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CD19 CAR T Cells Expressing IL-12 Eradicate
Lymphoma in Fully Lymphoreplete Mice
through Induction of Host Immunity
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Chimeric antigen receptor (CAR) T cell therapy represents a sig-
nificant advancement in cancer therapy. Larger studies have
shown �90% complete remission rates against chemoresistant
and/or refractory CD19+ leukemia or lymphoma. Effective
CAR T cell therapy is highly dependent on lymphodepleting
preconditioning, which is achieved through chemotherapy or
radiotherapy that carries with it significant toxicities. These
can exclude patients of low performance status. In order to over-
come the need for preconditioning, we constructed fully mouse
first and second generation anti-murine CD19 CARs with or
without interleukin-12 (IL-12) secretion. To test these CARs,
we established a mouse model to reflect the human situation
without preconditioning. Murine second generation CAR
T cells expressing IL-12 were capable of eradicating established
B cell lymphoma with a long-term survival rate of �25%. We
believe this to be the first study in a truly lymphoreplete model.
We provide evidence that IL-12-expressing CAR T cells not only
directly kill target CD19+ cells, but also recruit host immune
cells to an anti-cancer immune response. This finding is critical
because lymphodepletion regimens required for the success of
current CAR T cell technology eliminate host immune cells
whose anti-cancer activity could otherwise be harnessed by stra-
tegies such as IL-12-secreting CAR T cells.
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INTRODUCTION
Chimeric antigen receptor (CAR) T cell therapy represents a signifi-
cant advancement in cancer therapy. Primarily, clinical success has
been observed in the treatment of CD19+ hematological malig-
nancies.1 Clinical data of CD19 CAR T cell therapy to date mainly
consists of a wide range of small studies showing safety and efficacy.
These studies vary widely in recruitment criteria (including CD19+

cancer types, patient age, and treatment history), CAR structures,
CAR T cell dose, methodology of cell production, and the use of
preconditioning chemotherapy. Despite these extensive variations,
results have largely been promising throughout.2,3

Larger studies assessing response rates have shown that second
generation CD19 CARs with either CD28 or 41BB co-stimulatory
domains are highly efficacious. CD19-41BBz CAR T cells led to
90% complete remissions (CRs) in children and adults with chemo-
therapy-resistant or refractory leukemia or lymphoma; 70% of these
Molecu
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CRs were event free at 6 months.4 CD19-CD28z CAR T cells also
achieved an 88% complete response rate (CRR) in adult relapsed
acute lymphoblastic leukemia (ALL).5 These numbers are in compar-
ison with 31%–44% CRs observed with standard of care salvage ther-
apy after first relapse.6 In the setting of chronic lymphocytic leukemia
(CLL), data with a second generation CD19-41BBz CAR suggests
lower overall response rates, reported at around 45%.7 However,
this is in comparison with 30% and 25% compete response rates in
relapsed or refractory CLL observed with fludarabine, cyclophospha-
mide, and rituximab or pentostatin, cyclophosphamide, and rituxi-
mab combinations, respectively.8,9

Effective CAR T cell therapy is highly dependent on lymphodepleting
preconditioning, which is achieved through chemotherapy agents and
less frequently radiotherapy.10–12 Moreover, increased intensity of
pre-conditioning has been reported to correlate with the persistence
and, therefore, therapeutic activity of adoptively transferred
T cells.13 A particular clinical study by Brentjens et al.11 highlights
the importance of preconditioning. The study included two cohorts
of ALL and CLL patients, the first receiving no prior conditioning
and the second receiving 1.5–3.0 g/m2 cyclophosphamide precondi-
tioning the day prior to receiving CD19CAR-CD28z T cells. Patients
receiving cyclophosphamide showed greater CAR T cell persistence
by flow cytometry, immunohistochemistry (IHC), and RT-PCR, as
well as enhanced clinical activity. A second key study, carried out
by Turtle et al.,14 showed that preconditioning regimens including
fludarabine were superior to those with cyclophosphamide alone,
inducing 50% and 8% CRRs, respectively.

Studies so far suggest that preconditioning, which depletes
endogenous lymphoid cells, improves CAR T cell therapy by
removing competition for lymphoproliferative cytokines and space
in lymphoid tissues.15 In addition, there is evidence that activation
of antigen-presenting cells (APCs),16 depletion of Tregs,17–19 and
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reduction of tumor burden20 all contribute to enhancement of
adoptive T cell therapies by preconditioning regimens.

While preconditioning enhances CAR T cell therapy, agents used to
achieve this carry with them significant toxicities.21–24 Potential
CAR T cell therapy patients must, therefore, be of an appropriate
performance status to endure these toxicities. What is more, those
that are eligible are susceptible to the complications associated with
high doses of these drugs in addition to any side effects from the
CAR T cell therapy itself or supportive interleukin-2 (IL-2), which
is used in a minority of cases to enhance T cell proliferation and
persistence in vivo.25

Overcoming the need for lymphodepletion as a requisite for effective
CAR T cell therapy, as well as IL-2 cytokine support, would remove
these toxicities from CAR T cell treatment regimens and allow the
inclusion of patients in a less robust state. Patients able to tolerate
associated toxicities would clearly also benefit from reduced discom-
fort. Furthermore, management of such toxicities is often costly due
to the need for inpatient hospitalization and extensive monitoring
and supportive care.

Pre-clinicalmodels of CART cell therapy suffer from several problems.
Systems assessing human tumor cells require the use of immune-defi-
cient mice to allow engraftment of human tumors.26What is more, the
administration of human T cells into mice requires even more severely
immune-deficient mice and is complicated by the development of
xenogeneic graft versus host disease, where human immune cells attack
mouse cells.27,28 In these systems, due to the lack of other immune cells,
only direct effects of administered T cells can be observed.29

Syngeneic mouse models avoid these problems by using mouse
tumors in mice of the same strain and also T cells from mice of the
same strain. Although there may be variations between human and
mouse tumors and immune systems, these systems allow cross-talk
between immune cells to play a part in disease development and ther-
apeutic mechanisms, which overall is more reflective of the human
clinical situation than xenograft models.30,31 We, therefore, utilized
the syngeneic A20 B cell lymphoma model and CD19 targeting
CARs of mouse genetic background (mCD19-CARs).

IL-12 is a cytokine that is produced by macrophages, dendritic cells
(DCs), natural killer (NK) cells, and T cells that has a range of
biological functions.32,33 Primarily, it enhances interferon g (IFNg)
production and cytotoxic effector functions of NK and T cells.34

Additionally, it promotes a Th1 phenotype in CD4 cells, enhances
antibody-dependent cell-mediated cytotoxicity (ADCC), and induces
production of IP10, which is a chemoattractant to DCs, macrophages,
NK cells, and T cells.35 Together these actions have the potential to
exert significant anti-tumor potency, which has been the subject of
much investigation.36,37

Building on a previous report of IL-12 secretion from within CAR
T cells allowing autocrine stimulation and significant engraftment
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with minimum lymphodepletion,12 we present a fully lymphoreplete
mouse model and assess the activity of IL-12-expressing CAR T cells
and the importance of co-stimulatory molecules therein.

RESULTS
CD19 CAR T Cell Therapy Requires Lymphodepletion for Anti-

cancer Efficacy

In lymphoreplete patients, endogenousT cells aremuchmore abundant
in number than adoptively transferred T cells. Adoptively transferred
T cells are therefore outcompeted for binding of cytokines that induce
proliferation, as well as physical space in lymphoid tissues; this leads to
poor persistence and limited anti-cancer efficacy. Lymphodepletion,
achieved through chemotherapy or radiotherapy, reduces endogenous
lymphocyte numbers. This tips the balance of competition in favor of
adoptively transferred T cells and allows efficient engraftment.

In BALB/c mice, with lymphodepletion via 5 Gy total body irradiation
(TBI) prior to administration of CD19-z CAR T cells, dose dilution of
CAR T cells shows that high numbers of both CD4 and CD8 CAR
T cells persist in the circulation for 1 week when the administered
dose is above 106 CAR T cells per mouse. Without prior lymphodeple-
tion, circulating CART cells could not be detected (Figures 1A and 1B).

Having established that a dose of 106 CAR T cells with prior lym-
phodepletion leads to CAR T cells making up �10%–30% of total
circulating T cells after 1 week, we found that this persistence in
the circulation was concomitant with eradication of systemic A20
B cell lymphoma expressing luciferase and GFP (A20.Luc.GFP).
This was demonstrated by a reduction in tumor burden to back-
ground levels as measured by luminometry (Figure 1C) and a
100% survival rate at 100 days post T cell injection in mice receiving
prior lymphodepletion compared with 16.7% in those that did not
and 0% for saline-treated mice with or without lymphodepletion
(Figure 1D).

Lymphoreplete B Cell Lymphoma Model

The A20.Luc.GFP systemic lymphoma model has very poor tumor
take rates and extended periods of time for significant tumor burden
and pathology to occur. A single dose of cyclophosphamide 1 day
prior to delivery of A20.Luc.GFP cells drastically increases tumor
take rate and decreases the time taken for systemic lymphoma to arise.
In order to study the treatment of lymphoma in lymphoreplete mice,
we sought to determine appropriate lymphodepletion prior to tumor
cell administration that is high enough to induce an efficient tumor
take rate, but is low enough to allow blood counts to fully recover
before lethal tumor-related toxicities occur in mice. First, we
compared two standard lymphodepletion methods, 5 Gy TBI and
200 mg/kg intravenous (i.v.) delivery of cyclophosphamide (Figures
2A and 2B). Results show a much more pronounced and prolonged
depletion of lymphocytes and monocytes with 5 Gy TBI compared
with 200 mg/kg cyclophosphamide. Importantly, with both 5 Gy
TBI and 200 mg/kg cyclophosphamide, blood counts had not recov-
ered to normal levels by 14 days (Figures 2A and 2B), by which time it
begins to become necessary to sacrifice mice due to tumor-related



Figure 1. Successful CD19 CAR T Cell Therapy

Requires Prior Lymphodepletion

Mice bearing established systemic A20.Luc.GFP

lymphoma were given indicated T cell doses via i.v.

injection. Preconditioned mice received 5 Gy TBI the day

prior to T cells. Blood samples were collected via tail vein

bleeds 7 days after T cell injection, and CAR T cell

numbers were analyzed by flow cytometry. (A and B)

The percentages of CAR T cells in total (A) CD4+ and

(B) CD8+ circulating T cells are shown. Error bars

show +SD. (C and D) Bioluminescence (C) and survival

(D) of mice with established A20.Luc.GFP lymphoma

treated with saline or 106 CAR T cells with or without

5 Gy TBI 1 day prior to i.v. injections. Statistical

analysis was performed using log rank (Mantel-Cox) test.

*p < 0.05; **p < 0.01. n = 6.
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toxicities (data not shown). In contrast, reduction of the standard
200 mg/kg cyclophosphamide dose to 100 mg/kg did not lead to
statistically significant reduction in blood counts over a period of
21 days (Figure 2C).

To investigate whether a reduced dose of cyclophosphamide could
give efficient engraftment of A20.Luc.GFP lymphoma without signif-
icantly reducing blood counts, we gave mice 200, 100, or 50 mg/kg
cyclophosphamide i.v. 1 day prior to 5 � 105 A20.Luc.GFP cells i.v.
The dose level of cyclophosphamide correlated with tumor growth
as measured by luminometry with all levels of cyclophosphamide
leading to an increase in tumor growth over 42 days (Figures 3A
and S1). Induction of lymphoma and survival of mice with 50 mg/
kg cyclophosphamide was slowwith just two-thirds of mice succumb-
ing to tumor-related toxicity over 100 days. 200 and 100 mg/kg both
led to 100% tumor take; however, the 100 mg/kg dose had a delayed
onset of lymphoma and increased median survival (Figures 3A and
3B). Interestingly, tumor pathology was solely hind-limb paralysis
(HLP; which occurs due to tumor invasion of the meninges) at the
200 mg/kg dose. At 100 mg/kg, HLP was observed at early time
points, and at later time points solid tumormasses, usually in the peri-
toneum but arising anywhere throughout the body, were observed.

Due to 100% tumor take rate and lack of reduction in mouse blood
counts at the 100 mg/kg dose level of cyclophosphamide, this was
adopted as the standard dose for induction of A20.Luc.GFP
lymphoma. In this disease model we could test CAR T cell therapy
in a lymphoreplete setting.
Molecu
CAR T Cells Expressing Murine IL-12

First and second generation anti-mouse CD19
CARs were engineered to express a single-chain
murine IL-12.Anti-mouseCD19CARconstructs
were generated in the MP71 retroviral vector
backbone and consisted of an mCherry marker
gene under transcriptional control of the 50 long
terminal repeat (LTR) followed by the FMDV2A
linker sequence for equimolar expression of the
anti-mouseCD19 single-chain variable fragment (scFv)with the oncos-
tatin M leader sequence for transport to the surface membrane. First
generation vectors contained full-length murine CD3z immediately
following the scFv, while second generation vectors contained
full-lengthCD28and41BBco-stimulatorydomains followedbymurine
CD3z starting from amino acids LRAK. For expression of single-chain
murine IL-12 as described by Jiang et al.,38 a porcine teschovirus 2A
linker sequence was inserted directly downstream of CARs followed
by IL-12 for equimolar expression (Figure 4A).

Retroviral transduction of mouse T cells displayed variable efficiency
with CAR constructs encoding single-chain murine IL-12 having
poorer transduction rates than non-IL-12-expressing counterparts
(Figure 4B). The construct encoding amCD19.m41BB.mCD3z.IL-12
(CD19-41BBz-IL-12) displayed the poorest rate of gene transfer, as
measured by the proportion of mCherry-positive cells 3 days after
transduction by flow cytometry (Figure 4B). An increase in the length
of retroviral vector constructs correlated with a decrease in T cell
transduction rate (p = 0.0025; R2 = 0.9192; Figure S1), most likely
because of inefficient genomic encapsidation during virus particle
formation in producer cells.39

To assess the murine CD19-specific reactivity of CAR constructs, we
assessed the ability to kill A20.Luc.GFP cells by luciferase protein
presence following co-culture with CAR T cells. Assay conditions
were optimized to display differential activity between CAR con-
structs. Results showed that upon 20-hr co-culture at a CAR T cell/
target cell ratio of 1, CD19-CD28z-IL-12 and CD19-41BBz-IL-12
lar Therapy: Oncolytics Vol. 8 March 2018 43
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Figure 2. Longevity of Lymphodepletion

(A–C) Mice were given (A) 5 Gy TBI at 0.02 Gy/min, (B) 200 mg/kg cyclophosphamide i.p., or (C) 100 mg/kg cyclophosphamide i.p. 1 day prior to 5� 105 A20.Luc.GFP cells

i.v. Blood samples were collected at indicated times and blood counts determined using an automated counter. Error bars show ±SD. Statistical analysis was performed

using two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001. n = 3.
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CAR T cells demonstrated a 2.1- and a 2.5-fold enhancement in cyto-
toxicity, respectively, compared with non-IL-12-expressing counter-
parts CD19-28z and CD19-41BBz. In contrast, the cytotoxicity of first
generation CAR T cells with no co-stimulation was not enhanced by
IL-12 under these conditions (Figure 4C). Interestingly, CD19-41BBz
CARs consistently showed poor cytotoxic activity ex vivo, although
IL-12 co-expression enhanced cytotoxicity of CD19-41BBz-IL-12
CARs to levels similar to first generation or CD28 second generation
CARs (with or without IL-12 co-expression). Longer co-culture
periods generally led to a plateau in target cell numbers and, therefore,
similar levels of target cell killing between CD19-z, CD19-z-IL-12,
CD19-CD28z, and CD19-CD28z-IL-12 (data not shown).

As well as the ability of amCD19-CAR T cell variants to kill target
cells, IFNg and IL-12 cytokine release was analyzed by ELISA
44 Molecular Therapy: Oncolytics Vol. 8 March 2018
following co-culture of CAR T cells with CD19+ A20.Luc.GFP
cells. For vectors encoding IL-12, the presence of CD28 or 41BB
co-stimulatory domains had an effect on the amount of IL-12
produced by CAR T cells. CD19-z-IL-12 CAR T cells produced
3.3� 104 pg/mL, whereas CD19-CD28z-IL-12 CAR T cells produced
3.0-fold and CD19-41BBz-IL-12 CAR T cells produced 6.6-fold more
than this, correlating co-stimulation with increased IL-12 production
(Figure 4D). Notably, CD19-41BBz-IL-12 CAR T cells produced
2.2-fold more IL-12 than corresponding CD19-CD28z-IL-12 CAR
T cells, perhaps suggesting synergy between 41BB and IL-12 signaling
above that observed with CD28.

All CAR T cells expressing IL-12 produced increased levels of IFNg
compared with non-IL-12-expressing counterparts upon 20-hr
incubation with target A20 cells (Figure 4E). CD19-z-IL-12 and



Figure 3. Cyclophosphamide Dose and Initiation of

A20.Luc.GFP B Cell Lymphoma

Mice were given varying i.p. doses of cyclophosphamide

1 day prior to i.v. delivery of 5 � 105 A20.Luc.GFP cells

the following day. (A and B) Increasing cyclophospha-

mide enhanced establishment of B cell lymphoma and

shortened the time length of disease progression shown

by (A) measurement of tumor burden by luminometry

(error bars show +SD; statistical analysis was performed

using two-way ANOVA; **p < 0.01; ***p < 0.001) and (B)

survival (n = 3).
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CD19-41BBz-IL-12 CAR T cells produced similar levels, whereas
CD19-CD28z-IL-12 CAR T cells produced �2.8-fold more IFNg,
suggesting crossover between IFNg and CD28 signaling.

CAR and CAR-IL-12 T Cells in Lymphoreplete Hosts

There are much data regarding increased effector cell functions and
persistence of second generation CAR T cells compared with first
generation CAR T cells in combination with prior lymphodepleting
preconditioning.2

Previous work by Brentjens and colleagues12 showed eradication
of 106 EL4 tumor cells expressing human CD19 in transgenic
C57BL6(mCD19�/�hCD19+/�) with a first generation anti-hu-
man CD19 CAR expressing murine IL-12. This important work
shows that production of IL-12 from within first generation
CAR T cells can overcome the need for prior lymphodepletion
for effective CAR T cell therapy. Our data, however, suggest
that the use of 250 mg/kg cyclophosphamide 72 hr prior to
CAR T cell transfer means that these mice would not have
been fully lymphoreplete at the time of treatment (Figure 2B);
therefore, we looked to test our fully murine CAR T cells in fully
lymphoreplete BALB/c mice. In addition, we looked to analyze
eradication of B cell lymphoma in a more challenging situation
of established disease, rather than 24 hr after tumor inoculation.
In our test model we looked to assess whether murine CD28 or
murine 41BB co-stimulatory domains could endow CAR T cells
with enhanced persistence or effector cell functions in fully lym-
phoreplete hosts. In light of functional differences ex vivo, we
also evaluated the effect of CD28 or 41BB co-stimulatory do-
mains with constitutive murine IL-12 expression.

Lymphoreplete mice with A20 B cell lymphoma (as described above)
were treated with amCD19 CAR T cells, and circulating CAR T cell
numbers were analyzed in blood samples collected 7 days post T cell
administration by flow cytometry for the mCherry marker gene
(Figures 5A and 5B). Circulating CAR T cells could only be detected
in mice treated with CD19-41BBz or CD19-41BBz-IL-12 CAR T cells,
and the levels detected were less than 0.2% of CD4+ or CD8+ T cells,
much lower than levels seen with lymphodepletion before CAR T cell
administration (Figures 1A and 1B). Significant numbers of CD4+

CAR T cells were only detected in mice treated CD19-41BBz or
CD19-41BBz-IL-12 CAR T cells, while circulating CD8+ CAR
T cells were only detected in mice treated with CD19-41BBz CAR
T cells.

Tumor growth in mice was assessed by in vivo bioluminescence.
Despite a very low level of circulating CAR T cells after 1 week,
mice treated with CD19-CD28z-IL-12 or CD19-41BBz-IL-12 CAR
T cells displayed a reduction in tumor growth at 3 weeks, followed
by eradication of systemic B cell lymphoma in long-term survival
of 26% and 22% of mice, respectively (Figures 5C and 5D). All other
CAR constructs failed to induce long-term survival in any mice,
although CD19-z-IL-12 extended survival beyond 100 days in
�11% of mice.

Significantly, in this and all subsequent experiments we did not
observe any toxicity from CAR T cells expressing IL-12.

IL-12-Expressing CARs in Lymphoreplete Hosts Induce Robust

Memory Immune Responses

To test for long-term persistence of CD19-CD28z-IL-12 and CD19-
41BBzIL-12 CAR T cells in mice that successfully eradicated tumors,
spleens were extracted and analyzed for the presence of CAR T cells
by flow cytometry; no CAR T cells could be detected through this
method (Figure S2A). In addition, qPCR for the detection of the
mCherry marker gene, with a sensitivity of 15 genomes/well, was
used to test for the persistence of CAR T cells. This method also failed
to detect any residual input CAR T cells in surviving CAR-IL-12-
treated mice with DNA from �8 mg of spleen tissue, which equates
to 1.6 � 106 genomes/well (Figure S2B).

Despite the absence of CAR T cells, incubation of splenocytes from
long-term survivor CAR-IL-12-treated (C12T) mice with A20 tumor
cells showed the presence of reactive T cells by IFNg enzyme-linked
immunospot (ELISpot) (Figure 6A). In addition, co-culture of spleno-
cytes with A20 cells revealed modest, but significant cytotoxicity
against tumor cells compared with splenocytes from tumor-naive
mice (Figure 6B). Together, these data suggest subsidence of adop-
tively transferred CAR T cells in vivo and induction of anti-tumor
immunity exerted by the host immune system causing clearance of
systemic lymphoma.

To assess the anti-cancer potency of immune cells in the spleens
of C12T mice, we adoptively transferred splenocytes to syngeneic
Molecular Therapy: Oncolytics Vol. 8 March 2018 45
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Figure 4. CD19 CAR Constructs

(A) Genetic maps of retroviral vectors encoding CD19

targeting CARs with variations in co-stimulatory domains

and constituent expression of murine IL-12. (B) Mouse

T cells were transduced with retroviral constructs, and

transduction efficiency was determined by assessing the

numbers of CAR T cells 3 days post-transduction by flow

cytometry (n = 3). (C–E) CAR T cells were incubated at a

ratio of 1:1 with A20.Luc.GFP cells, and (C) luminometry

was used to assess the cytotoxicity after 20-hr co-culture

(n = 4), while ELISAs after 40-hr co-culture were used to

measure (D) IL-12 and (E) IFNg release (n = 3). Error bars

show ±SD. Statistical analysis was performed using one-

way ANOVAs. **p < 0.01; ***p < 0.001.
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BALB/c-severe combined immunodeficiency (SCID) mice that
lack lymphocytes of their own, bearing established A20.Luc.GFP
systemic lymphoma. Upon confirmation of systemic tumor
burden by in vivo bioluminescence, splenocytes from C12T mice
that had eradicated the same tumor type or splenocytes from
non-treated control mice were adoptively transferred. Analysis
of tumor burden through luminometry showed an uncontrolled
increase in tumor growth in mice that were treated with control
splenocytes. Mice receiving splenocytes from C12T mice displayed
a similar initial rate of tumor growth, followed by eradication of
lymphoma in 80% of mice (Figure 6C). Tumor clearance as indi-
cated by bioluminescence was concomitant with 80% survival at
100 days (Figure 6D). CD8 and CD4 T cells seem to co-operate
to clear tumors upon adoptive transfer as depletion of CD8 cells
from C12T populations led to a reduced survival advantage; how-
ever, this was still protective in comparison with control spleno-
cytes (Figure 6E).
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CAR-IL-12 TCells InduceEpitopeSpreading

CD19-CD28z-IL-12 or CD19-41BBz-IL-12 CAR
T cells could eradicate systemic lymphoma and
induced robust memory responses capable of
clearing established lymphoma in BALB/c SCID
mice upon adoptive transfer. However, it is noted
that the tumor cell line used in the above studies
expressed luciferase and GFP reporter genes;
foreign proteins that are not representative of
the leukemic situation that may be the subject
of immune attack.

To assess the reactivity of immune cells from
C12T mice against the original CD19 target an-
tigen, luciferase or GFP, we analyzed the IFNg
release upon culture of splenocytes with A20,
A20.GFP, or A20.Luc.GFP cell lines. No signifi-
cant IFNg release was observed, suggesting
that clearance of tumors from these mice is
not highly dependent on luciferase or GFP
(Figure 7A). The amount of interferon released
during these co-culture reactions, however,
was very low and not consistent with the strong anti-tumor activity
observed in vivo.

To assess whether transgenes were required for tumor clearance,
we established systemic leukemia with A20 cells lacking any trans-
gene, and mice were treated with CD19-CD28z-IL-12 CAR T cells.
Results showed that treatment achieved a long-term survival rate of
�36% (Figure 7B), comparable with systemic lymphoma express-
ing luciferase and GFP (Figure 5D). These data strongly suggest
that CAR T cells expressing IL-12 can induce epitope spreading
to tumor-associated antigens, and this can eradicate established
lymphoma without the need for lymphodepleting preconditioning.

BALB/c SCID mice that had cleared systemic A20.Luc.GFP tumors
upon receipt of adoptively transferred C12T splenocytes were re-chal-
lenged with A20 cells lacking luciferase or GFP, to further assess the
contribution of reporter genes to tumor protection. Results showed



Figure 5. CD19 CARs Expressing IL-12 Are Capable

of Eradication of Established Lymphoma in

Lymphoreplete Mice

Lymphoreplete mice bearing established A20.Luc.GFP

tumors were administered T cells via i.v. injection. (A and

B) Peripheral blood was collected via tail vein puncture,

and the numbers of (A) CD4+ and (B) CD8+ CAR T cells in

the circulation were quantified by flow cytometry. Error

bars show +SD (n = 9). Statistical analysis was performed

using one-way ANOVA. Significant difference from non-

treated control (NTC) or matched vector with IL-12

expression is shown. *p < 0.05; ***p < 0.001. (C) Tumor

growth was monitored by i.p. injection of luciferin and

luminometry analysis. Error bars show +SEM (n = 9).

(D) Survival analysis up to 189 days (n = 41–50).
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that median survival of mice was extended about 4-fold (from 29 to
88 days) in comparison with naive mice (Figure 7C). This is indicative
of immune response to proteins other than luciferase or GFP; how-
ever, the response was insufficient to prevent these mice from
succumbing to lymphoma.

DISCUSSION
CAR T cell therapy to treat CD19+ hematological malignancies has
displayed great success in the clinic. One aspect of this therapy, how-
ever, is the requirement of toxic pre-conditioning regimens for
therapeutic success. This toxicity, while acceptable for most patients,
excludes those of poor performance status. In addition, inpatient care
and close monitoring of patients inflates the cost of CAR T cell
therapy.

Here, we developed a syngeneic mouse model of established B cell
lymphoma validated to be fully lymphoreplete before treatment
with CD19 CAR T cells. In this model, we showed that either first
generation or second generation CD28 or 41BB CD19-CAR T cells
were an ineffectual treatment. Second generation CD28 or 41BB
CAR T cells expressing IL-12, however, led to eradication of estab-
lished lymphoma and long-term survival in about a quarter of
mice.

Long-term surviving mice did not show any evidence of long-term
persisting CAR-T cells by either flow cytometry or qPCR. Despite
this, they exhibited protection from tumor re-challenge. In addition,
adoptive transfer of splenocytes from long-term surviving mice into
BALB/c SCID mice bearing established B cell lymphoma led to
Molecu
tumor eradication. Together, these data sug-
gest robust and long-lasting anti-tumor
immune responses carried out by the host im-
mune system, but induced by CAR T cells ex-
pressing IL-12 before their subsidence by
1 week after administration.

The mechanism of CAR T cell therapy is
through direct killing of cells expressing target
antigen by T cells expressing the CAR. It is possible that the inflam-
matory environment created by such tumor cell killing can lead
to priming of immune responses against additional target antigens
present on tumor cells.40,41 IL-12 induces the production of multiple
inflammatory cytokines including granulocyte-macrophage colony-
stimulating factor (GM-CSF), tumor necrosis factor alpha
(TNF-a), IL-6, IL-8, IL-15, and IL-18; activates NK cells and DCs;
and enhances the cytotoxicity of T cells.33,42–44 We hypothesize
that IL-12 secreted from T cells overcomes immune suppression
mediated by tumor cells and provides a conducive environment
for epitope spreading, where immune cells diversify to attack
multiple targets in addition to the original antigen, in this case,
tumor-associated antigens.

These results are highly relevant because there have been several cases
of immune escape of tumors from CD19 CAR T cell therapy where
CD19+ malignancies recur as CD19� populations. A CAR T cell ther-
apy that induces epitope spreading, and therefore immune responses
against several tumor-associated antigens, would reduce this phe-
nomenon. What is more, depletion of existing immune cells with pre-
conditioning regimens prior to administration of CAR T cells with an
immune-stimulating agent may be obstructive to this desired epitope
spreading.

In a similar fashion to other immune-based therapies in the clinic,
we saw long-term survival in a proportion of subjects, but no
extended survival or tumor eradication in others. Elements that
determine therapeutic success remain elusive, and further work is
required to elucidate causal factors and investigate how they can
lar Therapy: Oncolytics Vol. 8 March 2018 47
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Figure 6. CD19 CARs Expressing IL-12 Induce

Robust, Long-Lasting Anti-tumor Immune

Responses

Mice that had A20.Luc.GFP lymphoma and were treated

with CAR-IL-12 T cells that survived beyond 100 days had

spleens harvested. Splenocytes were incubated with

A20.Luc.GFP cells, and (A) ELISpot analysis was used to

determine the frequency of reactive cells (splenocyte:A20

ratio = 1:1) (n = 6). (B) The cytotoxic activity of splenocytes

toward A20.Luc.GFP cells was measured by 40-hr lucif-

erase assay (splenocyte:A20 ratio = 50:1) (n = 6). (C and

D) BALB/c SCID mice bearing established A20.Luc.GFP

tumors received 1.8 � 107 splenocytes i.v., and tumor

growth (C) and survival (D) were monitored (n = 5).

(E) 1.2 � 107 total splenocytes were either directly

administered or subjected to depletion of CD8 T cells

before administration to BALB/c SCID mice bearing

established systemic A20.Luc.GFP lymphoma, and

survival was monitored (n = 4). *p < 0.05; **p < 0.01.
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be overcome. The model developed here will provide a base for this
moving forward.

A concern for the use of IL-12 as an anti-cancer therapy is
toxicity, which was widely observed in early clinical investiga-
tions and also more recently with tumor-infiltrating lymphocytes
against metastatic melanoma engineered to secrete IL-12
in vivo.45 The use of pre-conditioning in previous studies,
however, leads to much increased levels of engraftment
compared with those seen in this study. Whether similar toxic-
ities are observed without preconditioning will be of upmost
importance.

In conclusion, we show here that production of IL-12 from second
generation CD19 CAR T cells can eradicate established systemic
lymphoma without the need for prior lymphodepletion. The
mechanism of action of tumor eradication appears to be through
a combination of direct cell killing and the induction of an anti-can-
cer immune response from existing host immune cells against
tumor-associated antigens. This epitope spreading could be key in
48 Molecular Therapy: Oncolytics Vol. 8 March 2018
the advancement of CAR T cell therapy and
reduction of immune escape by tumor cells.

MATERIALS AND METHODS
Cell Lines and Culture

PlatE cells (Cell Biolabs, USA) were maintained
in DMEM, 10% fetal calf serum (FCS), and
5 mM glutamine. A20 cells were modified to ex-
press luciferase and GFP or GFP alone using the
rkat retroviral vector prkat.luciferase.IRES.GFP
or prkat.GFP derivative.46

A20 cells were cultured in RPMI 1640,
10% FCS, penicillin, streptomycin, glutamine,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and
b-mercaptoethanol.

Retroviral Constructs

An MP71 retroviral vector encoding 1D3, an scFv against mouse
CD19, and a truncated human CD34 extracellular domain were
used as a template.47 tCD34 was replaced with mCherry to reduce
immunogenicity. Full-length murine CD28 and 41BB were synthe-
sized and inserted in-frame between 1D3 and mCD3z to create mu-
rine second generation CARs. Single-chain, secreted murine IL-12
was synthesized downstream of a porcine teschovirus 2A site and in-
serted in-frame, directly downstream of the murine CD3z signaling
domain in first and both second generation CAR vectors.

T Cell Transduction

PlatE cells were transfected with pclEco andMP71 retroviral constructs
encoding CARs, and viral supernatant was collected and passed
through a 0.45-mm filter (Appleton Woods, UK) 48 and 72 hr post-
transfection before immediate use.Mouse splenocytes were transduced
with retrovirus after activation overnight as previously described.48 In



Figure 7. Tumor Clearance Is Not through Immune Attack of Reporter Proteins

Mice that had A20.Luc.GFP lymphoma and were treated with CAR-IL-12 T cells that survived beyond 100 days had spleens harvested. (A) Total splenocytes were

incubated with 1 � 105 A20, A20.GFP, or A20.Luc.GFP cells for 48 hr, and IFNg release was measured by ELISA (n = 4). (B) Lymphoreplete mice bearing established

A20 tumors were administered CD19-CD28z-IL-12 CAR T cells or NTC T cells via i.v. injection, and survival was monitored. (n = 11). (C) Mice that had A20.Luc.GFP

lymphoma and were treated with CAR-IL12 T cells that survived beyond 100 days were re-challenged with A20 lymphoma cells, and survival was monitored compared

with naive mice (n = 7).
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brief, splenocytes were incubated with anti-CD3 and anti-CD28 anti-
body (30 ng/mL) overnight. Splenocytes and transduced T cells were
cultured in 100 U of human IL-2 and 2 ng/mL murine IL-7.

Ex Vivo Functionality Assays

CD19 CAR T cells were cultured with syngeneic target CD19+ tumor
cells modified to express luciferase in U-bottom 96-well plates at indi-
cated ratios overnight. Following co-culture, plates were centrifuged
at 500 � g for 5 min and supernatant collected for analysis of murine
IFNg (2B Scientific, UK) and murine IL-12p70 (eBioscience, USA) by
ELISA according to manufacturers’ protocols. Target cell killing was
analyzed by resuspension of cell pellets in PBS containing luciferin,
incubation for 10 min at 37�C, and use of a Lumistart Omega lumin-
ometer (BMG Labtech, Germany).

Flow Cytometry

T cells were stained with CD8-BV711, CD4-BV786, and ZombieUV
(BioLegend) according to the manufacturer’s protocol and analyzed
on the same day with an LSR Fortessa X20 using mCherry fluores-
cence as a marker of CAR expression.

Mice and In Vivo Model

BALB/C mice were treated with cyclophosphamide a day before i.v.
delivery of 5 � 105 syngeneic A20 B cell lymphoma cells expressing
luciferase and GFP. For lymphoreplete tumor studies, mice were
treated with 100 mg/kg cyclophosphamide, then A20 cells 24 hr later.
17 days later, when blood counts had reached normal levels and sys-
temic lymphoma had been established, mice received a single dose of
CAR T cells. Tumor burden was monitored by intraperitoneal (i.p.)
injection of luciferin and imaging using an in vivo imaging system
(Perkin Elmer, USA). For A20 lymphoma with no transgene, mice
received 5 � 104 A20 cells i.v. and therapeutic CAR T cells 7 days
postinjection. Circulating numbers of CAR T cells were determined
by tail vein bleeds, antibody staining, and flow cytometry. All exper-
iments were conducted under the auspices of the Animals (Scientific
Procedures) Act 1986 and under UK Coordinating Committee
for Cancer Research guidelines. All animal studies were conducted
at the Manchester Cancer Institute, which was approved by the
CRUK-Manchester institute local animal welfare & ethics review
body (CRUK-MI AWERB).

Statistical Analysis

GraphPad Prism 5 software (GraphPad Software) was used for statis-
tical analysis. Test used and error bar properties are described in the
figure legends. Survival curves begin at the day of i.v. CAR T cell or
splenocyte injection. Kaplan–Meier curves are either representative
of at least three experimental repeats or the amalgamation of data
from three experiments.
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