This information is current as
of September 27, 2022.

Chimeric Antigen Receptor T Cells Shape
Myeloid Cell Function within the Tumor
Microenvironment through IFN-γ and
GM-CSF
Paul Spear, Amorette Barber, Agnieszka Rynda-Apple and
Charles L. Sentman

References

This article cites 57 articles, 28 of which you can access for free at:
http://www.jimmunol.org/content/188/12/6389.full#ref-list-1

Why The JI? Submit online.
• Rapid Reviews! 30 days* from submission to initial decision
• No Triage! Every submission reviewed by practicing scientists
• Fast Publication! 4 weeks from acceptance to publication
*average

Subscription
Permissions
Email Alerts
Errata

Information about subscribing to The Journal of Immunology is online at:
http://jimmunol.org/subscription
Submit copyright permission requests at:
http://www.aai.org/About/Publications/JI/copyright.html
Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/alerts
An erratum has been published regarding this article. Please see next page
or:
/content/193/3/1513.4.full.pdf

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,
1451 Rockville Pike, Suite 650, Rockville, MD 20852
Copyright © 2012 by The American Association of
Immunologists, Inc. All rights reserved.
Print ISSN: 0022-1767 Online ISSN: 1550-6606.

Downloaded from http://www.jimmunol.org/ by guest on September 27, 2022

J Immunol 2012; 188:6389-6398; Prepublished online 14
May 2012;
doi: 10.4049/jimmunol.1103019
http://www.jimmunol.org/content/188/12/6389

The Journal of Immunology

Chimeric Antigen Receptor T Cells Shape Myeloid Cell
Function within the Tumor Microenvironment through IFN-g
and GM-CSF
Paul Spear, Amorette Barber, Agnieszka Rynda-Apple, and Charles L. Sentman

T

he tumor microenvironment is characterized by suppressive leukocytes that restrain anti-tumor immunity and
promote tumor growth and survival (1). Tumor-associated
macrophages (TAMs) comprise a large percentage of the cellular
constituents within the tumor milieu. These cells promote tumor
growth through secretion of proangiogenic cytokines and suppression of anti-tumor immunity (2). Despite their tumor-promoting properties, subpopulations of macrophages can support
tumor rejection and promote anti-tumor immune responses elicited by cancer immunotherapies (3, 4). The dual function of
macrophages is regulated by their immune environment (5). Lymphocytes regulate the immune environment and interact with
macrophages to shape their activation, controlling the balance
between pro- and anti-tumor immunity (6, 7). Transformation of
the tumor milieu, including myeloid cells, supports tumor rejection and enhances immunotherapeutic strategies targeting cancer.
Chimeric Ag receptor (CAR) transduced T cells have been
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crease survival (8–10). CARs have been developed that recognize
several different molecules, including CD19, Her2neu, mesothelin, and NKG2D ligands, and CARs use a variety of signaling
motifs to enhance the efficacy of effector T cells (8, 11–14).
Because such targeted T cells can mediate a variety of effector
responses in addition to direct tumor lysis, CAR T cells have the
potential to change the tumor microenvironment, induce host
anti-tumor immunity, and lead to long-term tumor-free survival.
Many studies have focused on their ability to kill tumor cells and
how best to deliver them to tumor-bearing hosts (9). This study
investigated the mechanisms of how adoptive T cell therapy altered local tumor myeloid cells to promote tumor destruction and
anti-tumor immunity. CAR-bearing T cells engineered to express
a chimeric NKG2D (chNKG2D) receptor, which consists of fulllength NKG2D fused to CD3z, were used (13, 15, 16). The efficacy of these CAR-bearing T cells involves not only tumor lysis
but cytokine-induced changes as well (14, 17, 18). This study
demonstrates that one mechanism for CAR-bearing T cell efficacy is through cytokine-induced changes in the tumor microenvironment that cause recruitment and activation of tumorassociated myeloid cells to create an unfavorable milieu for tumor survival.

Materials and Methods
Mice
C57BL/6 and B6-Ly5.2Cr (CD45.1+) were purchased from the National
Cancer Institute (Frederick, MD). B6.129S7-Ifngtm1Agt/J (IFN-g2/2)
were purchased from The Jackson Laboratory. B6.129S4-Ccr2tm1Ifc/J
(CCR22/2) mice were provided by Dr. Brent Berwin (Dartmouth Medical School, Lebanon, NH), and GM-CSF–deficient mice on a C57BL/6
background were provided by Dr. Jeff Whitsett (University of Cincinnati,
Cincinnati, OH). Mice used in experiments were between 7 and 12 wk of
age. All animal work was performed in the Dartmouth Medical School
Animal Facility (Lebanon, NH) in accordance with institutional guidelines.
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The infiltration of suppressive myeloid cells into the tumor microenvironment restrains anti-tumor immunity. However, cytokines
may alter the function of myeloid lineage cells to support tumor rejection, regulating the balance between pro- and anti-tumor
immunity. In this study, it is shown that effector cytokines secreted by adoptively transferred T cells expressing a chimeric Ag
receptor (CAR) shape the function of myeloid cells to promote endogenous immunity and tumor destruction. Mice bearing the
ovarian ID8 tumor were treated with T cells transduced with a chimeric NKG2D receptor. GM-CSF secreted by the adoptively
transferred T cells recruited peripheral F4/80loLy-6C+ myeloid cells to the tumor microenvironment in a CCR2-dependent fashion.
T cell IFN-g and GM-CSF activated local, tumor-associated macrophages, decreased expression of regulatory factors, increased
IL-12p40 production, and augmented Ag processing and presentation by host macrophages to Ag-specific T cells. In addition,
T cell-derived IFN-g, but not GM-CSF, induced the production of NO by F4/80hi macrophages and enhanced their lysis of tumor
cells. The ability of CAR T cell therapy to eliminate tumor was moderately impaired when inducible NO synthase was inhibited
and greatly impaired in the absence of peritoneal macrophages after depletion with clodronate encapsulated liposomes. This study
demonstrates that the activation of host macrophages by CAR T cell-derived cytokines transformed the tumor microenvironment
from immunosuppressive to immunostimulatory and contributed to inhibition of ovarian tumor growth. The Journal of Immunology, 2012, 188: 6389–6398.
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Generation of CAR-expressing T cells
Mouse splenocytes were stimulated with Con A for 18 h (1 mg/ml), retrovirally transduced as previously described, and injected into mice
8 d postactivation (15, 17)

Injection of ID8-GFP cells and treatment of mice with
genetically modified T cells
On day 0, ID8-GFP cells (2 3 106) were injected i.p. into mice. The ID8
ovarian carcinoma model recapitulates advanced stages of ovarian carcinoma. ID8 tumor cells express NKG2D ligands (13). Mice were treated
with T cells on day +35, as described for each experiment. To inhibit NO
production in vivo, mice were injected with the inducible NO synthase
(iNOS) selective inhibitor L-nil (3 mg/kg) or PBS each day from day 35 to
day 41. To deplete macrophage populations, 200 ml clodronate encapsulated liposomes or control PBS liposomes (gift of Roche Diagnostics,
Mannheim, Germany) were injected i.p. on day 33 into ID8 tumor-bearing
mice, which was 2 d prior to T cell inoculation. Clodronate liposomes were
prepared as previously described (19). The number of solid tumors on the
peritoneal wall and the number of GFP+ tumor cells in the peritoneal wash
was determined 8 wk (day 56) after ID8 tumor inoculation.

Cells isolated by peritoneal wash were incubated with anti-CD16/CD32
mAbs and mouse g-globulin (Jackson ImmunoResearch) and stained
with anti-CD45.1 (clone A20), anti-CD45.2 (clone 104), anti-F4/80 (clone
BM8), anti–Ly-6C (clone HK1.4), anti-MHC class II (clone M5/114.15.2),
anti-CD86 (clone GL-1), anti–IFN-gR (clone MOB-47), anti-CD3e (clone
145-2C11), anti-CD4 (clone GK1.5), anti-CD8b (clone YTS156.7.7), antiCXCR3 (clone CXCR3-173), anti-CD11c (clone N418), or anti–IL-12p40
(clone C15.6). F4/80+ cell production of reactive oxygen species was
measured by the oxidation-sensitive dye CM-H2DCFDA (Invitrogen).
Peritoneal cells were labeled with 10 mM DCFDA for 30 min, washed
twice, and stained with anti-F4/80 mAbs before running flow cytometry.
For intracellular staining, 106 peritoneal cells were cultured in complete
medium for 24 h in a 48-well plate. Brefeldin A (10 mg/ml; SigmaAldrich, St. Louis, MO) and LPS (10 mg/ml) were added to the cultures
for the last 5 h of incubation. Peritoneal cells assayed for IL-6 expression
were not stimulated with LPS. Cells were stained with PE or allophycocyanin-conjugated anti-F4/80 mAbs, fixed with 1.0% paraformaldehyde,
permeabilized with 0.1% saponin, and stained with allophycocyaninconjugated anti–IL-12p40, anti–IL-10–PE, anti–IL-6–PE, or anti-NOS2–
Alexa Fluor 647 mAbs. Peritoneal F4/80+ cells were isolated from tumorbearing mice by magnetic bead selection and anti-F4/80 biotin Ab
(Miltenyi). The purity of cells after isolation was .90%.

Adoptive transfer experiments
CD45.1+ mice bearing tumors for 5 wk were injected i.p. with wild-type
NKG2D (wtNKG2D) or chNKG2D T cells. At 5 wk after tumor inoculation in this murine tumor model, there are both free tumor cells and solid
tumors present. One hour prior to T cell treatment, a mixture of bone
marrow (5 3 106) and spleen cells (5 3 106) isolated from naive CD45.2+
C57BL/6 or CCR22/2 mice was injected i.v. into CD45.1+ mice. Three
days after T cell treatment, the number of CD45.2+, F4/80+ cells in the
peritoneum was assessed to determine myeloid cell recruitment. To assess
chNKG2D T cell activation of TAMs, CD45.2+ mice bearing 5-wk ID8
tumors were injected i.p. with peritoneal cells isolated from CD45.1+ mice
bearing 5-wk ID8 tumors. One hour after transfer of tumor-associated
CD45.1+ cells, wtNKG2D or chNKG2D T cells were injected i.p. into
CD45.2+ mice. The phenotype of CD45.1+ tumor-associated cells was
assessed by flow cytometry 3 d after T cell treatment.

Real-time PCR
F4/80+ peritoneal cells were isolated, and total RNA was extracted using
RNeasy Mini Kit (Qiagen). cDNA was synthesized using random hexamer
primers (Fermentas) in accordance with the manufacturer’s protocol.
cDNA (5 ng) was used as a template for RT-PCR amplification using
SYBR-Green Master Mix (Applied Biosystems) in 25 ml of volume
according to the manufacturer’s protocol. Statistics were performed using
the DCT values.

Cytokine secretion
F4/80+ cells (2 3 105) from tumor-bearing mice were cultured for 24 h in
a 96-well plate in complete medium. Cell-free conditioned media was

Ag processing and presentation
Ag processing assays were performed using peritoneal cells (5 3 105)
stained for F4/80 prior to pulsing cells with 50 mg/ml DQ-OVA at 37˚C for
15 min. Cells were washed three times in PBS at 4˚C and incubated for 15
min at 37˚C before Ag processing by F4/80+ cells was assessed by flow
cytometry. For Ag presentation assays, F4/80+ cells (2 3 105) were isolated from peritoneal wash cells and cultured with CFSE-labeled OT-I cells
(105) positively selected by magnetic beads for CD8b+ cells. Prior to
culture, F4/80+ cells were pulsed with 10210 M OVA257–264 peptide. T cell
proliferation was measured after 4 d based on CFSE dilution.

Cytotoxicity assay
Purified F4/80+ cells were cultured with ID8 tumor cells at an E:T ratio of
25:1 with or without 20 mM of the NOS2 selective inhibitor L-nil (Cayman
Chemical) for 24 h. Macrophage cytotoxicity was measured by lactate
dehydrogenase release using the manufacturer’s protocol (Promega).

Statistical analysis
Differences between groups were analyzed using a Student t test or
ANOVA. A Wilcoxon two-group test was used to compare DCT values
in real-time PCR experiments. The p values ,0.05 were considered significant.

Results
CAR T cell GM-CSF recruits myeloid cells to the tumor site in
a CCR2-dependent manner
To determine mechanisms whereby CAR T cells regulated myeloid
cell populations in the tumor microenvironment, tumor-bearing
mice were injected with CAR T cells, and the role of specific
cytokines was determined. Adoptive transfer of CAR chNKG2D
T cells increased the number of peritoneal cells expressing low
levels of F4/80 in the tumor microenvironment 3 d posttreatment
(Fig. 1A). Approximately 40% of the F4/80hi and 50% of the F4/
80lo macrophages expressed Ly-6C, a marker of recent monocyte
recruitment (Fig. 1B). Note that less than 5% of the F4/80+ cells in
the tumor microenvironment expressed the granulocytic neutrophil marker Ly-6G (data not shown). The low expression of F4/80
can distinguish newly recruited monocytes from F4/80hi resident
macrophages (20–22). The increase in F4/80lo myeloid cell numbers may be attributed to increased proliferation of local myeloid
cells or the recruitment of peripheral monocytes that differentiate
into F4/80+ tissue macrophages. To confirm that the increase in
F4/80loLy-6C+ cells after adoptive T cell treatment was due to recruitment of myeloid cells, CD45.1+ bone marrow and spleen cells
(two sources of peripheral myeloid cells) were injected i.v. into
CD45.2+ tumor-bearing mice. These mice were also injected at the
tumor site i.p. with chNKG2D T cells or control wtNKG2D T cells.
Treatment with CAR T cells preferentially recruited CD45.1+F4/
80loLy-6C+ myeloid cells to the peritoneum within 3 d after T cell
treatment (Fig. 1C). GM-CSF–deficient T cells failed to increase
the number of F4/80loLy-6C+ cells compared with GM-CSF–
sufficient chNKG2D T cells indicating that the secretion of GMCSF by the transferred T cells, but not IFN-g, was necessary for
the recruitment of F4/80loLy-6C+ cells (Fig. 1D). These data indicate that CAR T cell treatment recruits F4/80loLy-6C+ myeloid
cells to the tumor microenvironment through secretion of GMCSF.
Inflammatory monocytes have been shown preferentially to
express the chemokine receptor CCR2, which they use to migrate
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Flow cytometry and F4/80 cell isolation

assayed for IL-6 and IL-10 using multiplex analysis (Millipore) by the
DartLab of the Norris Cotton Cancer Center (Lebanon, NH). NO production was measured using Griess reagent for nitrite according to the
manufacturer’s protocol (Sigma-Aldrich). Peritoneal cells (106 ) were
cultured in a 48-well plate for 24 h, and cell-free supernatants were
assayed for IFN-g by ELISA using mouse DuoSet ELISA kits (R&D
Systems).
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into inflamed tissue and the ovarian tumor microenvironment (20,
22, 23). Macrophages isolated from the peritoneum of chNKG2D
T cell-treated mice expressed higher amounts of the chemokine
receptor CCR2 and produced more of the CCR2 ligand, CCL2
(Fig. 1E). Tumor-bearing mice treated with chNKG2D CAR
T cells increased total CCL2 production by cells within the tumor
microenvironment, and this was dependent upon adoptive T cell
production of GM-CSF but not IFN-g (18). To determine if the
recruitment of myeloid cells after CAR T cell therapy was CCR2dependent, CD45.2+ bone marrow and spleen cells from C57BL/6
or CCR2 knockout (KO) mice were injected i.v. into tumorbearing CD45.1+ mice 1 h before i.p. treatment with chNKG2D

or wtNKG2D T cells. CCR2-deficient cells had a reduced ability
to traffic to the tumor site after chNKG2D T cell treatment (Fig.
1F). However, chNKG2D T cell treatment still recruited significantly more CCR22/2 myeloid cells relative to wtNKG2D T celltreated mice, indicating the recruitment of myeloid cells from the
periphery was not solely CCR2-dependent.
CAR T cell IFN-g is required to upregulate expression of MHC
and costimulatory molecules on endogenous macrophages
Cytokines secreted by T cells shape macrophage activation upon
tissue entry. To determine if cytokines secreted by adoptively
transferred T cells regulated macrophage activation, tumor-bearing
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FIGURE 1. T cell-derived GM-CSF recruits Ly-6C+ myeloid cells to the tumor microenvironment in a CCR2-dependent manner. ID8 tumor-bearing
mice were treated with chNKG2D (hatched), wtNKG2D (filled), chNKG2D IFN-g KO (open), or chNKG2D GM-CSF KO (gray) T cells on week 5. (A)
The number of F4/80hi and F4/80lo cells in the peritoneum was determined 3 d after T cell treatment (n = 4). ***p , 0.001 (versus F4/80lo chNKG2D).
(B) Representative flow cytometry plots show the expression of Ly-6C on the F4/80hi and F4/80lo populations after treatment with chNKG2D (solid) or
wtNKG2D (dashed) T cells. CD45.2+ tumor-bearing mice were injected i.v. with a 1:1 mixture of CD45.1+ bone marrow and spleen cells 1 h before i.p.
injection with chNKG2D or wtNKG2D T cells. (C) The number of CD45.1+ F4/80hi and F4/80lo cells expressing Ly-6C in the peritoneum was assessed 3
d after T cell treatment (n = 4). ***p , 0.001 (versus F4/80loLy-6C+ chNKG2D), *p , 0.05 (versus F4/80hiLy-6C+ chNKG2D). (D) The number of F4/
80hi and F4/80lo cells expressing Ly-6C was determined after T cell treatment. ***p , 0.001 (versus F4/80loLy-6C+ chNKG2D), **p , 0.01 (versus F4/
80hiLy-6C+ chNKG2D). (E) F4/80+ cells were isolated from tumor-bearing mice, and the expression of CCL2 and CCR2 was determined by RT-PCR.
***p , 0.001, **p , 0.01 (versus chNKG2D). (F) Tumor-bearing CD45.1+ mice were injected i.v. with CD45.2+ bone marrow and spleen cells from
naive C57BL/6 or CCR22/2 donors 1 h before i.p. injection with chNKG2D or wtNKG2D T cells. The number of F4/80+CD45.2+ cells recruited to the
peritoneum was assessed 3 d after T cell treatment (n = 4). ***p , 0.001 (versus C57BL/6 chNKG2D), †p , 0.05 (versus C57BL/6 wtNKG2D). (A), (B),
(C), and (F) are representative data of at least two independent experiments. (D) and (E) are cumulative results of two independent experiments. SD is
shown (n = 8).
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CAR T cells alter the activation of TAMs present at the tumor
site at the time of treatment
After treatment with CAR-expressing T cells, two populations of
endogenous macrophages within the tumor microenvironment are
present. Newly recruited macrophages constitute the majority of
F4/80+ cells 3 d after adoptive therapy. A second population of
tumor-associated myeloid cells that differentiate in the tumor
milieu prior to T cell treatment have been shown to suppress
tumor-specific T cell responses (2). However, their re-education
through activating signals has been shown to stimulate adaptive
immunity and promote regression of advanced tumors (4, 24). It is
controversial as to what extent TAMs are malleable and can be
induced to become anti-tumor effector cells. To determine if T cell
effector cytokines could activate suppressive TAMs already
present within a tumor, 5-wk tumor-bearing CD45.2+ mice were
injected locally with peritoneal cells isolated from 5-wk tumorbearing CD45.1+ mice prior to CAR T cell transfer. The majority
of the transferred peritoneal cells from the tumor-bearing CD45.1+
mice expressed F4/80 (data not shown). ChNKG2D T cell treatment activated CD45.1+ TAMs as evidenced by an increase in

the expression of MHC II, CD86, and IFN-gR on F4/80hi
macrophages (Fig. 3A). Both IFN-g and GM-CSF secreted by
CAR T cells were necessary to activate TAMs. Treatment with
chNKG2D T cells had no significant effect on tumor-associated
F4/80lo cells (Fig. 3B). However, ∼75% of the transferred TAMs
were F4/80hi (data not shown). These data indicate that both newly
recruited and tumor-associated suppressive macrophages within
a tumor can be activated through a combination of IFN-g and
GM-CSF produced by the CAR-bearing T cells.
CAR T cell treatment inhibits TAM production of regulatory
proteins
Ovarian cancer cells have been shown to polarize macrophages
toward a tumor-associated phenotype (25). To determine the effect
of adoptive CAR T cell treatment to modify the suppressive
capabilities of tumor-associated regulatory macrophages, macrophage production of suppressive factors was assessed 3 d after
T cell treatment. F4/80hi and F4/80 lo macrophages produced
lower amounts of IL-10 and IL-6 after treatment with chNKG2D
T cells (Fig. 4A, 4B). CAR T cell treatment decreased the production of reactive oxygen species by F4/80hi and F4/80lo cells
(Fig. 4C), which can suppress T cell function through downregulation of CD3z (1). In addition to direct suppression of antitumor immune responses, TAMs can recruit CCR8+ and CCR4+
regulatory T cells to potentiate suppression (26, 27). ChNKG2D
T cell treatment reduced macrophage expression of the CCR8
and CCR4 ligands, CCL1 and CCL17 (Fig. 4D). Macrophages
also expressed less YM-1, HIF-1a, and VEGF, indicating a less
alternatively activated phenotype (Fig. 4D) (28). The decrease in
expression of suppressive and angiogenic factors by macrophages at the tumor site indicates that chNKG2D T cell treatment
activated host macrophages resulting in a reduced ability to suppress immune responses.
CAR T cells increase Ag presentation capacity of TAMs in
a cytokine-dependent manner
The ability of TAMs to present Ag and induce a T cell response
is often impaired (29, 30). T cell effector cytokines can regulate
Ag processing and presentation in the tumor microenvironment
and promote endogenous immunity (31, 32). A higher percentage

FIGURE 2. T cell-derived IFN-g is required to activate host macrophages. ID8 tumor-bearing mice were treated with chNKG2D (hatched), wtNKG2D
(filled), chNKG2D IFN-g KO (open), or chNKG2D GM-CSF KO (gray) T cells at week 5, and peritoneal washes were performed 3 d after T cell treatment.
(A and B) Top, Representative flow cytometry plots showing the expression of MHC II, CD86, and IFN-gR on F4/80hi and F4/80lo cells from mice treated
with chNKG2D (solid) or wtNKG2D (dashed) T cells, or isotype control (gray histogram). Bottom, The mean fluorescence intensity of F4/80hi and F4/80lo
cells expressing MHC II, CD86, and IFN-gR was determined after adoptive T cell treatment (n = 4). Flow plots and data are representative of two to four
independent experiments. ***p , 0.001, **p , 0.01, *p , 0.05 (versus chNKG2D).
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mice were treated with chNKG2D T cells deficient in IFN-g or
GM-CSF, and the expression of cell surface proteins was determined. IFN-g from the adoptively transferred chNKG2D T cells,
but not GM-CSF, was required to upregulate MHC class II (MHC
II), CD86, and IFN-gR expression on F4/80hi macrophages after
chNKG2D T cell treatment (Fig. 2A). There was a trend that
F4/80hi cells isolated from GM-CSF–deficient chNKG2D T cells
expressed lower amounts of activation markers compared with
F4/80hi cells from mice treated with cytokine-sufficient chNKG2D
T cells. Transfer of cytokine-deficient T cells resulted in reduced
expression of these activation markers on F4/80lo cells relative to
cytokine-sufficient T cells (Fig. 2B). F4/80 lo cells represent
a population of newly recruited macrophages, and they were
similar between chNKG2D and control wtNKG2D T cell-treated
mice. The mature F4/80hi macrophage population consists of both
tumor-associated and newly recruited macrophages that upregulate F4/80 upon maturation. The upregulation of activation markers
on F4/80hi macrophages indicated that IFN-g from CAR T cells
activated host macrophages.
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FIGURE 3. Both GM-CSF and IFN-g secreted by chNKG2D T cells are required to activate TAMs. Peritoneal cells isolated from CD45.1+ tumorbearing mice were injected i.p. into CD45.2+ tumor-bearing mice 1 h before injection of chNKG2D (hatched), wtNKG2D (filled), chNKG2D IFN-g KO
(open), or chNKG2D GM-CSF KO (gray) T cells. Peritoneal washes were performed 3 d after T cell treatment, and the mean fluorescence intensity of MHC
II, CD86, and IFN-gR was determined on CD45.1+F4/80hi (A) and CD45.2+F4/80lo (B) macrophages. Representative results and SD of two independent
experiments are shown (n = 4). ***p , 0.001, **p , 0.01, *p , 0.05 (versus chNKG2D).

liferation than F4/80+ cells from naive mice, indicative of the
suppressive nature of these TAMs. These data, together with
previous findings showing enhanced Ag presentation in the
draining lymph node and tumor site, indicate that CAR-bearing
T cells stimulated Ag processing and presentation in a cytokinedependent manner (17, 18).
T cell-derived IFN-g and GM-CSF induce macrophage production of IL-12 to potentiate IFN-g secretion and Th1 differentiation (33). However, tumor-associated macrophages demonstrate
a reduced ability to produce IL-12 upon stimulation with IFN-g or
LPS (34, 35). Intracellular flow cytometry using an anti–IL-12 Ab
showed that both mature F4/80hi and newly recruited F4/80lo
macrophages produced more IL-12 after treatment with CAR T
cells. The increased IL-12 production by newly recruited F4/80lo
cells was dependent on chNKG2D T cell-derived GM-CSF,
but not IFN-g (Fig. 5C). In contrast, both chNKG2D-derived
GM-CSF and IFN-g were required to increase IL-12p40 production by F4/80hi TAMs. Thus, CAR-bearing T cells can promote
local macrophages to produce IL-12 and support activation of Th1

FIGURE 4. ChNKG2D T cell treatment reduces macrophage expression of regulatory factors. F4/80+ cells were isolated from the peritoneum of tumorbearing mice 3 d after T cell treatment and cultured in medium for 24 h. (A) Cell-free supernatant was assayed for IL-10 and IL-6. (B) F4/80hi and F4/80lo
peritoneal cells were assessed for IL-6 and IL-10 expression by intracellular flow cytometry. (C) F4/80hi and F4/80lo peritoneal cells were assessed for
reactive oxygen species production using a DCFDA dye. (D) The expression of YM-1, HIF-1a, VEGF, CCL1, and CCL17 on purified F4/80+ cells was
determined by real-time PCR. Cumulative data and SD of at least two independent experiments are shown. ***p , 0.001, **p , 0.01, *p , 0.05 (versus
chNKG2D), †p , 0.05 (versus F4/80lo wtNKG2D).
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of both F4/80hi and F4/80lo macrophages from chNKG2D T celltreated mice effectively processed Ag as measured by processing
of DQ-OVA, a protein that fluoresces upon proteolytic degradation
and is widely used as a measure of endosomal protein processing.
Both IFN-g and GM-CSF secretion by adoptively transferred
T cells were required to enhance Ag processing by macrophages
after CAR T cell treatment (Fig. 5A).
To determine the effects of chNKG2D T cell cytokines on the
ability of TAMs to stimulate Ag-specific T cells, F4/80+ cells were
isolated from the tumor site after T cell injection, pulsed with
SIINFEKL peptides, and the proliferation of naive OT-I T cells
was determined. F4/80+ cells isolated from mice treated with
cytokine-deficient CAR T cells induced less OT-I T cell proliferation than F4/80+ cells isolated from mice treated with cytokinesufficient CAR T cells (Fig. 5B). Macrophages from mice treated
with IFN-g– or GM-CSF–deficient chNKG2D T cells had an
impaired ability to stimulate OT-I proliferation compared with
cytokine-intact chNKG2D T cells. F4/80+ cells from wtNKG2D
and IFN-g–deficient T cell-treated mice induced less OT-I pro-

6394

CAR T CELL EFFECTOR CYTOKINES SHAPE MYELOID CELL FUNCTION
of NO because inhibition of iNOS production through the selective inhibitor L-nil impaired their ability to kill ID8 tumor cells
in vitro (Fig. 6C). To determine the role of NO on tumor elimination in vivo, tumor-bearing mice were treated with L-nil 1 h
before CAR T cells, and for the following 6 d. The ability of CAR
T cell therapy to eliminate free tumor cells was significantly, but
moderately, impaired when iNOS was inhibited by L-nil at the
tumor site (Fig. 6D). However, inhibition of iNOS had no effect on
the ability of chNKG2D T cells to inhibit the growth of solid
tumors. Thus, treatment with CAR T cells resulted in an increased
ability of local macrophages to kill tumor cells, which enhanced
the anti-tumor effects of CAR T cell therapy at the tumor site.
CAR T cell treatment activates macrophages to inhibit ovarian
tumor growth and promote endogenous immunity

Discussion
T cells and NK cells through their production of IFN-g and GMCSF.
CAR T cells activate macrophages within the tumor
microenvironment to kill tumor cells through NO production
T cell effector cytokines can regulate macrophage cytotoxicity of
tumor cells (36, 37). It was previously shown that IFN-g secreted
by chNKG2D T cells, but not GM-CSF, was required to increase
host NO production after T cell transfer (18). After chNKG2D
T cell treatment, macrophages were the major source of NO in the
tumor microenvironment and produced significantly more NO
than wtNKG2D T cell-treated mice (Fig. 6A). F4/80 hi cells
expressed higher amounts of iNOS compared with F4/80lo cells
after chNKG2D T cell therapy (Fig. 6B). CAR T cell treatment
enhanced macrophage lysis of ID8 tumor cells compared with
control CAR T cell-treated mice (Fig. 6C). The increased direct
tumoricidal activity of macrophages was dependent on secretion

The therapeutic success of adoptive T cell therapy is often attributed to direct tumor destruction. However, T cell effector
cytokines may have an equally important function in tumor
elimination through indirect effects on tumor cells mediated by
endogenous leukocytes. T cell effector cytokines alter the tumor
microenvironment by shaping leukocyte populations and eliciting
endogenous immunity to support CAR T cell-mediated tumor
rejection. Treatment with chNKG2D T cells transformed tumor macrophages from immunosuppressive to immunostimulatory through
the secretion of specific cytokines. Macrophages after chNKG2D
T cell treatment not only promoted anti-tumor immunity but also
directly assisted in tumor destruction via NO. These cytokine-induced changes in myeloid cells were necessary for complete inhibition of ovarian tumor growth.
T cell-derived GM-CSF and IFN-g have been shown tightly to
correlate with anti-tumor efficacy after adoptive T cell therapy
(38). It is hypothesized that these cytokines induce potent host

Downloaded from http://www.jimmunol.org/ by guest on September 27, 2022

FIGURE 5. ChNKG2D T cell treatment induces macrophage production
of proinflammatory cytokines and enhances Ag processing and presentation. Tumor-bearing mice were treated with chNKG2D (hatched), wtNKG2D
(filled), chNKG2D IFN-g KO (open), or chNKG2D GM-CSF KO (gray)
T cells. (A) F4/80+ cells isolated from the peritoneum 3 d after T cell
treatment were pulsed with DQ-OVA, and the percent of F4/80hi and
F4/80lo cells processing Ag was assessed after 15 min by flow cytometry.
(B) Purified peritoneal F4/80+ cells isolated from naive (checkered) or
tumor-bearing mice treated with chNKG2D (hatched), wtNKG2D (filled),
chNKG2D IFN-g KO (open), or chNKG2D GM-CSF KO (gray) T cells
were pulsed with 10210 M OVA257–264 peptide and cultured with CFSElabeled OT-I T cells. OT-I cell proliferation was measured by CFSE dilution and flow cytometry after 4 d of culture. (C) Three days after T cell
treatment, peritoneal cells were isolated and cultured with brefeldin A for
24 h. During the last 5 h of culture, cells were stimulated with LPS, and the
percent of F4/80hi and F4/80lo cells producing IL-12p40 was determined
by intracellular flow cytometry. Representative data and SD of at least two
independent experiments are shown (n = 4). ***p , 0.001, **p , 0.01,
*p , 0.05 (versus chNKG2D), †p , 0.01 (versus wtNKG2D).

To determine the role of macrophages in tumor elimination, tumorbearing mice were injected with clodronate liposomes to deplete
host macrophages. Mice treated with clodronate liposomes and
CAR T cells had a higher number of solid tumors on the peritoneal
wall and more free tumor cells compared with mice treated with
CAR T cells and nondepleting PBS liposomes (Fig. 7A). However,
mice treated with chNKG2D T cells and clodronate liposome had
lower tumor burden than mice that received control CAR T cells.
Macrophage depletion by itself had no effect on tumor growth, as
mice treated with control CAR T cells and clodronate liposomes
had similar tumor burdens as those of mice injected with PBS
liposomes. These data indicate that host macrophages are required
for complete tumor elimination by CAR T cell therapy.
In addition to direct tumor cell killing, macrophages can activate endogenous leukocytes to promote tumor elimination. Host
macrophages present Ag and secrete IL-12 to activate lymphocytes.
Because host NK and T cells secrete higher amount of IFN-g at
the tumor site after chNKG2D T cell therapy, the effect of macrophage depletion on IFN-g production was assessed (18). Peritoneal cells isolated from tumor-bearing mice treated with CAR
T cells and clodronate liposomes produced lower amounts of
IFN-g compared with mice treated with CAR T cells and PBS
liposomes (Fig. 7B). Peritoneal cells produced higher amounts of
IFN-g after CAR T cell treatment and clodronate liposomemediated macrophage depletion compared with mice treated
with control CAR T cells, which demonstrated that CAR T cells
led to host lymphocyte activation through other mechanisms as
well. These results demonstrate that in addition to direct tumor
cell killing, macrophages promote endogenous immunity to
eliminate established tumors.
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FIGURE 6. ChNKG2D T cell treatment enhances macrophage cytotoxicity. Tumor-bearing mice were treated with CAR T cells, and F4/80+
cells were purified from the peritoneum 3 d after T cell treatment. (A)
F4/80+ cells (positive fraction), F4/802 cells (negative fraction), or both
F4/80+ and F4/802 cells were cultured for 24 h, and cell-free supernatant
was assayed for NO production by Griess reagent (n = 8). (B) F4/80hi and
F4/80lo peritoneal cells were assessed for iNOS expression by intracellular flow cytometry. ***p , 0.001 (versus F4/80hi chNKG2D), *p , 0.05
(versus F4/80lo chNKG2D). (C) F4/80+ cells isolated from T cell-treated
mice were cultured with ID8 tumor cells in the presence or absence of the
iNOS inhibitor L-nil to determine the effect of NO blockade on macrophage cytotoxicity of tumor cells (n = 8). (D) Tumor-bearing mice were
treated with chNKG2D or wtNKG2D T cells on day 35. Mice were

anti-tumor immunity to destroy the tumor (39). We show that
IFN-g and GM-CSF secreted by CAR-expressing T cells exert
unique and synergistic effects on host macrophages, which are
likely responsible for the increased therapeutic benefit of these
cytokines after adoptive T cell therapy. Together, IFN-g and GMCSF function in concert to regulate endogenous macrophage recruitment, tumoricidal activity, and activation of an endogenous
anti-tumor immune response. Newly recruited F4/80+ cells constitute a large percentage of cellular infiltrate that enters the tumor
after chNKG2D T cell-induced inflammation (18). The profile of
cell surface markers and production of inflammatory cytokines
by macrophages indicates that newly recruited F4/80loLy-6C+

injected i.p. with L-nil for 1 wk beginning on the day of T cell treatment.
The number of solid tumors on the peritoneal wall and the number of tumor
cells in ascites was determined 3 wk after T cell transfer. Cumulative results
and SD of at least two independent experiments are shown. ***p , 0.001,
*p , 0.05 (versus chNKG2D + PBS), †p , 0.01 (versus wtNKG2D +
PBS).

Downloaded from http://www.jimmunol.org/ by guest on September 27, 2022

FIGURE 7. ChNKG2D T cell treatment requires host macrophages
for tumor elimination. Tumor-bearing mice were treated with clodronate
liposomes or PBS liposomes 2 d before CAR T cell transfer. Tumor
burden was assessed 3 wk after T cell therapy. (A) The number of solid
tumors on the peritoneal wall and the number of free tumor cells in
the ascites was determined. (B) Peritoneal cells were cultured for 24 h,
and cell-free supernatants were assayed for IFN-g production. Representative data and SD of two independent experiments are shown. ***p ,
0.001, **p , 0.01 (versus chNKG2D + PBS), †p , 0.05 (versus
wtNKG2D + PBS).
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increase in endogenous T cell activation and trafficking of Agspecific CD8+ T cells to the tumor site (17, 18).
In addition to upregulating IL-12, chNKG2D T cell therapy
increased macrophage production of NO. NO may prevent tumor
metastasis and synergize with IL-12 to enhance NK cell IFN-g
secretion and cytotoxicity (49, 50). The enhanced NO-mediated
macrophage cytotoxicity of tumor cells after CAR T cell therapy
is consistent with previous data showing that macrophages lyse
ID8 tumor cells through secretion of NO (4, 51). It was previously
shown that adoptive T cell-derived IFN-g, but not GM-CSF, was
responsible for the increase in NO production (18). Thus, macrophage NO cytotoxicity against ID8 tumor cells is IFN-g dependent.
The impaired ability of CAR T cell therapy to eliminate tumors
in the absence of macrophages (clodronate liposomes) demonstrates
the importance of host myeloid cells in tumor destruction. Although
macrophages were necessary for complete tumor elimination,
chNKG2D T cell treatment significantly inhibited tumor growth in
the absence of macrophages. The lower tumor burden seen in mice
treated with clodronate liposomes and CAR T cells may be attributed to chNKG2D T cell killing of tumor cells through perforin
and granzymes (17). CAR T cell therapy may activate macrophages
to enhance host immunity against tumor Ags that are freed upon
tumor cell lysis. The inability of CAR T cell therapy to initiate host
immunity in the absence of macrophages likely contributes to the
impaired ability of CAR T cell therapy to eliminate tumor. Because
host NK cells and T cells secrete higher amounts of IFN-g after
chNKG2D T cell treatment, the lower amount of IFN-g produced
at the tumor site in the absence of host macrophages corroborates
the role of these local macrophages in initiating host immunity
(18). In addition, the greater effect of macrophage depletion on
tumor elimination compared with iNOS inhibition indicates additional roles for macrophages in tumor elimination independent of
NO-mediated killing.
The reduction in macrophage secretion of IL-10 after treatment
with chNKG2D T cells may be due to negative regulation of IL-10
production by IFN-g (52). The decrease in the total amount of IL10 in the tumor microenvironment is likely a combination of reduced macrophage secretion of IL-10 and lysis of NKG2D ligandexpressing Foxp3+ regulatory T cells capable of producing IL-10
(18). Limiting of IL-10 production likely enhances tumor-specific
CTL responses and inhibits tumor growth (53, 54). In addition to
reduced IL-10 secretion, macrophages produced less IL-6 after
treatment with chNKG2D T cells (Fig. 5A). In ovarian cancer,
Th17 cytokines have been shown to contribute to tumor pathogenesis (55, 56). The reduction in global and macrophage-derived
IL-6 may prevent the induction of a Th17 response and enhance
the differentiation and maturation of APCs (18, 57).
The data from this study demonstrate that effector cytokines
secreted by adoptively transferred CAR T cells induced changes in
myeloid cell recruitment and function to transform the tumor
microenvironment and inhibit ovarian tumor growth. The results
demonstrate both the unique and redundant effects of T cellderived IFN-g and GM-CSF on tumor-associated myeloid cells
and how these cytokines shape subsequent endogenous immunity
in a tumor-bearing host. The mechanism by which adoptively
transferred T cell-derived effector cytokines shape endogenous
immunity via effects on local myeloid cells should be considered
more broadly in optimizing adoptive T cell therapies for the
treatment of cancer.
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monocytes differentiate into inflammatory macrophages (M1)
with anti-tumor functions (22, 40). Few of these cells expressed
Ly6G, a molecule associated with granulocytic cells, but they
expressed Ly6C, which is associated with monocytic myeloid
cells. Ly-6Chi inflammatory monocytes have been shown to have
a dependency on the chemokine receptors CCR2 and CCR5 for
recruitment to sites of inflammation (20). CCR2 deficiency reduced, but did not completely ablate, the increase in myeloid cell
trafficking to the tumor microenvironment after chNKG2D T cell
treatment. The partial ablation may be due to recruitment of
myeloid cells through another chemokine receptor, such as CCR5,
at the same time. It was previously shown that chNKG2D T cell
treatment increased the amount of both CCL2 and CCL5 in the
tumor microenvironment (18). Treatment with GM-CSF– and
IFN-g–deficient T cells demonstrated that GM-CSF was more
important than IFN-g to increase the total chemokine amounts
in the peritoneum. Thus, GM-CSF from adoptively transferred
CAR T cells induces chemokine production that increases myeloid
cell recruitment.
Although IFN-g was not important for the recruitment of F4/
80hiLy-6C+ myeloid cells to the tumor microenvironment, its
secretion by adoptively transferred CAR T cells was important in
the activation of both newly recruited myeloid cells and local
TAMs. These data support a report showing that IFN-g reverses
the protumoral properties of TAMs and that their re-education
promotes regression of advanced tumors (4). The activation of
macrophages through T cell secretion of IFN-g and GM-CSF
may trigger a feedback loop in which these macrophages promote endogenous T cell IFN-g and GM-CSF secretion to maintain macrophage proinflammatory activity. The sustained endogenous IFN-g response for up to 8 wk after chNKG2D T cell
treatment may be initiated and maintained by these macrophages
(17).
The requirement of IFN-g, but not GM-CSF, to activate F4/80lo
Ly-6C+ macrophages may be explained by differences in cytokine
activation of signaling pathways and transcription factors that
regulate monocyte to macrophage maturation and activation (41–
43). STAT1 has been shown to function as a central regulator of
inflammatory macrophage activation. Because IFN-g potently
induces STAT1 activation during maturation, it may be critical
in the activation of F4/80loLy-6C+ macrophages recruited to the
peritoneum. GM-CSF secreted by CAR-expressing T cells may
not be an important signal in F4/80loLy-6C+ macrophage activation because it only weakly induces STAT1 activation during
macrophage maturation (44).
The increase in IL-12p40 production after treatment with
chNKG2D T cells may contribute to the IFN-g response by
stimulating NK cell production of IFN-g and inducing a Th1 response to promote endogenous anti-tumor immunity (33). The
increased expression of IL-12 after chNKG2D T cell treatment
was dependent on their production of both IFN-g and GM-CSF.
However, GM-CSF deficiency had a greater impact on IL-12p40
production compared with T cell-derived IFN-g. The greater dependence on GM-CSF may be attributed to the cytokine’s preference for priming IL-12p40 production, whereas IFN-g favors
IL-12p35 production over p40 (45–47). Despite its preference
for IL-12p35, IFN-g has been shown to prime the IL-12p40 gene
promoter, which may be the reason for the suboptimal IL-12p40
response elicited by IFN-g–deficient CAR T cells (48). Both
chNKG2D T cell-derived IFN-g and GM-CSF were required to
activate endogenous macrophages and enhance stimulation of Agspecific T cell proliferation. The enhanced Ag processing and
presenting abilities of macrophages after chNKG2D T cell therapy
in concert with increased IL-12p40 may be responsible for the
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Barber, A. and C. L. Sentman. 2009. Chimeric NKG2D T cells require both T cell- and host-derived cytokine secretion and perforin
expression to increase tumor Ag presentation and systemic immunity. J. Immunol. 183: 2365–2372.
Barber, A., A. Rynda, and C. L. Sentman. 2009. Chimeric NKG2D expressing T cells eliminate immunosuppression and activate immunity
within the ovarian tumor microenvironment. J. Immunol. 183: 6939–6947.
Spear, P., A. Barber, A. Rynda-Apple, and C. L. Sentman. 2012. Chimeric antigen receptor T cells shape myeloid cell function within the
tumor microenvironment through IFN-g and GM-CSF. J. Immunol. 188: 6389–6398.
We recently discovered through single-nucleotide polymorphism analysis that the GM-CSF–deficient mice used in these studies were
not backcrossed onto the C57BL/6 (B6) background and appear to be a B6/129/FVB genetic mix. These mice have the MHC region of B6
origin. Because it is theoretically possible that the other genes in this mixed strain could account for some of the phenotypes we observed
using these mice, we have done several experiments to test this hypothesis. We have performed in vivo experiments on acute chimeric Ag
receptor (CAR) T cell effects and anti-tumor efficacy studies using 129/Sv, (B6 3 129/Sv)F1, or C3H as sources of CAR T cells, and these
F1 and allogeneic CAR T cells gave similar readouts as B6 CAR T cells in the same experiments with B6 recipients. GM-CSF–deficient
mice as hosts in the ID8 ovarian tumor model or the RMA-RG lymphoma model resulted in a similar outcome as when B6 CAR T cells
are used in B6 hosts. These data suggest that different background genes do not affect the outcomes in these types of experiments.
However, we cannot rule out that a unique combination of genes in this strain may have some effect, so we want the scientific community
to be aware that the GM-CSF–deficient mouse strain used in these was of a mixed genetic background.
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