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Interleukin 12 (IL-12) is a naturally occurring cytokine that plays a key role in
inducing antitumor immune responses, including induction of antitumor
immune memory. Currently, no IL-12-based therapeutic products have been
approved for clinical application because of its toxicities. On the basis of this
review of clinical trials using primarily wild-type IL-12 and different delivery
methods, we conclude that the safe utilization of IL-12 is highly dependent on
the tumor-specific localization of IL-12 post administration. In this regard, we
have developed a cell membrane-anchored and tumor-targeted IL-12-T
(attlL12-T) cell product for avoiding toxicity from both IL-12 and T cells-
induced cytokine release syndrome in peripheral tissues. A phase | trial using
this product which seeks to avoid systemic toxicity and boost antitumor
efficacy is on the horizon. Of note, this product also boosts the impact of
CAR-T or TCR-T cell efficacy against solid tumors, providing an alternative
approach to utilize CAR-T to overcome tumor resistance.

KEYWORDS
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IL-12 biology

Human interleukin 12 (IL-12) is a proinflammatory cytokine that is produced by
dendritic cells (DCs) and activated phagocytes. It is a disulfide-bonded heterodimeric
cytokine. Human IL-12 gene was cloned from an Epstein-Barr virus-transformed cell line.
IL-12 activates natural killer (NK) cells, induces interferon gamma (IFNY) production, and is

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; att (cell membrane-anchored
and tumor-targeted; IL-12, interleukin 12; CAR, chimeric antigen receptor; DC, dendritic cell; IFNY,
interferon gamma; IL-12, interleukin 12; NK, natural killer; rh, recombinant human; TCR, T cell receptor;

CRS, cytokine release syndrome.
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pivotal to the process of regulating the transition from innate to
adaptive immunity (1, 2). In addition to NK cells, IL-12 acts directly
on other types of lymphocytes, including natural killer T cells and
CD8+ T cells, to promote proliferation and enhance their
cytotoxicity (3). Because it activates these lymphocytes, IL-12 is
considered a potent anticancer agent that enhances differentiation
of T-helper 1 (Thl) and promotes T cell-mediated cytolysis of
cancer cells (4) (5). IL-12 can also directly stimulate DCs to produce
additional IL-12 and promote antigen presentation (6). Clinical
trials that delivered wild-type recombinant human IL-12 (rhIL-12)
or the human IL-12 gene to cancer patients began toward the end of
the last century (7, 8). IL-12 has also been used to treat HIV and
hepatitis virus infections (9-11). Our goal in this review is to analyze
and compare the toxicity and safety results of clinical trials of IL-12
delivered via different routes and various forms (i.e., protein, gene,
cells) to identify a safe way for IL-12 to be used clinically. A
secondary goal is to discuss tumor-targeted delivery of IL-12, as
accumulating evidence shows that tumor-targeted delivery of IL-12
is critical to triggering the antigen spreading associated with long-
term tumor eradication.

Toxicity of human IL-12 therapy

IL-12-armed T cell therapy was found to stimulate a
significant antitumor response that induced regression of
tumors established in preclinical mouse models (12, 13).
However, the early clinical trials that used systemic
administration of rhIL-12 were disappointing because of
observed toxicities produced by high production of
proinflammatory cytokine (7, 8, 14, 15). The most common
adverse events reported in these clinical trials were fever and flu-
like symptoms. Other common toxicities included fatigue,
nausea, vomiting, diarrhea, and headache. Hepatic toxicities
were also frequently observed, including elevated alanine
transaminase (ALT) and aspartate transaminase (AST). The
most frequently experienced hematologic adverse events were
leukopenia, anemia, neutropenia, and thrombocytopenia (16).

The most commonly reported hematologic toxicities of
recombinant IL-12 (rIL-12) protein therapy are neutropenia
and thrombocytopenia (17). In multiple trials, rhIL-12
treatment significantly affected leukocytes (7). In one trial,
after the initial administration of rhIL-12, it was observed that
in all the major lymphocyte subsets patients developed transient
and profound lymphopenia (18). In other trials, it was observed
that the absolute peripheral blood lymphocyte counts fell
dramatically within 4 hours after administration of rhIL-12;
these low levels persisted for the first 24 hours after treatment,
though a gradual increase was observed thereafter, with levels
returning to normal at 168 hours (19, 20). Unlike a single or
initial rhIL-12 treatment, subsequent rhIL-12 administrations
were followed by significant increases in patients’ peripheral
blood lymphocyte counts (21). A dose-dependent increase of T
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cells, B cells, and NK cells was also observed in vivo in
lymphoma and myeloma patients receiving rhIL-12 therapy
after peripheral blood autologous stem cell transplantation (22).

These toxicities are at least partially caused by the induction of
toxic cytokines. One study showed that in 21 cancer patients,
administration of rhIL-12 once a week increased the expression of
IFNY, even at very low doses (15). In addition to IFNY, increased
expression of several other cytokines, including tumor necrosis factor
alpha (TNFo) and IP-10, has been noted (14, 15). In a phase I trial
that was to determine both the optimal biological dose and safety of
IL-12 given together with trastuzumab, patients with metastatic
human epidermal growth factor receptor 2 (HER2)-positive
nonhematological malignancies were administered trastuzumab on
day 1 of each weekly cycle. At the beginning of week 3, rhIL-12
protein was injected intravenously on days 2 and 5. Elevated serum
levels of macrophage inflammatory protein-1c, TNFa, IP-10, and
monokines induced by IFNy were observed in the patients who had
a clinical response or stabilized disease (23). In another trial in
patients with HER2-positive malignancies, it was found that
activation of extracellular signal-regulated kinase in peripheral
blood mononuclear cells and levels of IFNy and several other
chemokines (MIP-1¢, IL-8, RANTES, IP-10, and MIG) increased
in patients who experienced a clinical benefit including complete
response, partial response, or stable disease. But these increases were
not observed in patients with progressive disease (21).

In the trial referenced above of rhIL-12 in 21 cancer patients,
besides IFNY, TNFo, and IP-10, several other cytokines, including
monokine induced by interferon-gamma (MIG), IL-10, and IL-4,
were found to be increased in peripheral blood mononuclear cells
even when IL-12 was given at very low doses (30 ng/kg) (15). In the
trial of rhIL-12 in patients with ovarian cancer or peritoneal cancer,
3-fold or greater increases of IFNy, TNFa, IL-10, IL-8, and vascular
endothelial growth factor (VEGF) in the peritoneal fluid were
observed post-rhIL-12 administration. IP-10 levels were increased
in 5 of 5 patients (14). On the basis of cytokine response profile
examinations, it was suggested that either NK or T cells could
mediate IL-12’s effects (14). Experimental results showed that IL-12
induced a greater than 2-fold increase of IFNY in 16 patients and of
the mRNA expression of TNFo. in peripheral whole blood in 13 of
21 patients (15). Though the presence of cytokines is beneficial to the
antitumor response, a decrease in IFNY concentration was associated
with the nonexistence of toxicity from IL-12 (15, 24). These results
suggested that IL-12-mediated cytokine release contributed
substantially to its toxicity in clinical trials; among the induced
cytokines, IFNYy, IP-10, and TNFao. were the major players (25-28).

Route dependence in IL-12 therapy-
associated toxicity

Despite its toxicities, trials have demonstrated benefits of IL-
12-based therapies depending on the route of delivery. In a
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clinical trial that included 42 patients, 32 with non-Hodgkin
lymphoma and 10 with Hodgkin lymphoma, rhIL-12 was
administered intravenously (n = 11) or subcutaneously (n =
31) (29). Most toxicities were grade 1 or 2, but grade 3 hepatic
toxicity (reversible) was also reported in 3 patients, who required
dose reduction. It was also reported that the response rates
altered according to IL-12 administration route. Among patients
who received intravenous IL-12, 40% had a partial or complete
response, while only 7% of patients who received subcutaneous
IL-12 had a partial or complete response. These results clearly
demonstrated that at doses with similar toxicity profiles,
intravenous delivery of IL-12 produced a better response rate
than subcutaneous delivery.

To avoid cytokine toxicity following systemic (i.e.,
intravenous, subcutaneous) delivery of the IL-12 protein,
intratumoral delivery of the IL-12 gene has been investigated.
In a trial whose results were published in 2007, DNA encoding
an IL-12 plasmid was injected into metastatic lesions between
0.5 and 2.5 cm in diameter) cutaneous or subcutaneously (30).
The tumors were treated with either 3 or 6 intratumoral
injections. Significant decrease in the treated lesion’s size was
observed in 5 of the 12 patients. The lack of toxicity from this
intratumoral treatment was associated with a lack of detection of
IL-12 in serum. No greater than grade 1 local toxicity was
observed from any patient in this trial, and only 2 patients
were reported to have grade 1 local toxic effects. In other studies,
intratumoral delivery of IL-12 with viral vectors, plasmid
vectors, DCs, and CAR-Ts all showed no toxicities or only
mild ones (31-36).

Intramuscular or intratumoral electroporation delivery of
IL-12 has been reported in several clinical trials. There was a
phase I trial reported in 2008, 24 patients that had metastatic
melanoma received intratumoral IL-12 plasmid via
electroporation on days 1, day 5, and day 8 during a single 39-
day cycle. Minimal systemic toxicity was observed.
Posttreatment examination showed notable tumor necrosis
and lymphocytic infiltrate. Thus, intratumoral IL-12 DNA
administration via electroporation is not only safe but also
efficacious against melanoma (37). While IL-12 DNA was
combined with other reagent and delivered intramuscular, no
significant difference of adverse events was observed with or
without IL-12 (26). The toxicity and efficacy findings of clinical
trials using IL-12 wild-type protein, gene, and armed cells are
summarized in Tables 1-3, respectively.

Tumor-targeted IL-12—-armed
antibodies in clinical trials

IL-12 can be covalently linked with monoclonal antibodies
to create IL-12-armed antibodies. This design combines the high
specificity against target antigen of monoclonal antibodies with
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the antitumor effects of IL-12, resulting in “armed” monoclonal
antibodies that deliver IL-12 to tumor cells that have enriched
levels of the target antigen. Such IL-12 delivery targeting a
specific antigen minimizes IL-12 exposure in normal tissues
and results in less toxicity and a better therapeutic index.

AS1409 is an IL-12-armed antibody in which humanized
antibody BCl1 is covalently linked to IL-12. It is constructed to
deliver IL-12 to tumor-associated vasculature. Humanized
antibody BCI targets the ED-B variant of fibronectin. In a
phase I clinical trial, 11 patients with melanoma and 2 with
renal cell carcinoma received AS1409 at doses of 15 and 25 ug/kg
(78). Most of the observed adverse events were grade 2 or lower.
These adverse events included chills, pyrexia, vomiting, fatigue,
transient liver function abnormalities, and headache. No dose-
limiting toxicities were observed at 15 ug/kg weekly. However, 3
patients had dose-limiting toxicities at the 25 pg/kg dose level.
One patient had grade 3 fatigue, and 2 patients had grade 3
transaminase elevation, which resolved after study drug
discontinuation. At the 25 ug/kg dose, dose-limiting
transaminase elevation and grade 3 fatigue were observed. Of
the 11 patients, anemia of grade 3 to 4 was observed in 5 and
lymphopenia in 7.

Another IL-12-armed antibody IL12-L19 is being
investigated. It targets the splicing variant extra domain B of
fibronectin. But there is no toxicity data available from this clinic
trial (NCT04471987) yet (81, 82).

Tumor-targeted tumor-infiltrating
lymphocytes or CAR-T cells armed
with IL-12 in clinical trials

Tumor-infiltrating lymphocytes (TILs) isolated from tumor
specimens have been shown to have highly specific cytolytic
activity against their autologous tumors, and this activity
inspired the development of TIL immunotherapy at the end of
the last century (83-85). In 2015, Zhang et al. reported a clinical
trial of IL-12 delivered via TILs (79). The trial enrolled 33
patients with metastatic melanoma. Patients were treated with
autologous TILs in escalating doses. The TILs were transduced
with nuclear factor of activated T cells (NFAT.IL12) promoter
driving an IL-12 single-chain gene. Only 1 of the 17 patients who
received 0.001 to 0.1 x 10° NFAT.IL12-transduced TILs had an
objective response. But among patients who received doses
between 0.3 and 3 x 10° cells, 10 of 16 experienced clinical
responses. No immediate complications were observed after first
cell infusion in all patients. Following that toxicity could be
observed. High IL-12 and IFNy serum levels were observed in
patients treated with high cell doses, as were clinical adverse
events such as high fever, liver dysfunction, and sporadic severe
hemodynamic instability. Increased serum ALT and AST were
observed in all cohorts, and the incidence grew higher at higher
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TABLE 1 Summary of human clinical trials of wild-type IL-12 protein therapy.

Citation

Clin Cancer Res.

1997;3(3): 409-
17 (7).

Blood 1997;90

(7): 2541-8 (24).

Clin Cancer Res.

1998; 4(5):
1183-91 (38).

Clin Cancer Res.

1999; 5(12):
3983-9 (39).

Clin Cancer Res.

1999; 5(1): 9-16
(40).

Blood 1999; 94
(3): 902-8 (41).

Clin Cancer Res.

2000; 6(5):
1678-92 (42).

Clin Exp
Immunol. 2000;
119(1): 28-37
(15).

Clin Cancer Res.

2000; 6(7):
2661-9 (43).

J Immunother.
2001; 24(1): 91-
8 (44).

Gynecol Oncol.
2001; 82(1): 7-
10 (45).

J Clin Oncol.
2001; 19(18):
3836-47 (46).
Blood 2002; 99
(1): 67-74 (47).

Clin Cancer Res.

2002; 8(12):
3686-95 (48).

Clin Cancer Res.

2002; 8(11):
3383-93 (18).
Cancer Immun.
2003; 3: 7. (49)

Frontiers in Immunology

Title

Phase I evaluation of intravenous recombinant human interleukin 12 in patients with
advanced malignancies

Effects of single-dose interleukin-12 exposure on interleukin-12-associated toxicity
and interferon-gamma production

Phase I trial of subcutaneous recombinant human interleukin-12 in patients with
advanced renal cell carcinoma

Phase I study of subcutaneously administered recombinant human interleukin 12 in
patients with advanced renal cell cancer

Immunological effects of interleukin 12 administered by bolus intravenous injection
to patients with cancer

Interleukin-12 therapy of cutaneous T-cell lymphoma induces lesion regression and
cytotoxic T-cell responses

Phase I trial of twice-weekly intravenous interleukin 12 in patients with metastatic
renal cell cancer or malignant melanoma: ability to maintain IFN-gamma induction
is associated with clinical response

Cytokines and soluble cytokine receptor induction after IL-12 administration in
cancer patients

A dose-escalation and pharmacokinetic study of subcutaneously administered
recombinant human interleukin 12 and its biological effects in Japanese patients with
advanced malignancies

Agranulocytosis and hemolytic anemia in patients with renal cell cancer treated with
interleukin-12

Evaluation of recombinant human interleukin-12 in patients with recurrent or
refractory ovarian cancer: a gynecologic oncology group study

Effects of interleukin-12 on the immune response to a multipeptide vaccine for
resected metastatic melanoma

Phase 1 study of interleukin-12 in combination with rituximab in patients with B-cell
non-Hodgkin lymphoma

Phase I study of intraperitoneal recombinant human interleukin 12 in patients with
Mullerian carcinoma, gastrointestinal primary malignancies, and mesothelioma

Interleukin 12 immunotherapy after autologous stem cell transplantation for
hematological malignancies

Two phase I studies of low dose recombinant human IL-12 with Melan-A and
influenza peptides in subjects with advanced malignant melanoma

04

IL-12
product/
route

Protein/i.v.

Protein/i.v.

Protein/s.c.

Protein/s.c.

Protein/i.v.
Protein/s.c.

or it

Protein/i.v.

Protein/s.c.

Protein/s.c.

Protein/i.v.

Protein/i.v.

Protein/i.d.

Protein/s.c.

Protein/i.p.

Protein/i.v.

Protein/s.c.
or iv.

10.3389/fimmu.2022.952231

Dose and toxicity grade

3-1000 ng/kg
1 death

3-1000 ng/kg
2 deaths

0.1, 0.5, 0.75, 1.0, 1.25, and 1.5 pg/kg on days 1,
8, and 15 of each 28-day cycle
Grade 3 fever, grade 4 gastrointestinal toxicity

0.5, 1.0, and 1.25 pg/kg

Grade 2 and 3 leukopenia, grades 3 and 4 fever,
grade 3 granulopenia, grade 3 progressive fatigue,
grade 3 vomiting and nausea, grade 3
psychoneurotoxicity

3-1000 ng/kg
Significant lymphopenia

50, 100, or 300 ng/kg rhIL-12 twice weekly for up
to 24 weeks
Low-grade fever and headache

30-700 ng/kg twice weekly as an i.v. bolus for 6
weeks

Grade 3 hemolytic anemia and grade 3 elevation
of serum hepatic transaminases

30 ng/kg to 1500 ng/kg once a week
N/A

50 to 300 ng/kg
Grade 3 elevation of aminotransferases, grade 3
leukopenia

500 or 700 ng/kg

Grade 4 neutropenia, grade 3 hemolytic anemia
with transient grade 2 leukopenia and grade 1
thrombocytopenia

250 ng/kg

Grade 4 myelotoxicity, grade 4 capillary leak
syndrome, grade 3 hepatic toxicity, grade 3 or 4
neutropenia, grade 4 pulmonary toxic effect

30 ng/kg

Transient vaccine-related grade 3 toxicity

30 ng/kg to 500 ng/kg twice weekly

Grade 3 follicular lymphoma, grade 3 anemia,
grade 3 hypercalcemia, grade 3 vomiting, grade 4
neutropenia

3 to 600 ng/kg

Grade 3 transaminase elevation, grade 3
lymphopenia, grade 3 fever

30, 100, or 250 ng/kg

Transient grade 4 neutropenia or leukopenia,
grade 3 diarrhea, grade 3 infection

10, 30 and 100 ng/kg

Therapy was well tolerated, the main adverse
event was influenza-like symptoms

(Continued)
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TABLE 1 Continued

Citation

J Clin Oncol.
2003; 21 (13):
2564-73 (50).

J Immunother.
2003; 26(3):
270-6 (51).

J Clin Oncol.
2003; 21(12):
2342-8 (52).

Clin Cancer Res.

2003; 9(1): 76-
83 (53).

Clin Cancer Res.

2003; 9(8):
2950-6 (19).

J Immunother.
2004; 27(6):
452-9 (54).

Clin Cancer Res.

2004; 10(6):
1935-42 (22).

Clin Cancer Res.

2004; 10(8):
2626-35 (20).
Gynecol Oncol.
2004; 3: 957-64
(55).

Clin Cancer Res.
2004; 10(16):
5432-8 (29).

J Clin Oncol.
2005; 23(34):
8835-44 (56).

Clin Cancer Res.

2006; 12(20 Pt
1): 6056-63
(57).

J Am Acad
Dermatol. 2006;
55(5): 807-13
(58).

Vaccine 2006;
24(25): 5311-9
(59).

Blood 2006; 107
(12): 4650-7
(60).

Clin Cancer Res.

2007; 13(1):
215-22 (61).

Clin Cancer Res.

2007; 13(5):
1503-10 (62).

Title

Phase I trial of concurrent twice-weekly recombinant human interleukin-12 plus low-
dose IL-2 in patients with melanoma or renal cell carcinoma

Intraperitoneal fluid neopterin, nitrate, and tryptophan after regional administration
of interleukin-12

Immunization with Melan-A peptide-pulsed peripheral blood mononuclear cells plus
recombinant human interleukin-12 induces clinical activity and T-cell responses in
advanced melanoma

Repeated administrations of interleukin (IL)-12 are associated with persistently
elevated plasma levels of IL-10 and declining IFN-gamma, TNF-o,, IL-6, and IL-8
responses

Pharmacokinetics and immunological aspects of a phase Ib study with intratumoral
administration of recombinant human interleukin-12 in patients with head and neck
squamous cell carcinoma: a decrease of T-bet in peripheral blood mononuclear cells

Vaccination of glioma patients with fusions of dendritic and glioma cells and
recombinant human interleukin 12

Immunological consequences of interleukin 12 administration after autologous stem
cell transplantation

Intratumoral administration of recombinant human interleukin 12 in head and neck
squamous cell carcinoma patients elicits a T-helper 1 profile in the locoregional
lymph nodes

A phase II trial of interleukin-12 in patients with advanced cervical cancer: clinical
and immunologic correlates. Eastern Cooperative Oncology Group study E1E96

Phase II clinical trial of interleukin-12 in patients with relapsed and refractory non-
Hodgkin’s lymphoma and Hodgkin’s disease

Phase I study of the sequential combination of interleukin-12 and interferon alfa-2b
in advanced cancer: evidence for modulation of interferon signaling pathways by
interleukin-12

Randomized phase II study of interleukin-12 in combination with rituximab in
previously treated non-Hodgkin’s lymphoma patients

A phase II open-label study of recombinant human interleukin-12 in patients with
stage IA, IB, or ITA mycosis fungoides

Safety and immunogenicity of Towne cytomegalovirus vaccine with or without
adjuvant recombinant interleukin-12

Activity of subcutaneous interleukin-12 in AIDS-related Kaposi sarcoma

Alum with interleukin-12 augments immunity to a melanoma peptide vaccine:
correlation with time to relapse in patients with resected high-risk disease

Long-term idiotype vaccination combined with interleukin-12 (IL-12), or IL-12 and
granulocyte macrophage colony-stimulating factor, in early-stage multiple myeloma
patients

Frontiers in Immunology 05
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IL-12 Dose and toxicity grade
product/
route

Protein/i.v. 300 to 500 ng/kg
Grade 2 to 3 elevation of hepatic ALT or AST,
grade 3 to 4 leukopenia or neutropenia, grade 3
anemia

Protein/i.p. 100 to 1500 ng/kg
N/A

Protein/s.c. 4 pg/kg
There were no grade 3 or 4 toxicities

Protein/s.c. 0.1, 0.5, 1.0 and 1.25 ug/kg
N/A

Protein/it. 100 or 300 ng/kg
Grade 4 lymphopenia

Protein/s.c. 6.0 to 37.8 g total
Transient grade 1 fever

Protein/i.v. 30, 100, or 250 ng/kg
Grade 3 liver toxicity

Protein/it. 100 or 300 ng/kg
Grade 3 fatigue and liver toxicity, grade 3
lymphopenia and metabolic acidosis

Protein/i.v. 250 ng/kg
Grade 4 leukopenia, anemia, genitourinary,
cardiac toxicity, grade 5 hemorrhage

Protein/i.v. 250 and 500 ng/kg
or s.c. Grade 3 hepatic toxicity

Protein/s.c. 100 to 500 ng/kg
and i.v. No IL-12-related dose-limiting toxicities were
observed

Protein/s.c. 1,8, 15, and 22 and 300 ng/kg
Grade 4 fatigue, hyperglycemia, infection, and
leukopenia, grade 3 fever, ALT, AST, rash, and
neutropenia

Protein/s.c. 100 ng/kg for 2 weeks; 300 ng/kg thereafter
Treatment-related adverse events were generally
mild or moderate, 1 patient in partial response
died of hemolytic anemia

Protein/s.c. 0.25, 0.5, 1.0, and 2 pug
No severe (grade 3 or 4) adverse events related to
study drug exposure occurred.

Protein/s.c. 100 to 625 ng/kg
Grade 4 anemia, neutropenia, elevated bilirubin;

grade 3 elevated transaminase, amylase,
headache, skin rash

Protein/s.c. 30 or 100 ng/kg
Grade 3 colitis and visual changes, grade 3
headache and nausea, grade 3 bloody diarrhea
with a colonoscopy showing lymphocytic colitis

Protein/s.c. 2 ug
Grade 3 myalgia, grade 1 erythema, and grade 2
edema and/or itching

(Continued)
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TABLE 1 Continued

Citation Title

] Transl Med.
2007; 5: 66 (14).
cancer or primary peritoneal carcinoma

Blood 2007; 110
(13): 4165-71
(63).

for AIDS-related Kaposi sarcoma

Int ] Cancer

Phase II study of intraperitoneal recombinant interleukin-12 (rhIL-12) in patients
with peritoneal carcinomatosis (residual disease < 1 cm) associated with ovarian

Phase 2 study of pegylated liposomal doxorubicin in combination with interleukin-12

Intratumoral rhIL-12 administration in head and neck squamous cell carcinoma

10.3389/fimmu.2022.952231

IL-12 Dose and toxicity grade
product/

route
Protein/i.p. 300 ng/kg

Grade 4 neutropenia (1), grade 3 fatigue (4),
headache (2), myalgia (2), non-neutropenic fever
(1), drug fever (1), back pain (1), and dizziness
1

300 and 500 ng/kg

Grade 4 elevated aminotransferase, leukopenia,

Protein/s.c.

neutropenia, and thrombocytopenia; grade 3
anemia, lymphopenia, and hemolysis

Protein/it. 100 or 300 ng/kg

2008; 123(10):  patients induces B cell activation N/A

2354-61 (5).

Mol Cancer A phase I trial of paclitaxel and trastuzumab in combination with interleukin-12 in Protein/i.v. 100, 200, or 300 ng/kg

Ther. 2009; 8 patients with HER2/neu-expressing malignancies or s.c. Grade 4 asymptomatic neutropenia and

(11): 2983-91 leukopenia, grade 3 fatigue, anorexia, neuropathy,
21). arthralgia, leukopenia, and neutropenia

Leuk Res. 2009;  Phase II study of interleukin-12 for treatment of plateau phase multiple myeloma Protein/i.v. 250 and 300 ng/kg

33(11): 1485-9
(64).

(E1A96): a trial of the Eastern Cooperative Oncology Group

Exp Hematol
Oncol. 2014; 3
(1): 11 (65).

mediated effects

Single low-dose rHulIL-12 safely triggers multilineage hematopoietic and immune-

Grade 4 hematologic and nonhematologic
toxicities

Protein/s.c. 2,5, 10, 12, 15, and 20 ug

Grade 3 lymphopenia, thrombocytopenia, and

neutropenia

s.c., subcutaneous; i.v., intravenous; IL, interleukin; ALT, alanine transaminase; AST, aspartate transaminase; IP, intraperitoneal; TNF-oi, tumor necrosis factor alpha; HER, human

epidermal growth factor receptor.

TIL doses. Fever was observed in all patients. The high IL-12 and
IFNY levels in the serum were life threatening. Some patients
were transferred to the intensive care unit for management of
these events. Grade 3 adverse events were observed in 16
patients, and grade 4 adverse events were observed in 4
patients. This was the first-in-human trial of autologous TILs
that carried an inducible IL-12 gene. It was highlighted that cell
doses were 10- to 100-fold lower than the conventional TILs.
However, multiple and high-grade toxicities were observed in
most patients, and these adverse events were attributable to the
secreted IL-12.

Though the IL-12-armed TILs produced toxicity, IL-12-
armed CAR-T cell therapy seemed to cause limited toxicity. In
a phase I clinical trial of IL-12 delivered via mucin 1 (MUCI1)-
targeting CAR-T cells reported in 2016 by You et al., only mild
toxic effects were observed (36). In the study, 2 anti-(MUCI1)
CAR-T cell lines were constructed. One CAR-T cell line, named
SM3-CAR, had an SM3 single-chain variable fragment sequence
that target MUCL. The other CAR-T cell line, named pSM3-
CAR, contained an SM3 single-chain variable fragment sequence
that was modified to have higher binding affinity to MUCI. Only
the first CAR-T cells, SM3-CAR co-expressed IL-12. These 2
types of CAR-T cells were injected intratumorally into 2
independent metastatic lesions of the only patient enrolled.
Adverse events included mild headache, muscle pain, nasal
congestion, and mild abdominal bloating discomfort. All
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adverse effects resolved by day 12 post intratumoral
administration. Analysis of the patient’s blood indicated some
abnormalities, such as elevated eosinophil ratio and counts and
glucose levels, which suggested an inflammatory response or
acute response. The results indicating a serum cytokine response
were positive, and the reported side effects of the MUCI-
targeting CAR-T cell strategy were very mild.

There is a clinical trial (NCT03932565) that is being
investigated. Nectin4/FAP (fibroblast activation protein)
targeting CAR-T cells that express IL7 and CCL19, or ILI12
were created to treat malignant solid tumors. But there is no
toxicity data available from this clinic trial yet.

Exploration of future safe IL-12
clinical studies

Based on published preclinical studies, we can easily predict
that multiple tumor-targeted IL-12 therapies will be evaluated in
clinical trials. This approach will also solve the thorny issue of
intratumoral delivery for inaccessible metastatic tumors. Both
tumor-targeted IL-12 protein and gene/cell therapies will be seen
in clinical trials in the near future.

One tumor-targeted IL-12 protein therapy, NHS-tethered
IL-12, is particularly noteworthy. Two IL-12 heterodimeric
molecules were combined with NHS76 antibody to produce a
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TABLE 2 Summary of human clinical trials of IL-12 gene therapy.

Citation

Gene Ther.
1998; 5(4): 481-
90 (66).

Hum Gene
Ther. 2001; 12
(6): 671-84
(67).

] Neurooncol.
2003; 64(1-2):
147-54 (33).

J Clin Oncol.
2004; 22(8):
1389-97 (56).
Hum Gene
Ther. 2005; 16
(1): 35-48 (34).

Clin Cancer
Res. 2005; 11
(11): 4168-75
(68).

Cancer Res.
2007; 67(4):
1842-52 (31).
Cytotherapy
2007; 9(8): 755-
70 (35).
Cancer Gene
Ther. 2007; 14
(8): 717-23
(30).

] Clin Oncol.
2008; 26(36):
5896-903 (37).
Gene Ther.
20105 17(3):
360-9 (69).
PLoS One 2012;
7(1): €29231
(70).

Gynecol Oncol.
2013; 131(1):
169-73 (71).

J Clin Invest.
2013; 123(8):
3383-94 (72).

Frontiers in Immunology

Title

Vaccination with IL-12 gene-modified autologous melanoma cells: preclinical results and a
first clinical phase I study

Interleukin 12 gene therapy of cancer by peritumoral injection of transduced autologous
fibroblasts: outcome of a phase I study

Immunogene therapy of recurrent glioblastoma multiforme with a liposomally encapsulated
replication-incompetent Semliki forest virus vector carrying the human interleukin-12 gene-a
phase I/II clinical protocol

Phase I trial of intratumoral injection of an adenovirus encoding interleukin-12 for advanced
digestive tumors

Intratumoral injection of DNA encoding human interleukin 12 into patients with metastatic
melanoma: clinical efficacy

Phase I study of the intratumoral administration of recombinant canarypox viruses
expressing B7.1 and interleukin 12 in patients with metastatic melanoma

Targeting HER-2/neu in early breast cancer development using dendritic cells with staged
interleukin-12 burst secretion

Phase I study of tumor Ag-loaded IL-12 secreting semi-mature DC for the treatment of
pediatric cancer

Intratumoral injection of IL-12 plasmid DNA-results of a phase I/IB clinical trial

Phase I trial of interleukin-12 plasmid electroporation in patients with metastatic melanoma

Phase-I clinical trial of IL-12 plasmid/lipopolymer complexes for the treatment of recurrent
ovarian cancer

Safety and immunogenicity of an HIV-1 gag DNA vaccine with or without IL-12 and/or IL-
15 plasmid cytokine adjuvant in healthy, HIV-1 uninfected adults

Phase I trial of a formulated IL-12 plasmid in combination with carboplatin and docetaxel

chemotherapy in the treatment of platinum-sensitive recurrent ovarian cancer

IL-12p70-producing patient DC vaccine elicits Tcl-polarized immunity

07

IL-12
gene
therapy

Armed
tumor cells

Armed
fibroblasts/

iv.

Liposome/
Semliki
forest virus
IL-12

Ad IL-12/i.t.

Naked IL-12
DNA/iLt.

Pox virus
IL-12/it.

IL-12 DC/
iv.
Ad IL-12/iv.

IL-12 DNA/
it.

IL-12 DNA/
it

IL-12 DNA
liposome/i.p.

IL-12 DNA/

S.C.

Liposome
IL-12 DNA/
ip.

IL-12 DC/

iv.

10.3389/fimmu.2022.952231

Dose and toxicity grade

1 x 10° to 9.6 x 10° autologous cells.
Total 4.6 x 10° to 1.6 x 107
No major toxicity

Sufficient fibroblasts to secrete an
estimated 300, 1000, 3000, and 5000 ng
of IL-12 per 24.

Mild to moderate pain at the injection
site; no treatment-related changes in
hematopoietic, hepatic, renal, or cardiac
parameters were observed

1% 107 to 1 x 10°/m?
No grade 3 or 4 toxicity

25% 10" to 3 x 10"

Grade 3 lymphopenia, nausea, pleural
effusion, and intestinal mucosal edema
Low (2 mg, P1-3), medium (4 mg, P4-
6), and high (10 to 20 mg, P7-9)
amounts of total DNA.

None of the 9 patients had a
presumably therapy-related adverse
event higher than WHO grade 1

25 x 10° pfu
Toxicity was mild to moderate

Autologous DC1 (10 to 20 x 10° cells
per vaccine)

CTC grade 1 or 2 toxicity

1,2, 3,10 x 10° DCs/m’

No major side effects

50 mcg
Grade 4 pulmonary embolism

3.8 or 5.8 mg
Minimal systemic toxicity

0.6, 3, 12, or 24 mg/m’
Low-grade fever and abdominal pain

100, 500, or 1500 pg

No significant vaccine-related adverse
events

12 mg/m®, 18 mg/m”, and 24 mg/m’
DNA

Grade 3 abdominal pain, cytokine
release syndrome, and hypotension

1.5 x 107 DCs per peptide (6 x 10’ DCs
total), 5 x 10° DCs per peptide (2 x 107
DCs total)

N/A

(Continued)
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TABLE 2 Continued

Citation Title IL-12 Dose and toxicity grade
gene
therapy
J Infect Dis. Safety and comparative immunogenicity of an HIV-1 DNA vaccine in combination with IL-12 DNA/ 1 or 1.5 mg
2013; 208(5): plasmid interleukin 12 and impact of intramuscular electroporation for delivery im. No severe systemic reactogenicity
818-29 (73).
Gynecol Oncol. A phase II trial of intraperitoneal EGEN-001, an IL-12 plasmid formulated with PEG-PEI- Liposome 24 mg/m*
2014; 133(3): cholesterol lipopolymer in the treatment of persistent or recurrent epithelial ovarian, fallopian IL-12 DNA/ Grade 3 nausea and vomiting (2),
433-8 (74). tube or primary peritoneal cancer: a gynecologic oncology group study ip. anemia (1), and decreased lymphocyte
count (1)
PLoS One 2015; A phase I double blind, placebo-controlled, randomized study of the safety and IL-12 DNA/ 100 ug and 1000 pg
10(8): €0134287 immunogenicity of electroporated HIV DNA with or without interleukin 12 in prime-boost ~ im. No serious adverse events
(75). combinations with an Ad35 HIV vaccine in healthy HIV-seronegative African adults
J Acquir the safety and immunogenicity of an interleukin-12-enhanced multiantigen DNA vaccine IL-12 DNA/ 50, 250, or 1000 ug
Immune Defic  delivered by electroporation for the treatment of HIV-1 infection im. Grade 3 or 4 local injection site pain,
Syndr. 2016; 71 with or without bruising and/or swelling
(2): 163-71
(76).
Sci Transl Med. ~ Cytokine-induced memory-like natural killer cells exhibit enhanced responses against myeloid IL-12 0.5, 1.0, 10 x 106/kg NK cells
2016; 8(357): leukemia proactivated  No dose-limiting toxicity or graft vs
357ral23 (25). NK/i.v. host disease observed
Gynecol Oncol. A phase I trial of intraperitoneal GEN-1, an IL-12 plasmid formulated with PEG-PEI- Liposome PLD 40 mg/m? or 50 mg/m?, GEN-1 at

2017; 147(2): cholesterol lipopolymer, administered with pegylated liposomal doxorubicin in patients with ~ IL-12 DNA/ 24 mg/m” or 36 mg/m>
283-90 (77). recurrent or persistent epithelial ovarian, fallopian tube or primary peritoneal cancers: An ip. Grade 3 leukopenia
NRG Oncology/Gynecologic Oncology Group study

PLoS One 2018;  Safety and tolerability of HIV-1 multiantigen pDNA vaccine given with IL-12 plasmid DNA ~ IL-12 DNA/ 250, 1000, or 1500 pig

13(9): €0202753  via electroporation, boosted with a recombinant vesicular stomatitis virus HIV Gag vaccine in  im. IL-12 pDNA did not increase pain

(26). healthy volunteers in a randomized, controlled clinical trial scores, reactogenicity, or adverse events
with the co-administered DNA vaccine

i.v,, intravenous; IL, Interleukin; i.t., intratumoral; WHO, World Health Organization; pfu, plaque-forming unit; HER, human epidermal growth factor receptor; DC, dendritic cell; Ag,
antigen; i.p., intraperitoneal; HIV, human immunodeficiency virus; i.m., intramuscular; PLD, pegylated liposomal doxorubicin; pDNA, plasmid DNA.

TABLE 3 Summary of clinical trials of targeted IL-12 therapy.

Citation Title Tumor- Dose and toxicity grade
targeted
IL-12

Clin Cancer A phase 1 study of AS1409, a novel antibody-cytokine fusion ~ Antibody- 15 and 25 pg/kg

Res. 2011; 17 protein, in patients with malignant melanoma or renal cell IL-12/iv. Grade 3 fatigue and transaminase elevation, grade 4 anemia

(7): 1998-2005  carcinoma

(78).

Clin Cancer Tumor-infiltrating lymphocytes genetically engineered with an  IL-12- 0.01 to 0.1 x 10° NFAT.IL12- transduced TILs/1 time

Res. 2015; 21 inducible gene encoding interleukin-12 for the armed Grade 4 prolonged myelosuppression, elevated LFT, creatinine, grade 3

(10): 2278-88  immunotherapy of metastatic melanoma TILs/iv. fever, hypoxia, thrombotic microangiopathy, interstitial pneumonitis

(79).

Sci China Life  Phase 1 clinical trial demonstrated that MUCI positive IL-12- 5 x 10° pSM3-CAR-T cells/1 time

Sci. 2016; 59 metastatic seminal vesicle cancer can be effectively eradicated ~ armed Fever, mild headache, muscle pain, nasal congestion, and mild abdominal

(4): 386-97 by modified Anti-MUCI chimeric antigen receptor transduced CAR-T/it.  bloating discomfort, increased eosinophil ratio and counts, and elevated

(36). T cells glucose levels

Clin Cancer First-in-human phase I trial of a tumor-targeted cytokine NHS-IL12 0.1, 0.5, 1,2 4, 8, 12 pg/kg

Res. 2019; 25 (NHS-IL12) in subjects with metastatic solid tumors protein/s.c.  Grade 3 increase in ALT (3; 5.1%), AST, and lipase without clinical signs

(1): 99-109 of pancreatitis (1 each; 1.7%); decreased lymphocyte count (5; 8.5%),

(80). neutrophil count (4; 6.8%), and WBCs (2; 3.4%); hypokalemia,
hyperhidrosis

iv., intravenous; IL, Interleukin; TIL, tumor infiltrating lymphocyte; NFAT, nuclear factor of activated T cells; LFT, liver function test; MUC, mucin; ALT, alanine transaminase; AST,
aspartate transaminase; WBC, white blood cell.
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fusion protein, NHS-IL12 immuno-cytokine. Mechanism
studies have proven that IL-12 could be targeted to areas with
tumor necrosis by the NHS76 antibody through binding
histones to free DNA fragments found in these regions. This
targeting mechanism resulted in promoted antitumor activity
(80). In the phase I clinical trial, NHS-IL12 were administered
subcutaneously to 59 patients with metastatic solid tumors. Of
these participants, 22 were enrolled in a single ascending-dose
cohort and 37 in an every-4-week multiple ascending-dose
cohort. Five patients were reported to have durable stable
disease. But no tumor responses were observed. Flu-like
symptoms, increased ALT/AST, and decreased circulating
lymphocyte count were the most frequently observed
treatment-related adverse events. Among all treatment-related
grade 3 adverse events, only hyperhidrosis was symptomatic. All
others were transient.

Regarding tumor-targeted IL-12 gene therapy, there was
design to delivers non-secreting IL-12 with tumor-targeted
oncolytic adenovirus (Ad-TD-nsIL12) to tumor cells. The
design was tested in Syrian hamster models of pancreatic
cancer to examine its therapeutic and toxic effects (86).
Surprisingly, no toxic side effects were observed after
intraperitoneal delivery of Ad-TD-nsIL12 to orthotopic
pancreatic tumors model. The peritoneal disseminated
pancreatic tumors were cured. and animal survival was
significantly enhanced. After intraperitoneal administration of
Ad-TDnsIL12 (1 x 10°) into hamsters that had peritoneally
disseminated SHPC6 pancreatic tumors, liver function was
examined by assessing AST, ALT, and ALP levels in the serum
on days 1, 3, and 5. All 3 enzymes were found to remain at levels
equivalent to those in the PBS-treated control animals. Serum
levels of IL-12 remained constant at all the time points
examined, as expected.

Another novel tumor-targeted IL-12 gene is a tumor cell
surface vimentin-targeted IL-12 (ttIL12). Combined with
resection of the primary tumor, ttIL12 transformed tumors
immune profile to INFy iCD8™FOXP3"*CD33"" (87). The
immune profile transformation inhibited metastasis and
increased survival in both mouse tumor model and patient-
derived xenograft tumor mouse models. Mice treated with wild-
type IL-12 and surgery had shorter overall survival than the
control plasmid DNA treatment group. This significant
difference was believed to be the result of IL-12 toxicity.
However, IL-12 toxicity was not observed in the ttIL12-
treated mice.

Despite the success of tumor targeted IL-12 gene therapy in
preclinical models, the success of this therapy in clinical trials is
questionable because a therapeutic level of IL-12 must
accumulate at the tumor site. Such therapeutic levels were
achieved in the previously described trial by Zhang et al. using
TIL-armed IL-12 therapy (79). However, that trial
demonstrated that cytokines secreted by TILs can also induce
toxicity when the number of T cells is high. It seems that
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avoiding IL-12 secretion before T cells accumulate in tumors
will be the key to reduce the toxicity. This hypothesis (concept)
provided the foundation for our creation of attIL12-T cell
therapy, in which IL-12 is anchored to T cells via including a
transmembrane domain in the C-terminal of ttIL12
(WO2018068008A1) (27).

This hypothesis (concept) has been validated by a recent
publication by Zhang et al., in which the authors found that
anchoring IL-12 on T cells avoided IL-12 secretion and the
associated systemic toxicity (28). This membrane-anchored
IL-12 (alL12) strategy also increased antitumor efficacy,
lowered levels of circulating IL-12 and IFNY, and did not
cause body weight loss in patient-derived xenograft models.
NFAT-inducible promoter driven alLl2 expression
coordinated the expression of alL12 and T cell activation.
These aIL12-T cells were tested in an OT-1 TCR transgenic
murine tumor model. Experimental results showed that aIL12
expression induced by NFAT improved the treatment
outcome, but no detectable IL-12 or weight loss was
observed. It was then tested in a human tumor xenograft
mouse model. The alL12 expression induced by NFAT
enhanced antitumor responses through human T cells that
co-expressed tumor-specific engineered TCRs. In both mouse
models, this NFAT-inducible IL-12 expression construct did
not yield detectable IL-12 in serum.

Both ttIL12- and alL12-T cells reduced toxic cytokine
induction in peripheral tissues. This feature is important
because CAR-T cells induce severe cytokine release syndrome
in 50% of treated patients (88-90), and this percentage could be
reduced by attIL12 modification of these T cells. Supporting this
hypothesis, attIL12-modified CAR-T cells or TCR-T cells
constrained the production of ILI12-induced cytokines in
tumors and significantly inhibited cytokine release syndrome-
associated cytokines in peripheral tissues of both immune
deficient human tumor-bearing mice and immune competent
mouse tumor-bearing mice (27).

Conclusion

The above review includes different types of IL-12 clinical
studies using rhIL-12 protein, IL-12-modified cells, and IL-12
genes delivered via physical, chemical, or viral vectors. All these
approaches have improved safety, but none of them have
eliminated the toxic cytokine release in peripheral tissue
associated toxicity. To avoid this clinical side effect, we have
invented attIL12-T cell therapy, and others have explored
NFAT-inducible IL-12 therapy using mouse models. However,
these products, attIL12-modified TILs, TCR-T cells, and CAR-T
cells, have yet to be evaluated in the clinical setting. The success
of such trials would further boost the enthusiasm for T cell
therapy. Of note, attIL12-T cells also boosted T cell penetration
and induced antigen spreading, and these bundled features may
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boost the firepower of currently explored CAR-T cell therapies
while reducing the risk of adverse effects.
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