/CD40-stimulated macro-
phages rescued elderly-derived T cell IFN-y production,
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suggesting that IL-2/CD40-activated macrophages
could rescue T cell immunity in aging hosts.

Keywords Innate immunity - Elderly - Immune
restoration - Cancer immunotherapy - Macrophage - Tcell

Introduction

Recent studies showed that components of immune
function decline with age (Fulop et al. 2010). In partic-
ular, T cell function is increasingly compromised with
advancing age (Haynes and Maue 2009) which may
account for the increased susceptibility to infection and
cancer in the elderly (Fulop et al. 2010). Similarly,
tumor cells sabotage T cell function in young hosts
using multiple mechanisms including secreting factors
such as transforming growth factor-beta (TGF-f3) that
induce and/or recruit anti-inflammatory CD4" Th2 cells
and CD4"CD25 Foxp3 " regulatory T cells (Treg). Both
Th2 and Treg cells interfere with CD8" cytotoxic T
lymphocyte (CTL) function (Chappert et al. 2010) and
Tregs increase in healthy, cancer-free, elderly hosts
(Gregg et al. 2005). However, it is Thl cells that pro-
mote cell-mediated immunity, in particular CD8" T cell
function and secrete IFN-y, (Chamoto et al. 2003) a
cytokine with potent anti-infection and anti-cancer ef-
fects. TGF-f3 and other tumor-derived factors may also
directly impair CD8" CTL function (Kapp et al. 2007), a
key cell that mediates tumor regression. Taken together,
the data suggest that T cells in cancer-bearing elderly
hosts are likely to be severely compromised due to age-
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related and tumor-induced effects. Thus, it is possible
that even standard chemotherapy may not be effective in
the elderly as there is increasing evidence that some
chemotherapy requires functioning T cells (Jackaman
et al. 2012b; Nowak et al. 2003; Zitvogel et al. 2008).
Furthermore, immunotherapy which deliberately targets
tumor-specific CD8" T cells may also not be as effective
in elderly hosts.

Currently, long-term eradication of many cancers
including mesothelioma and lung cancer in humans is
not possible using chemotherapy and surgery. Immuno-
therapy has shown promise in both cancers particularly
mesothelioma (Bundell et al. 2006; Jackaman et al.
2003; Jackaman et al. 2009; Jackaman et al. 2012b;
Jackaman et al. 2008; Jackaman and Nelson 2010,
Jackaman and Nelson 2012; van Bruggen et al. 2005);
however, most preclinical analysis are performed in
young adult mice and not representative of human can-
cers, such as mesothelioma, that usually occur in aging
populations (Bianchi and Bianchi 2007). Furthermore,
most immunotherapeutic strategies focus on T cell acti-
vation, yet T cell number and function decline with age
meaning that other cells may have to be targeted
(Haynes and Maue 2009).

Unlike T cell immunity, innate immunity may be
better preserved in the elderly (Fulop et al. 2010). Use
of a mouse breast cancer model showed that effective
anti-cancer immunity in young animals was mediated
by T cells, in contrast responses in old animals relied on
innate immunity (Provinciali et al. 2000). Macrophages
play a key role in innate immunity. They represent a
numerically abundant tissue-resident cell that is highly
sensitive to its microenvironment. Furthermore, many
solid tumors, including mesothelioma, contain large
numbers of macrophages (Burt et al. 2011; Jackaman
et al. 2009). Thus, macrophages are strategically placed
to function as sensors for, and eliminators of, tumor
cells. However, they may also promote tumor growth.
There is still controversy in regard to the effect of aging
on macrophage function in healthy hosts, and even less
is known about their role in tumor-bearing hosts, and
there are few studies addressing the effect tumor-derived
factors have on macrophage-T cell interactions in aging
hosts.

Macrophages can be divided into pro-inflammatory
M1 macrophages or anti-inflammatory M2 macro-
phages (Mantovani et al. 2004) and can switch pheno-
types based on the stimuli present (Arnold et al. 2007).
M1 macrophages secrete pro-inflammatory cytokines
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including tumor necrosis factor (TNF-) and exert
anti-tumoricidal activity (Mantovani et al. 2004). M2
macrophages secrete anti-inflammatory cytokines such
as IL-4, IL-10, and TGF-3 which promote angiogene-
sis, repair, and tumor growth (Deonarine et al. 2007).
Myeloid-derived suppressor cells (MDSCs) are
macrophage-like immature cells that are often increased
in cancer and have similarities to M2 macrophages
(Sinha et al. 2007). Aging has been associated with the
emergence of M2-like macrophages within the eye (Ly
et al. 2010) which coincides with impaired macrophage
responses to M1 stimuli (Mahbub et al. 2012). In con-
trast, aging has also been associated with enhanced M1
macrophage function through the production of reactive
oxygen species (Smallwood et al. 2011). However, in
agreement with the former study, we recently showed
that lymphoid organs of geriatric 27-month-old C57BL/
6J mice contain significantly more suppressive, IL-10-
secreting, M2 macrophages and MDSCs than young
adult mice (Jackaman et al. 2013): these M2 macro-
phages and MDSCs are likely to more readily support
tumor growth than their younger counterparts by
sabotaging T cell function.

Recent studies using young adult mice showed that
targeting tumor-associated M2 macrophages such that
they skew back to the M1 phenotype may be an effec-
tive anti-cancer treatment strategy (Fridlender et al.
2011; Mantovani et al. 2004). Whether this will be an
effective treatment in the elderly is yet to be determined.
Promising data has shown that macrophage activation
can be effective in generating tumor regression in old,
but not young mice (Leibovici et al. 2009). Furthermore,
we have recently shown that, if appropriately activated,
macrophages from elderly hosts can adopt a pro-
inflammatory M1 phenotype and restore T cell IFN-y
production (Jackaman et al. 2013). We have also shown
that exposure to tumor-derived factors polarized geriat-
ric and young-derived macrophages toward the M2-
phenotype; however, only geriatric-derived macro-
phages produced IL-4 (Jackaman et al. 2013). These
data imply increased immunosuppression in elderly
hosts with cancer, i.e., a dual dilemma of age-related
and tumor-induced macrophage and T cell dysfunction.

We did not attempt to rescue tumor-exposed macro-
phages in our previous studies, nor did we address
genetic differences between strains. Here, we extend
those studies to include Balb/c mice. Spleens, lymph
nodes, bone marrow, and peritoneal macrophage sub-
populations from healthy young adult (6-8 weeks old)
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versus healthy elderly (18 months) Balb/c or C57BL/6J
mice were analyzed. We mimicked conditions that may
occur in mesothelioma or lung carcinoma-bearing hosts
by exposing macrophages from young and elderly mice
to syngeneic murine mesothelioma and Lewis lung tu-
mor cell-conditioned media and examined changes to
phenotype and cytokine secretion. The consequences of
macrophage-T cell interactions were examined, focus-
sing on the capacity of tumor-exposed elderly versus
young-derived macrophages to induce proliferative and
functional (IFN-y secretion) responses by T cells from
young versus elderly hosts. Finally, we attempted to
rescue tumor-exposed, elderly-derived macrophages
using classical M1 stimulus (LPS/IFN-y) as well as
IL-2/agonist anti-CD40 antibody (Ab) immunotherapy
(Jackaman et al. 2008).

Materials and methods
Mice

Balb/c or C57BL/6J mice aged 6-8 weeks (young) and
17-18 months (elderly) were obtained from Animal
Resources Centre (ARC, Murdoch, Western Australia)
and maintained under specific pathogen-free conditions
at Curtin University. Balb/c mice are more difficult to
manage during aging than C57BL/6J mice; therefore,
we used 17—18-month-old mice that were still healthy
(Yuan et al. 2009); after this age, there is a rapid decline
in survival. The Jackson laboratory defines 18- to 24-
month-old mice as old or elderly and equivalent to 56- to
69-year-old humans and refers to a period when senes-
cent changes can be detected in many biomarkers in all
animals (Yuan et al. 2009). This is also an age where
sarcopenia (age-related loss of muscle mass) becomes
evident and is similar to the sarcopenia seen in 70-year-
old humans (Shavlakadze et al. 2010). All experiments
were performed according to the Australian Code of
Practice for the care and use of animals for scientific
purposes as per Curtin University Animal Ethics
Committee (AEC#2012_21).

Tumor cell lines and tumor cell-conditioned media
(supernatant)

ABI1 and AE17 are malignant mesothelioma cell lines
derived from the peritoneal cavity of either Balb/c mice
or C57BL/6J mice injected with asbestos fibers

respectively and have been previously described
(Davis et al. 1992; Jackaman et al. 2003). The murine
Lewis lung (LL/2) cell line was obtained from the
ATCC (ATCC CRL-1640; Maryland, USA). The tumor
cell lines were maintained in complete medium,
consisting of RPMI 1640 (Invitrogen, CA, USA) sup-
plemented with 10 % fetal calf serum (FCS;
ThermoScientific, Victoria, Australia), 50 mg/L genta-
micin (Pharmacia and Upjohn, Western Australia, Aus-
tralia), 60 mg/L benzylpenicillin (CSL Ltd, PA, USA),
2 mM L glutamax (Invitrogen), and 0.05 mM 2-
mercaptoethanol (Sigma-Aldrich, MO, USA). Cells
were cultured at 37 °C in a 5 % CO, atmosphere. For
the generation of tumor cell-conditioned media, cells
were cultured in a serum-free medium (Invitrogen).
After 48—72 h, conditioned media from tumor cell cul-
tures were centrifuged and cell-free supernatants collect-
ed and stored at —80 °C until use.

Collection and in vitro stimulation of peritoneal
macrophages

Cells obtained from the peritoneal cavity of mice by
washing with ice-cold PBS were incubated for 2—4 h at
37 °C, after which non-adherent cells were removed; the
remaining adherent population was >95 % F4/80" mac-
rophages (Jackaman and Nelson 2010). Where speci-
fied, macrophages were cultured overnight with 50 %
AB1 mesothelioma-conditioned media, 50 % AE17
mesothelioma-conditioned media, 50 % LL-
conditioned media, M2 stimuli (20 ng/ml IL-4; Shenan-
doah Biotechnology, PA, USA), M1 stimuli (20 ng/ml
IFN-y, Shenandoah Biotechnology; and 1 pg/ml LPS,
Sigma-Aldrich) or IL-2/anti-CD40 Ab (10 pg/ml of
each, IL-2 obtained from Cetus Corporation, CA,
USA; anti-CD40 Ab, or FGK45 obtained from AbSo-
lutions, Western Australia).

Flow cytometry

Spleen, bone marrow, and lymph node samples for
intracellular staining were collected in PBS/2 % FCS
solution containing Brefeldin A (Biolegend). Tissue
samples were disaggregated into single-cell suspensions
by gentle dispersion between two frosted glass slides
and stained for flow cytometric analysis. The following
anti-mouse primary antibodies were incubated for 1 h at
4 °C in the dark: anti-CD11b-PE-Cy7 (Biolegend, CA,
USA), anti-F4/80-APC-Cy7 (Biolegend), anti-Ly6C
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biotin (Biolegend), anti-Ly6G-PerCP-Cy5.5
(Biolegend), anti-CD40-PE and rabbit anti-CX3CR1
(Abcam, MA, USA). Following three washes in PBS/
2 % FCS, secondary antibody Alexafluor® 488-
conjugated anti-rabbit antibody (Biolegend) and
streptavidin-V500 (Becton Dickinson) was incubated
for 30 min at 4 °C in the dark. For intracellular staining,
cells were fixed in 1 % paraformaldehyde on ice for
15 min, followed by permeabilization with PBS/2 %
FCS solution containing 0.1 % saponin. Cells were then
stained with anti-TNF-a-APC and anti-IL10-Brilliant
Violet 421. Cells were washed and resuspended in
PBS/2 % FCS for analysis on a FACSCanto II using
FACSDiva software (Becton Dickinson) or FlowJo soft-
ware (TreeStar, OR, USA).

Allogeneic mixed lymphocyte reaction (MLR)
using CFSE-labelled T cells

Cross-over MLR assays were used to determine whether
any defect seen was at the macrophage or T cell level.
Macrophages from young or elderly Balb/c mice were
co-cultured with allogeneic T cells from C57BL/6J
mice. Alternatively, macrophages from young C57BL/
6J mice were co-cultured with allogeneic T cells from
young or elderly Balb/c mice. Prior to addition of T
cells, all stimuli were removed and macrophages were
washed with PBS. Splenocytes collected from either
Balb/c mice or C57BL/6J mice were labelled with car-
boxyfluorescein diacetate succinimidyl ester (CFSE;
Invitrogen), a fluorescent dye that binds to cell mem-
branes (Lyons and Parish 1994). Balb/c splenocytes
were used as allogeneic responder T cells for C57BL/
6J macrophages, and C57BL/6J splenocytes were used
as allogeneic responder T cells for Balb/c macrophages.
The cells were washed in PBS, resuspended at 2x 10’
cells/ml in RPMI containing 3.5 uM CFSE, incubated at
room temperature for 10 min, then washed three times
with RPMI. Labelled splenocytes were cultured for 2—
4 h to remove adherent cells. Non-adherent cells
(consisting of 39.3+1.3 % T cells) were co-cultured
for 3—-5 days with varying macrophage: T cell ratios
(1:2 to 1:200). Splenocytes cultured with 1 pg/mL Con-
canavalin A, (ConA; Sigma-Aldrich) were used as a
positive control. After 5 days, cells were stained with
anti-mouse antibodies: anti-CD4-APC-Cy7, anti-CD8-
PerCP-Cy5.5, and anti-CD44-APC (Beckton Dickin-
son). As T cells proliferate, CFSE segregates equally
between each daughter population, and in flow
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cytometric analysis, each round of proliferation is seen
as sequential halving of CFSE staining intensity (Lyons
and Parish 1994). The percentage of T cell proliferation
was calculated based on loss of staining intensity of the
parent peak.

Cytokine bead array (CBA)

Concentrations of the cytokines TNF-«x, IL-4, and
IFN-vy in stimulated macrophage supernatants and
MLR supernatants (macrophage:T cell ratio 1:2) were
measured using the mouse Th1/Th2 CBA (BD Biosci-
ences). The data shown for IFN~y in the MLR superna-
tants was calculated by subtracting I[FN-y secreted by
macrophage only controls, to exclude macrophage-
derived cytokines and reveal T cell-derived cytokines.
Analysis was performed on a FACSCanto II (BD) using
FACSDiva software (BD).

Data analysis

Statistical significance was calculated using GraphPad
Prism 4 (San Diego, CA, USA). Student’s ¢ test and
Mann—Whitney U test were used to determine differ-
ences between two populations. P values of <0.05 were
considered statistically significant.

Results

Balb/c elderly-derived macrophages are similar
to C57BL/6J elderly-derived macrophages

Our previous studies showed that IL-10-secreting M2
macrophages and MDSCs dominated lymphoid organs
in elderly but not young adult C57BL/6J mice. None-
theless, elderly-derived macrophages maintained their
ability to respond to stimuli but lost their ability to
induce T cells to secrete IFN-y; a function that could
be restored by activating macrophages using a combi-
nation of IL-2 with agonist anti-CD40 antibody (IL-2/
CD40; Jackaman et al. 2013). However, we did not
examine genetic differences between strains in that
study. We now have data showing that, similar to
C57BL/6J mice, healthy elderly Balb/c mice contain
significantly more splenic IL-10-secreting M2-
macrophages and MDSCs than young mice; these mac-
rophages also responded to M1 and M2 stimuli. Impor-
tantly, exposure to conditioned media from mesothelioma
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tumor cells induced significantly greater IL-4 secretion
relative to young-derived macrophages (data not shown)
implying polarization into more potent suppressive M2
macrophages in the elderly when faced with a
progressing tumor.

Similar to C57BL/6] mice (Jackaman et al., 2013),
young and elderly-derived Balb/c M1 macrophages in-
duced T cell proliferation, and again, only young-
derived M1 macrophages could induce T cells to pro-
duce IFN-y (data not shown); these data confirm the
identification of an age-related defect at the
macrophage/T cell interface in elderly mice. Important-
ly, we also confirmed that IL-2/CD40 activation restored
the function of elderly-derived Balb/c macrophages
with both age groups inducing increased CD4" and
CD8" T cell proliferation resulting in more divisions
than the M1 and M2 stimuli (data not shown). Finally,
unlike M1-stimulation, IL-2/CD40-activated elderly-
derived macrophages could induce T cells to secrete
IFN-y and upregulate the lymphocyte activation mark-
er, CD44 (data not shown). These data imply that re-
gardless of genetic strain, macrophages from healthy
elderly mice are more likely to be immunosuppressive
and that IL-2/CD40 activation overcomes age-related
immunosuppression.

M1-stimulated macrophages cannot reverse
tumor-induced and age-related suppression

We did not attempt to rescue tumor-exposed macro-
phages in our previous study. Therefore, here we
assessed whether the suppressive IL-4-secreting M2
phenotype induced by tumor-conditioned media could
be reversed with M1 (LPS/IFNvy) or IL-2/CD40 stimu-
lation. Peritoneal macrophages from young or elderly
Balb/c mice were first exposed to AB1 mesothelioma-
conditioned media overnight then cultured for further
24 h with either the M1 stimuli or IL-2/anti-CD40 Ab.
Regardless of age, tumor-exposed, M1-stimulated mac-
rophages upregulated CD40 (Fig. 1a) and appeared to
downregulate CX3CR1 expression (Fig. 1b) implying
polarization into M1 cells. However, supernatants col-
lected for CBA analysis showed that the M1-associated
cytokines TNF-o¢ (Fig. 1c) and IFN-y (Fig. 1d) were
significantly decreased compared to M1 stimuli alone
(i.e., not tumor-exposed). These data imply that prior
exposure to tumor-derived factors diminishes the ability
of macrophages to respond to LPS/IFNy resulting in
incomplete polarization into M1 cells.

The macrophages were then co-cultured with varying
numbers of CFSE-labelled allogeneic, non-adherent
splenic lymphocytes from young C57BL/6J mice for
5 days and CD4" and CD8" T cell proliferation mea-
sured, as described above. Regardless of stimuli, mac-
rophages from elderly mice induced greater prolifera-
tion of young CD4" T cells than young-derived macro-
phages at all macrophage: T cell ratios (Fig. 2a and data
not shown). Macrophages from young and elderly
Balb/c mice first exposed to mesothelioma-conditioned
media then activated with M1 stimuli did not lose their
ability to induce young-derived CD4" (Fig. 2a) and
CDS8™ T cells (Fig. 2b) to proliferate. However, in the
presence of tumor-derived factors, macrophages from
both age groups could not induce splenic T cells to
secrete IFN-y (Fig. 2¢). In contrast, in the absence of
tumor-derived factors, young-derived M1 macrophages
induced significantly greater levels of [FN-y secretion
by young T cells than elderly-derived M1 macrophages
(Fig. 2c). These data suggest that M 1-stimulated mac-
rophages from elderly mice lose their ability to induce
functional IFN-y secreting T cells and that exposure to
tumor-derived factors disables young-derived macro-
phages such that they functionally resemble elderly-
derived macrophages.

In a further experiment analyzing the T cell compart-
ment, macrophages from young C57BL/6J mice were first
exposed to conditioned media from syngeneic AE17 me-
sothelioma or LL tumor cell lines then activated with M1
stimuli. These tumor-exposed M1 macrophages induced
young and elderly-derived Balb/c CD4" (Fig. 3a, b) and
CDS" T cells (Fig. 3¢) to proliferate. Interestingly, elderly-
derived CD4" T cells proliferated more readily than
young-derived CD4" T cells at lower macrophage: T cell
ratios (Fig. 3b and data not shown). In contrast, young-
derived CD8" T cells appeared to proliferate more readily
at the higher macrophage: T cell ratios (Fig. 3c); however,
the differences are not statistically significant. There was
no difference in CD8™ T cell proliferation between young
and elderly groups at lower macrophage: T cell ratios (data
not shown). Again, this did not lead to restoration of
young or elderly splenocyte-derived IFN-y production
(Fig. 3d). The data for Fig. 3d was calculated by
subtracting IFN-y secreted by macrophages to exclude
macrophage-derived cytokines (i.e., young M1-stimulated
macrophages; 193+142 pg/ml: elderly M1-stimulated
macrophages; 152+88 pg/ml: young ABI1 sup—MI
stimulated macrophages; 4+4 pg/ml: elderly AB1
sup— M1 stimulated macrophages: 5+5 pg/ml).
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Fig.1 Classical M1 stimulation does not override age-related and
tumor-induced M2-like macrophage dysfunction. Peritoneal mac-
rophages from young or elderly Balb/c mice were cultured over-
night with AB1 tumor cell-conditioned media (AB1 sup) then
activated with M1 stimuli (LPS/IFN-y) for another 24 h (AB1
sup— M1 stimulus). Controls included no stimuli, AB1 sup only,

IL-2/CDA40 activated macrophages reverse
tumor-induced and age-related T cell dysfunction

Given M1 stimuli could not completely rescue the sup-
pressive M2 phenotype induced by tumor-conditioned
media, we next assessed the effect of IL-2/CD40 acti-
vation in similar experiments. Regardless of age, tumor-
exposed, IL-2/CD40-stimulated macrophages demon-
strated partial polarization into M1 cells by secretion
of the M1 cytokine, TNF- (Fig. 4a), but not IFN-y
(Fig. 4b) or IL-4 (an M2 cytokine; data not shown).
Macrophages were then co-cultured with varying num-
bers of CFSE-labelled allogeneic splenic lymphocytes
from young C57BL/6J mice for 5 days and CD4" and
CD8" T cell proliferation measured. Macrophages from
young and elderly mice first exposed to mesothelioma-
conditioned media then activated with IL-2/anti-CD40
Ab-induced young CD4" (Fig. 4c) and CD8" T cells
(Fig. 4d) to proliferate. However, CD8" T cell prolifer-
ation was decreased for both young and elderly-derived
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and M1 stimuli only. CD11b"F4/80" macrophages were analyzed
by flow cytometry for surface expression of CD40 (a) and
CX3CRI1 (b). TNF-x (c¢) and IFN-y (d) were measured in the
supernatant by CBA. Data from two to four experiments is shown
as mean+SEM. *p<0.05

mesothelioma-exposed, IL-2/CD40 activated macro-
phages compared to IL-2/CD40 stimuli alone
(Fig. 4d). Importantly, mesothelioma-exposed, IL-2/an-
ti-CD40-stimulated macrophages from young and elder-
ly mice induced young-derived splenic lymphocytes to
secrete IFN-y (Fig. 4e) and upregulate CD44 similar to
the IL-2/CD40 alone controls (Fig. 4f). These data im-
ply that IL-2/CD40 activation overrides tumor-induced
suppressive effects on macrophages regardless of age;
thus, age-related, tumor-induced macrophage defects
can be rescued.

To better understand the T cell compartment in elder-
ly mice, peritoneal macrophages from young C57BL/6J
mice were first exposed to AE17 mesothelioma-
conditioned media or LL tumor-conditioned media
overnight, then cultured with IL-2/anti-CD40 Ab for
further 24 h before co-culture with CFSE-labelled allo-
geneic splenic lymphocytes from young or elderly
Balb/c mice. Equivalent levels of proliferation in
CD4" and CD8" T cells (Fig. 5a, b) from young and
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Fig. 2 Tumor-exposed
macrophages from elderly mice
show impaired ability to stimulate
T cell production of IFN-y.
Peritoneal macrophages from
young or elderly Balb/c mice
were cultured overnight with AB1
tumor cell-conditioned media
(ABI sup) then activated with M1
stimuli (LPS/IFN-y) for another
24 h (ABI sup—MI stimulus).
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elderly mice were observed. Macrophages from young
and elderly mice first exposed to mesothelioma-
conditioned media then activated with IL-2/anti-CD40
Ab restored T cell proliferation to similar levels as IL-2/
CD40 alone controls. Furthermore, the data show that
IL-2/CD40-activated macrophages from young mice
induced young-derived splenocytes to secrete signifi-
cant levels IFN-y (Fig. 5c). However, prior exposure
of these young-derived macrophages to AE17 or LL
tumor cell-conditioned media, followed by IL-2/anti-
CD40 Ab only partially rescued IFN-y production by
splenocytes from young mice (Fig. 5¢). In contrast and
importantly, IL-2/CD40-driven rescue of IFN-y secre-
tion by splenocytes was more effective in elderly

Young Balb/c

Elderly Balb/c

derived T cells (Fig. 5¢). CD44 expression appeared to
be upregulated to a greater extent by elderly-derived
CD4" T cells, but not C84" T cells (data not shown);
however, the age-related differences were not statistical-
ly significant. Overall, these data suggest that IL-2/anti-
CD40 Ab may restore anti-tumor T cell immunity in
elderly mice via activated macrophages.

IL-2/CDA40 activated elderly-derived macrophages
reverse tumor-induced and age-related elderly T cell

dysfunction

In our previous study, we did not attempt cross-over
experiments with elderly-derived Balb/c macrophages
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Fig. 3 Classical M1 stimulation does not restore tumor-induced
macrophage dysfunction or rescue elderly T cell production of
IFN-y. Macrophages from young C57BL/6J mice were cultured
overnight with AE17 tumor cell-conditioned media (AE17 sup) or
LL tumor cell-conditioned media (LL sup), then stimulated over-
night with M1 stimuli before co-culture with CFSE-labelled young
or elderly Balb/c splenic lymphocytes and analyzed for

to elderly-derived C57BL/6J mice and vice versa.
Balb/c mice are more difficult to manage during aging
than C57BL/6J mice (Yuan et al. 2009), which results in
limited access to sufficient numbers of elderly C57BL/
6J mice and elderly Balb/c mice that are the same age at
the same time. Therefore, we have only been able to
perform two experiments co-culturing elderly C57BL/
6J-derived macrophages with elderly Balb/c-derived T
cells and vice versa (Fig. 6a—e). Elderly-derived,
mesothelioma-exposed, M1 stimulated macrophages
did not increase elderly-derived CD4" or CD8" T cell
proliferation (Fig. 6a, ¢) or lead to T cell upregulation of
CD44 (Fig. 6e) compared to M1 stimuli only. However,
M1 stimuli appeared to partially reverse tumor-induced
suppression leading to increased levels of IFN-y secre-
tion by T cells from elderly mice (Fig. 6b, d) compared
to M1 stimuli only; this was particularly clear when
elderly-derived C57BL/6J T cells were cultured with
elderly-derived, AB1-exposed, M1-stimulated Balb/c
macrophages. Macrophages from elderly mice first ex-
posed to mesothelioma-conditioned media then activat-
ed with IL-2/anti-CD40 Ab restored elderly-derived T
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cell-derived IFN-y by CBA, calculated by subtracting IFN-y
secreted by macrophages (d). Data from two to four experiments
is shown at the macrophage: T cell ratio of 1:2 (a, ¢, and d) and
1:20 (b) as mean+SEM. *p<0.05

cell proliferation to similar levels as IL-2/CD40 alone
(Fig. 6a, c). Importantly, IL-2/CD40 but not M1-
stimulation overcame tumor-induced and age-related
macrophages suppression leading to the restoration of
the ability of T cells from elderly mice to secrete IFN-y
(Fig. 6b, d) and upregulate CD44 expression; the latter
seen in proliferating CD8" T cells (Fig. 6e).

Discussion

Many cancers, including mesothelioma and lung carci-
nomas, emerge in aging populations. Yet little is known
about the effect of aging on macrophage function in
healthy hosts. Even less is known about their interac-
tions with T cells and how this might impact on tumor-
igenesis and/or anti-cancer therapies in the elderly. This
study furthers our previous work (Jackaman et al. 2013)
and addresses lung carcinoma and mesothelioma-
induced defects that are superimposed on age-related
defects in macrophages and their interactions with T
cells.
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later cells stained with CD4, CD8, and CD44 and the percentage of
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CD44 expression on proliferating CFSE 'CDS8” cells (f) calculated
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by macrophages (e). Data from two to four experiments is shown
at the macrophage: T cell ratio of 1:2 as mean+=SEM. *p<0.05
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Q

Fig. 5 IL-2/anti-CD40 Ab
restores tumor-induced
macrophage dysfunction leading
to elderly T cell production of
IFN-y. Peritoneal macrophages
from young C57BL/6J mice were
cultured overnight with AE17
tumor cell-conditioned media
(AE17 sup) or LL tumor cell-
conditioned media (LL sup),
stimulated overnight with IL-2/
anti-CD40 Ab then co-cultured
with CFSE-labelled young or
elderly Balb/c splenic
lymphocytes and proliferating
CFSE'CD4" T cells (a) and
CFSE'CDS8" T cells calculated
(b); note only macrophage: T cell
ratio of 1:2 shown. Controls
included no stimuli, AE17 sup
only, LL sup only and M1 stimuli
only. MLR supernatants were
assayed for T cell-derived IFN-y
by CBA, as described above (c).
The data from two to four
experiments is shown at the
macrophage: T cell ratio of 1:2 as
mean+SEM. *p<0.05
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We report here that macrophage and MDSC propor-
tions were significantly increased in spleens from elder-
ly Balb/c relative to their younger counterparts and that
most of these cells were immunosuppressive M2 cells.
These data are in agreement with other studies (Dace
and Apte 2008; Ly et al. 2010) including our recent
study in C57BL/6J mice (Jackaman et al. 2013) and
confirm that M2 and MDSC cells dominate key lym-
phoid organs in elderly mice in genetically different
strains. Therefore, increasing immunosuppression dur-
ing healthy aging could be a normal phenomenon in
mice and, as shown by others, likely in humans as well
(Gregg et al. 2005; Verschoor et al. 2013).

In agreement with our previous study in C57BL/6J
mice, macrophages from young and elderly Balb/c mice
responded similarly to M1 and M2 stimuli by
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upregulating surface CD40 or CX3CR1 molecules, re-
spectively, and secreting the appropriate cytokines. The-
se data are different to others who have reported de-
creased cytokine secretion from elderly macrophages
(Corsini et al. 1999; Wallace et al. 1995). However, a
recent conflicting study also showed that macrophages
from aged mice produce higher cytokine levels (TNF
and 1L-6) following in vitro LPS stimulation
(Bouchlaka et al. 2013). This discrepancy may reflect
different technologies, different mouse strains or spe-
cies, and/or macrophages from different tissue sites; the
latter highlighted in a study showing that LPS-
stimulated splenic macrophages, but not bone marrow-
derived macrophages, from aging mice demonstrated an
aberrant response (Mahbub et al. 2012). Importantly,
our data from two different mouse strains suggest that
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Fig. 6 1L-2/CDA40 activated elderly-derived macrophages reverse
tumor-induced and age-related elderly T cell dysfunction. Perito-
neal macrophages from elderly C57BL/6] mice (a) or elderly
Balb/c mice (¢) were cultured overnight with AE17 (a) or AB1
(¢) tumor cell-conditioned media (AE17 sup or AB1 sup), stimu-
lated overnight with M1 (LPS/IFN-y) or IL-2/anti-CD40 Ab then
co-cultured with CFSE-labelled, elderly Balb/c (a) or C57BL/6J
(c) splenic lymphocytes and proliferating CFSE'CD4 ™ T cells and

despite a natural skewing towards M2 immunity, macro-
phages from aging hosts retain the capacity to respond to
exogenous, and likely endogenous, signals. The latter was
shown by studies examining rescue of geriatric muscle
regeneration by the young host which is likely to be
mediated by macrophages (Shavlakadze et al. 2010).
Furthermore, a recent young-to-old parabiotic study
(Ruckh et al. 2012) showed that macrophages from

CFSE'CD8" T cells calculated; only macrophage: T cell ratio of
1:5 shown (a and ¢). Controls included no stimuli, AE17 sup only,
M1 stimuli only, and IL-2/CD40 Ab only. MLR supernatants at the
macrophage: T cell ratio of 1:2 were assayed for T cell-derived
IFN-y by CBA, as described above (b and d). Representative
histograms for CD44 expression on proliferating Balb/c CD8" T
cells are shown in e; grey filled histogram indicates no stimuli,
bolded line histogram indicates relevant stimuli

young mice reversed inefficient central nervous
system remyelination in elderly mice. These stud-
ies suggest that intrinsic defects during aging can
be reversed if given the correct stimuli. Thus, the
data imply the potential of immune rescue by
appropriate macrophage activation.

In our studies, examination of macrophage-T cell in-
teractions showed that M1-stimulated macrophages from
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young and elderly mice induced CD8" T cells from young
and elderly mice to proliferate at similar levels. However,
M1-stimulated macrophages from elderly animals could
not induce young T cells to secrete the same levels of
IFN-y seen when using young-derived macrophages.
These data identify an important age-related macrophage
defect and imply that young but not elderly-derived mac-
rophages present antigen in association with the correct
co-stimulation required to induce functional T cells. These
data are in agreement with others describing reduced
antigen presentation capacity in macrophages from elder-
ly hosts (Seth et al. 1990; Zissel et al. 1999).

We are particularly interested in the role of macro-
phages in solid tumors as, similar to normal healthy
tissue, tumors including mesothelioma and lung carci-
nomas contain large numbers of macrophages (Burt
et al. 2011; Jackaman et al. 2009). When we examined
the potential role of macrophages in tumor develop-
ment, we found that tumor-derived soluble factors po-
larized M2 macrophages, regardless of age. However,
macrophages from elderly mice secreted higher levels of
IL-4 in response to tumor-derived factors relative to
their younger counterparts. These data imply that
elderly-derived macrophages are particularly sensitive
to signals that induce their development into highly
immunosuppressive macrophages that could promote
tumor development. Mesothelioma-exposed macro-
phages from young and elderly mice induced allogeneic
CD8" T cells to proliferate. However, these T cells,
unlike those interacting with macrophages not exposed
to mesothelioma factors, did not produce IFN~y. One
possible interpretation of these data is that CD8" T cells
activated by tumor-exposed macrophages, particularly
macrophages in the tumor microenvironment, are un-
likely to be functional and may not be able to lyse tumor
cells. Taken together, these data suggest that, regardless
of age, local macrophages will respond to tumor-derived
signals by adopting an immunosuppressive phenotype
that promotes tumor growth. However, macrophages
from elderly hosts may provide an even more sup-
pressed environment that readily promotes cancer de-
velopment. Tumor-infiltrating CD8" T cells could be
compromised by these macrophages and lose their abil-
ity to kill target tumor cells.

Our previous studies showed that targeting large
mesothelioma and lung carcinoma tumors with IL-2/
anti-CD40 Ab-based immunotherapy induces a perma-
nent cure (Jackaman et al. 2012a; Jackaman et al. 2008;
Jackaman and Nelson 2012) mediated by T cells,
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neutrophils (Jackaman et al. 2008; Jackaman and
Nelson 2012), NK cells (Jackaman et al. 2012a), and
macrophages (manuscript submitted). However, those
proof-of-principle studies were conducted in young
adult mice, and both cancers generally emerge in elderly
populations when T cell immunity is declining (Haynes
and Maue 2009). Here, we showed that IL-2/anti-CD40
Ab-stimulated macrophages from young and elderly
Balb/c mice secreted IFN-y and TNF-o indicating po-
larization to an M1-like phenotype. Importantly, CD8"
T cells from elderly mice readily proliferated in response
to interaction with IL-2/CD40-activated young-derived
macrophages resulting in more cellular divisions than
other stimuli including LPS/IFN-y-activated M1 cells.
Furthermore, the ability of elderly-derived CD8" T cells
to secrete IFN-y was restored.

We extended these studies to examine the capacity of
LPS/IFN-y or IL-2/anti-CD40 Ab treatment to override
age-induced and cancer (focussing on mesothelioma)
driven macrophage dysfunction. To the best of our
knowledge, no other similar study has been conducted.
We showed that M1 stimuli only restored surface pheno-
type with no rescue of cytokine production. Furthermore,
tumor-exposed, M1-stimulated macrophages could not
induce T cells IFN-y production. Interestingly, tumor-
exposed, IL-2/CD40-activated macrophages demonstrat-
ed an incomplete skewing towards M1 cells as TNF-«,
but not IFN-y, was produced. This response was different
to macrophages that had not been exposed to tumor-
derived factors as their activation via IL-2/CD40 induced
both TNF-ox and IFN-y production; IL-4 was not in-
duced. Importantly, tumor-exposed, IL-2/CD40-activated
macrophages from young and elderly mice induced
CD4" and CD8" T cells to proliferate and secrete IFN-y.

When we focussed on T cell dysfunction in elderly
mice, we found that mesothelioma-exposed, IL-2/CD40-
activated macrophages from young C57BL/6J mice in-
duced equivalent levels of proliferation in CD4" and
CDS8" T cells from young and elderly mice. Interestingly,
IL-2/CD40-driven macrophage rescue of [IFN-y secretion
was more effective in elderly-derived than in young-
derived T cells. This may be, at least in part, due to the
increased CD4" T cell proliferation seen in elderly-
derived T cells relative to young-derived T cells.
These data show that age- and tumor-induced mac-
rophage defects can be partially but sufficiently,
reversed to rescue T cell function measured by
IFN-y secretion. Further studies are required to
address CD8" cytolytic function.



AGE (2014) 36:1315-1328

1327

These results are similar to others who showed that
monocytes from aged hosts maintain their ability to dif-
ferentiate into dendritic cells and activate effector func-
tion in senescent T cells (Lung et al. 2000). These data are
also in agreement with studies suggesting that cytokines
improve function of macrophages in the elderly
(Hayakawa et al. 1995; Stout and Suttles 2005). Our data
showed that use of an IL-2/anti-CD40 Ab-based immu-
notherapy could be effective in elderly cancer-bearing
hosts. However, a recent study showed that systemic
IL-2/anti-CD40 Ab induces rapid and lethal toxicity in
aged mice, mediated by pro-inflammatory macrophages
(Bouchlaka et al. 2013). Our previous studies observed
high lethality in young mice treated systemically with IL-
2/anti-CD40 Ab (Jackaman et al. 2008). This was over-
come by targeting the treatment directly into the tumor
(Jackaman et al. 2008). Therefore, future in vivo studies
using intra-tumoral administration of IL-2/anti-CD40 Ab
are required to delineate the direct and indirect (via CDS"
T cells and other effector cells) role of tumor-associated
macrophages in elderly hosts.

Our data suggests that macrophages from elderly
hosts are hypersensitive to environmental M1, M2,
and tumor-derived stimuli. In particular, they are sensi-
tive to immunosuppressive stimuli and therefore likely
to provide a highly tumorigenic microenvironment.
Nonetheless, macrophages from elderly mice maintain
their capacity to transition into M1 or M2 cells. Activa-
tion via IL-2/CD40 not only restores the dual dilemma
of tumor-induced and age-related macrophage dysfunc-
tion but also rescues age-related/tumor-induced T cell
dysfunction. Therefore, targeting IL-2/CD40 activation
overrides tumor-induced suppressive effects on macro-
phages regardless of age; thus, age-related macrophage
defects can be rescued.
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