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Intratumoral injection and
retention hold promise to
Improve cytokine therapies
for cancer

Karsten Sauer™, Kavya Rakhra', Kaida Wu*, Naveen K. Mehta*,
Jennifer S. Michaelson® and Patrick A. Baeuerle’?

!Cullinan Therapeutics, Cambridge, MA, United States, ?Institute of Immunology, Ludwig Maximilians
Universitaet Muenchen, Planegg, Germany

As powerful activators of the immune system, cytokines have been extensively
explored for treating various cancers. But despite encouraging advances and
some drug approvals, the broad adoption of cytokine therapies in the clinic has
been limited by low response rates and sometimes severe toxicities. This in part
reflects an inefficient biodistribution to tumors or a pleiotropic action on
bystander cells and tissues. Here, we first review these issues and then argue
for the intratumoral delivery of engineered cytokine fusion proteins that have
been optimized for tumor retention as a potential solution to overcome these
limitations and realize the potential of cytokines as highly effective therapeutics
for cancer.
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Introduction

In this perspective, we advocate for the intratumoral (i.t.) injection of engineered
cytokine molecules with optimized tumor retention as a potential solution to overcome the
limitations which have thus far hindered the broad adoption of cytokines as safe and
effective cancer immuno-therapeutics. The promise of this strategy is increasingly being
recognized (1, 2).

As soluble and potent immune activators, cytokines play key roles in orchestrating
productive anti-tumor immune responses (3). For this reason, several cytokines have been
explored as cancer immunotherapeutics. The currently most pursued ones include
interleukin 2 (IL-2), IL-12, IL-15, IL-18, interferons (IFNo, [ and y), tumor necrosis
factor oo (TNFo), and granulocyte-monocyte colony-stimulating factor (GM-CSF). But
despite encouraging examples of efficacy, the clinical use of cytokines is relatively rare, and
approved products are limited to IL-2 (Proleukin), IFNo. (Besremi, Pegasys, Peglntron,
Intron A) and GM-CSF (Leukine). Additionally approved viral products include the
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IFNo.-2b expressing adenovirus Nadofaragene firadenovec-vncg
(Adstiladrin), and the GM-CSF expressing oncolytic virus (OV)
Talimogene laherparepvec (T-VEC, product name Imlygic).
However, these products have only been approved in a narrow set
of indications (4-6).

The paucity of approved cytokine products may reflect dose-
limiting toxicities (DLT) and low response rates of systemically
administered cytokines (2, 3, 5). The toxicity of pro-inflammatory
cytokines primarily comes from their pleiotropic action on
bystander cells, along with a fundamental difference in how
endogenous and exogenously administered cytokines are
regulated. Endogenous cytokines are produced locally at sites of
inflammation, act in an auto- or paracrine fashion and are quickly
consumed by their target cells. This limits systemic cytokine
exposure, which if dysregulated can cause severe toxicities such as
cytokine release syndrome (CRS) - prominently seen in COVID-19
patients (7, 8). For cancer therapy, cytokines are typically
administered systemically at high doses and repeatedly to ensure
sustained engagement of the targeted immune cells in tumors. This
will however expose unintended target cells and tissues expressing
the respective cytokine receptor, causing toxicities (2). A well-
documented example are the vascular leak syndrome (VLS) and
pulmonary edema caused by IL-2 binding to receptors on lung
endothelial cells (2, 5, 9).

Low cytokine efficacy can be caused by short serum half-lives and
an inefficient biodistribution to tumors and tumor-draining lymph
nodes (tdLN). Moreover, wildtype IL-2 can engage both desired
effector T cells and NK cells, and undesired immune-suppressive T,
cells (5, 10). These factors limit the activation of immune cells by the
administered cytokine, particularly when given at sub-efficacious
concentrations due to low maximum tolerated doses (MTD).
Moreover, feedback-inhibition (tachyphylaxis) can limit the efficacy
of repeatedly administered cytokines such as IL-12 (11).

Limitations of current
cytokine modalities

Multiple approaches have been explored to improve the safety
and efficacy of cytokine therapeutics for cancer. Broadly, these can
be categorized as systemically delivered modalities or as modalities
that are i.t.-injected directly into their desired sites of action.

Systemically delivered cytokines

Since this perspective focuses on i.t. administered cytokines, we
only briefly discuss systemically administered modalities here and
refer to excellent recent literature for more details (2, 3, 5, 12-15).
Advantages of systemic cytokine delivery include simple
administration and predictable pharmacokinetics (PK) in serum.
Recent approaches for systemic delivery aim to minimize toxic “off-
tumor” activity, increase activity within tumors and prolong cytokine
exposure. Methods include (i) altering cytokine specificity for
receptor subunits, (ii) engineering cytokines for increased stability,
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(ili) masking cytokines in circulation, (iv) fusing cytokines with
tumor- or effector cell-targeting moieties, (v) embedding cytokines in
biomaterials which accumulate in tumors, and (vi) expressing
cytokines only within tumors (10).

All these approaches have distinct advantages and limitations,
which may explain their limited success in the clinic to date.
Receptor-biased cytokine ‘muteins’ are designed for reduced
binding to target cells mediating toxicities or tachyphylaxis. For
example, so-called non-alpha IL-2 variants avoid binding to the
high-affinity IL-2R o-subunit (CD25) expressed on lung epithelia,
NK cells and T,eg cells (3). However, CD25 is also expressed and
upregulated on activated T cells and important for effector responses
and IL-2 synergy with PD-1 blockade (16). The lack of CD25 binding
might explain why neither non-alpha muteins nor similar IL-15
variants have succeeded in patients yet (16). Likewise, cytokines fused
to albumin, immunoglobulin Fc domains or polyethylene glycol
(PEG) polymers for half-life extension have not yet borne out in
the clinic. This might reflect limited tumor penetration, toxicities or,
possibly, exacerbated tachyphylaxis due to prolonged systemic
exposure of the cytokine. Similar concerns apply to masked
cytokine prodrugs that are activated by tumor-resident proteases,
ATP or the low intratumoral pH. Here, heterogeneous or insufficient
presence of the activating mechanisms in tumors or tdLN may limit
efficacy, and drainage of the activated cytokine from tumors might
limit efficacy or cause toxicities (2, 5).

So-called immuno-cytokines and other modalities
incorporating tumor-targeting moieties are designed to enrich
cytokines in tumors while limiting systemic exposure. However,
much of the biodistribution is governed by binding of the cytokine
moiety to its receptors on peripheral immune cells rather than
tumor cells. This causes cytokine-related toxicities and limits tumor
exposure (10). An alternative strategy is to selectively deliver
cytokines in cis to targeted immune cells (e.g., CD8 T cells) in the
periphery via immuno-cytokines or cytokine-releasing
nanoparticles. Although effector cells are targeted in the periphery
in this case, the cytokines are expected to be maximally active only
in the tumor and tdLNs, where the respective high-affinity cytokine
receptors are preferentially upregulated. Whether these approaches,
or the adoptive transfer of tumor-specific T cells loaded with
immuno-cytokines or cytokine-releasing nanoparticles, increase
the so far limited success of immuno-cytokines in cancer patients
remains to be shown (2, 15, 17). The conceptually related infusion
of tumor-specific T cells engineered to express cytokine genes may
be limited by toxicities due to variable cytokine expression and
short durability of engraftment, and by the high cost and
challenging logistics of engineered cell therapies (18, 19).

Finally, the systemic administration of OV engineered to express
cytokines such as GM-CSF has so far been safe in patients but elicited
lower response rates than it. delivery. This approach is further
challenged by complicated logistics and biosafety considerations,
uncertainty about how much cytokines versus direct tumor cell
lysis contribute to efficacy, unclear optimal doses, and a need for
better understanding of PK and neutralization by anti-OV immune
responses (4). Altogether, even advanced modalities have not yet led
to a broad clinical success of systemically delivered cytokines.
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Intra-tumorally delivered cytokines

A conceptually attractive alternative approach to maximize “on-
tumor” exposure and minimize “off-tumor” systemic exposure is to
directly inject cytokine therapeutics into tumors. Initially, i.t. delivery
was limited to easily accessible body surface-located tumors such as
melanoma, but advances in image-guided delivery and robotic
endoscopy now allow treating lesions deeper in the body. Many
more cancer indications can now be addressed, including breast, lung,
head and neck, cervical, pancreatic, prostate, colorectal, liver, ovarian
and kidney cancer, sarcoma and glioblastoma (Table I,
Supplementary Table 1) (1, 10, 46-48). Modalities for i.t. cytokine
delivery include cytokine-encoding mRNAs or DNAs alone or
contained in lipid nanoparticles (LNP), OVs or other viruses
encoding cytokines, cytokine-expressing transgenic cells, immuno-
cytokines, recombinant cytokines and biomaterial-anchored
cytokines (Figure 1) (1, 2, 5, 46, 48-52).

In comparing key features, i.t. delivered modalities fare
favorably over systemically administered modalities, in particular
when the it. modalities are engineered for tumor retention (1, 5,
10). Moreover, i.t. injection of exogenous cytokines mimics the local
production and auto-/paracrine mode of action of endogenous
cytokines in diseased tissues with its associated advantages. In
particular, the high cytokine doses in tumors achieved by i.t.
injection enable saturated receptor occupancy, followed by a slow
and reduced systemic distribution - conditions that are generally
unachievable with systemically delivered cytokines at the MTD. The
improved control of exposure and PK in tumors can allow
efficacious dosing without major systemic toxicity. Importantly,
i.t. delivery provides cytokines immediate access to tertiary
lymphoid structures (TLS) in tumors and to tdLNs, both
important sites for initiation, priming and maintenance of anti-
tumor T cell immunity (5). This is critical because the therapeutic
efficacy of i.t. administered cytokines relies on an abscopal effect,
where local injection into one or a few tumors triggers a systemic
anti-tumor immune response that eliminates non-injected tumors
as well. Rather than systemic cytokine exposure, the mechanism
involves T cell priming and activation in tumors and tdLNs (1, 53).

A considerable number of clinical trials have investigated i.t.
administered cytokine modalities [Tables 1, 2, Supplementary
Table 1 and (1, 48)]. Most are still ongoing, but several have
reported initial results. L.t- delivered cytokines are generally well
tolerated. Several examples of significant single-agent efficacy in
solid tumor indications have been reported. They include overall
response rates (ORR) of up to 31.4% for the GM-CSF expressing
OV Imlygic (Talimogene laherparepvec/T-VEC, the first approved
OV and i.t. modality) (5, 20, 21), 28.6% for the GM-CSF expressing
OV OrienX010 (23-25), and 25% for the OV VG2025 expressing
both IL-12 and IL-15 (26). Other examples include ORRs of 50% for
the tumor matrix-binding IL-2 + TNFo. immuno-cytokine mix
Nidlegy/Daromun (which also improved recurrence-free survival
for patients with locally advanced fully resectable melanoma) or
single-agent matrix-binding IL-2 Darleukin (which also yielded a
median survival of 905 days) (21, 30-33, 48), a median OS of 61.57
months for the GD2-targeted immuno-cytokine Hul4.18-IL2
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which exceeded that achieved by iv. administration (34-37),
variable ORRs of 25-99.5% for i.t. injected IL-2, and ORR of up
to 25% for recombinant IFNc. There are multiple reports of
abscopal effects or other evidence of systemic immune activation.
Efficacy is often increased by combination with checkpoint
blockade or other treatments (Tables 1, 2, Supplementary
Table 1). Notably, these reports of efficacy of i.t. modalities
extend beyond OVs - where the cytokine may function together
with other viral mechanisms of action - to include tumor-targeted
immuno-cytokines and naked cytokine proteins, thus far primarily
focusing on IL-2 and IFNo. However, many more drug candidates
are under investigation (5, 21, 48).

A comparison of clinical data for IL-2 modalities that have been
well studied in both iv. and it. administration settings indicates
that either mode of administration can elicit significant anti-tumor
efficacy at overlapping doses (Table 2). However, efficacy tended to
be higher after i.t. administration, even at lower doses. Moreover,
i.v. administration caused severe toxicities which were not seen
upon i.t. administration of the same modality, which was usually
well tolerated. This holds true for recombinant human IL-2
(Proleukin) as well as for immunocytokines including Hul4.18-
IL2. Although there are caveats due to differences in the precise
doses, treatment regimen, trial designs and patient populations
between the different studies, these findings do point to notable
advantages of i.t. administration.

Among modalities, i.t.-injected or electroporated cytokine-
encoding cDNAs, mRNAs and viruses have in particular been
widely explored in clinical trials (Figures 1A, B; Table 1,
Supplementary Table 1). Here, transfected or transduced cells in
the tumor produce the cytokine and other payloads. OVs
preferentially propagate in and kill tumor cells through additional
mechanisms. The promise of localized cytokine production in
tumors, at least when combined with other OV mechanisms, is
illustrated by the safety and efficacy of the OV discussed above, and
by the FDA approval of Imlygic. Yet, complex biosafety
requirements and logistics limit OV application, and efficacy
upon injection into large tumors can be limited to areas near the
needle track, as seen for the TNF-producing virus TNFerade (4, 5,
48, 50, 60). Highlighting another limitation, infrequent responses of
visceral metastases in patients indicate an insufficient abscopal effect
of i.t. administered Imlygic in Phase 3 studies (20).

While usually safe, the clinical efficacy of non-OV DNA and
RNA modalities so far has been variable, being sometimes
significant but in other cases not, particularly as a monotherapy
(Table 1, Supplementary Table 1) (2, 21, 48). This likely reflects
difficulties in achieving consistent expression inside injected
tumors, reaching effective cytokine doses and sufficiently
controlled exposure, along with cytokine leakage out of tumors
and peripheral turnover. Remarkably, the four cytokine-encoding
mRNA combination BNT131/SAR441000 had low efficacy and its
trial was discontinued (61-63). Tavokinogene telseplasmid (TAVO)
did not meet its ORR endpoint in PD-1 refractory melanoma when
combined with pembrolizumab but has yielded significant response
rates in checkpoint combinations in certain patient populations
(Table 1) (27, 28). Clearly, approaches employing nucleic acids and
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TABLE 1 I.t. injected cytokines that have reached clinical trials.

10.3389/fonc.2024.1456658

Modality Asset Cytokine(s) Phase Indication(s) Comments* References
ov T-VEC GM-CSF 2&3 Melanoma - First approved OV and IT asset (5, 20-22)
(Talimogene - Single agent activity with ORR up | (Reviews of
laherparepvec, to 31.5%, higher in sub-patient multiple studies)
Imlygic/Amgen) populations
- Low response rate in patients with
visceral metastases
- ORR 39% in combo with
ipilimumab
- ORR 42-67% in combo with
pembrolizumab, 3 year OS 71%
- All treatment well tolerated
OrienX010 GM-CSF 1/2 Melanoma - ORR generally <28.6% (22-25)
(OrienGene (+oPD-1) - ORR 20.7% in combo with
Biotechnology) toripalimab for stage IV (Mlc) liver
metastases
- Showed abscopal effects
- Treatment tolerated
VG2025 IL-12 + IL-15 1 Solid Tumors - ORR 25% (n=4) (22, 26)
(Virogin Biotech) - No DLT, acceptable safety
cDNA Plasmid Tavokinogene 1L-12 2 (+ Melanoma, TNBC = - Pembro combo showed ORR 10.2% (22, 27-29)
telseplasmid Pembrolizumab (did not meet ORR endpoint in PD-1
(TAVO, Oncosec or Nivolumab) refractory melanoma); also showed
Medical/Merck) ORR 41% in advanced melanoma
with low PD-1"¢" CTLA-4"¢" CD8*
CTL (n=22)
- Neoadjuvant combo with
Nivolumab: Pre-operative response
rate 77.8% (n=9)
- No tumor retention of the drug
- Showed systemic immune responses
- Well tolerated
Tumor-matrix Mixture of L19 IL-2 + TNFa. 2/3 (pivotal) Melanoma, NCT02938299 Ph 3: (21, 22, 30-32)

binding -IL2 + L19 (Fibronectin ED-B skin cancers - Neoadjuvant Nidlegy + surgery
immuno-cytokine ~ —TNFo. (Nidlegy/ = domain-targeted) improved relapse-free survival (RFS)
Daromun, vs. surgery alone (HR = 0.59)
Philogen) - Median RFS 16.7 vs. 6.9 months
- 21% complete pathological
responses
- Manageable TRAE
NCT02076633 Ph 2, completed:
- In melanoma, ORR 50% (week
12)
- Robust abscopal effects
- Well tolerated
L19-1L2 1L-2 2 Melanoma - Stage IIIB/IIIC (n=24): ORR (22, 33)
(Darleukin, (Fibronectin ED-B 53.9%, CR 25% (6/24, 5 patients with and Table 2
Philogen) domain-targeted) DOR >24 months)
- Median survival 905 days
- Well tolerated
- Decreased MDSC and transiently
increased CD4 T cell proportions
in blood samples. Transiently
increased total NK cells and CD8 T
cells in blood.
Immuno-cytokine Hul4.18-1L2/ IL-2 2 Melanoma, - Completed (22, 34-37)
(APN301/ (GD2-targeted) neuroblastoma - mOS in resectable stage III/IV and Table 2
EMD273063, melanoma 61.6 months (18 patients)
EMD/Apeiron - Reversible toxicities
Biologics/Lexigen) - TIL observed in on treatment
biopsy associated with efficacy
Recombinant or Proleukin IL-2 2 Melanoma - Completed (38) and Table 2

natural cytokine

- Favorable 2 year OS (95.5% stage
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TABLE 1 Continued

Modality Asset Cytokine(s) Phase
1L-2 IL-2
Natural IFNo or IFNo
recombinant
IFNo 2b
Recombinant IFNo 2
IFNo
Recombinant IFNo 2
IFNo 2b
Tumor-retained CLN-617 IL-2 + IL-12 1
IL-2-IL-12 (Cullinan
fusion protein Therapeutics)
Cytokine ANK-101 IL-12 1
anchored to
exogenous
biomaterial
deposits

10.3389/fonc.2024.1456658

Indication(s) Comments* References

11IB, 72% IIIC, 66.7% IV Mla)
- Well tolerated

Melanoma - Comparison of 5 studies in 2001- (39) and therein
2011
- Variable ORR of 25% to 99.5%
- Well tolerated
Melanoma - ORR 18% (9/51) (40)
Melanoma - ORR 25% (41)
- Well tolerated
Melanoma - ORR 14.3% (42)

Solid tumors - Clinical study initiated Q4, 2023 (43, 44)

Solid tumors - Clinical study initiated QI, 2024 (2, 22, 45)

Listed here are clinical i.t. cytokines discussed in the text. Additional examples are listed in Supplementary Table 1. *Monotherapy unless indicated otherwise. Chemo, chemotherapy; CPI,
checkpoint inhibitor/blocker; CR, complete response; CTCL, cutaneous T-cell lymphoma; CTG, ClinicalTrials.gov; DLT, dose-limiting toxicity; DOR, duration of response; GBM, glioblastoma;
HR, hazard ratio; MKI, multi-kinase inhibitor; mOS, median OS; MSC, mesenchymal stem cell; MSS, microsatellite-stable; MTD, maximum tolerated dose; NMIBC, Non-Muscle Invasive
Bladder Cancer; ORR, overall response rate; OS, overall survival; P/C, pemetrexed/cisplatin; Pembro, pembrolizumab; PR, partial response; RFS, relapse-free survival; RT, radiation therapy; SAE,
serious adverse events; SD, stable disease; SOC, standard of care; TRAE, treatment-related adverse effects.

Continued in Supplementary Table 1.

particularly OVs have promise, but more work is needed to
optimize them for indirect cytokine delivery. The same is true for
i.t. injection of cytokine gene-engineered cells (Figure 1C), which so
far had limited efficacy in initial trials (5).

Altogether, notwithstanding some promising examples of
efficacy, multiple trials of i.t.-delivered cytokine therapeutics
reported little or no efficacy and have been terminated or
discontinued (Supplementary Table 1). The reasons likely depend
on the modality, mechanism of action, and the specific design and/
or patient population studied. One major problem is that it.
injected or intratumorally produced cytokines can quickly diffuse
into circulation, in particular, when initial it. concentrations are
high and saturate binding sites within tumors, or when cytokine
release rates exceed rates of uptake by target cells in tumors. This
leakage from injected tumors then causes systemic exposure to the
cytokine and greater than expected toxicities (2, 10, 48, 64, 65).

Promising new developments

One solution to avoid leakage from tumors is to endow i.t.-
delivered cytokines with moieties that anchor them to the tumor
microenvironment or limit diffusion out of tumors. This has been
achieved in various ways. For example, cytokine retention in tumors
can be achieved via fusion to antibodies specific for tumor antigens
(Figure 1D). However, downregulation of a targeted tumor antigen
on therapy or its heterogeneous expression on tumors could
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diminish tumor retention of immuno-cytokines. Nevertheless, the
clinical safety and efficacy of the immuno-cytokines Daromun,
Darleukin and Hul4.18-IL2 highlight the promise of designed
tumor-retention following i.t.-delivery. Retention of cytokines in
the tumor microenvironment may also enable the delivery of
cytokine combinations that would otherwise be intractable.
Cytokine retention in tumors can also be achieved by targeting
collagen, an abundant component of nearly all tumors, via fusion to
collagen-binding proteins such as lumican or LAIR2, or via fusion to
bulky moieties such as human serum albumin (HSA) (Figures 1E, F)
(2,10, 66, 67). One example is CLN-617, a fully human fusion protein
comprising IL-2, IL-12, LAIR2 and HSA (Figure 1G) (43). To our
knowledge, CLN-617 is the first clinical modality that co-delivers IL-2
and IL-12 on a single molecule. It builds on the promising safety and
efficacy observed with i.t. co-administered collagen-binding IL-2 and
IL-12 combined with radiation therapy in spontaneous canine
metastatic melanoma (68). To enhance tumor retention, CLN-617
leverages both LAIR2 and HSA. Employing LAIR2 for collagen-
binding has two advantages: First, its ability to bind multiple types of
collagen may mitigate potential challenges due to heterogeneous
collagen expression among tumors and metastases (69). Second,
LAIR2 might block immune-inhibition by the immune cell-
expressed “checkpoint” receptor LAIR1, which binds collagen with
lower affinity (70). Delivery via i.t. injection limits potentially toxic
retention in collagen-rich normal kidney or liver tissues. The HSA
moiety provides a mechanistically distinct, complementary means of
tumor retention: reduced diffusion of bulky payloads out of tumors
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TABLE 2 Juxtaposition of clinical data for i.t. versus i.v. administered IL-2 modalities.

Modality Asset Indication Route Application Schedule = Pharmacodynamics Toxicity Profile References
& Dose
Recombinant Proleukin Melanoma iv. - Every 8 hours for up to 14 - Systemic IL-2 can cause - Severe toxicities, reversed - 8 clinical trials, n=270 (54, 55)
human IL-2 consecutive doses over 5 days transient increases in CD4 after treatment termination - ORR 16%
- 600,000 or 720,000 TU/kg Theg cells - 6 patients (2%) died from - 6% CR
- Second identical treatment adverse events, all related - >50% of CR progression-
cycle scheduled after 6 to 9 to sepsis free after 5 years
days of rest - No progression in patients
- courses could be repeated who had responded for
every 6-12 weeks >30 months.
it - 3 x weekly, individually - A dose-dependent - Well tolerated - n=72 (38, 56)
escalated doses inflammatory reaction at site of | - Adverse events mainly grade - 25% recurrence-free
- Median duration 6.5 weeks injection induced selective 1-2 - Up to 11 years of follow-up
- Median total IL-2 dose 72 necrosis of tumor tissue - Most common: local - Favorable 2 year OS (95.5%
million TU associated with an intra- and erythema and slight stage IIIB, 72% IIIC, 66.7% IV
- Median 10 peritumorous lymphocytic local swelling Mla)
injected metastases infiltrate mainly of CD3" T - 36.7% response rate to
cells and some CD3°CD56" subsequent chemotherapy
NK cells
- Biweekly with goal of 4 - Well tolerated - n=39 (39)
sessions - Minor discomfort - ORR 82%
- Mean 5 sessions - 85% flu-like symptoms, - 51% CR (eventually
- Average dose 10.4 resolved in 24-48 hr relapsed in 20%), 31% PR
million TU - 80% 5-year survival of CRs,
33% of PRs
- Twice weekly - Well tolerated - n=7 (57)
- 3-18 million IU - Only few mild side effects - ORR 99.5%
(Grade 1-2) - 96% CR, 3.5% PR
IL-2 L19-1L2 Melanoma, stage it - Weekly for 4 weeks - In 76% of patients, - Well tolerated - n=24 (22, 33)
Immuno- (Darleukin, IIIB/IIIC - Maximum dose 10 million IU | inflammatory injection site - Mostly grade 1-2 toxicities - ORR 53.9%, CR 25%
cytokine Philogen) reaction limited to tumor - No SAE - 5 patients with DOR >24
tissue, followed by selective months
tumor necrosis - Median survival 905 days
- Decreased MDSC and
transiently increased CD4 Tiq
cell proportions in blood
samples
- Transiently increased total
NK cells and CD8 T cells in
blood
- Sustained increase in
frequency and absolute count
of lymphocytes (mainly CD4
T cells)
(Continued)
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TABLE 2 Continued

Modality

Asset

Hul4.18-1L2
(APN301/
EMD273063,
EMD/Apeiron
Biologics/
Lexigen)

Indication

Melanoma,
neuroblastoma

Melanoma

Neuroblastoma

Application Schedule
& Dose

- 3 courses of 6 mg/m*/day
on days 1, 2 and 3 of each 28-
day course

- Corresponds to about 18
million 1U/m?/day of IL-2

- Treatment was neoadjuvant
(Group A) or post resection
(Group B)

- 6 mg/m*/day on days 1, 2
and 3 of each 28-day cycle
- Corresponds to about 18
million IU/m*/day of IL-2
- 2-4 cycles

- 12 mg/m*/day for 3 days
every 28 days

- Corresponds to about 36
million TU/m*/day of IL-2

Pharmacodynamics

- TIL and immune signatures
in on treatment biopsy
associated with efficacy in
Group A (Neoadjuvant)

- All 18 patients developed
anti-drug antibodies

- Treatment induced
transient lymphopenia on day
3 with subsequent rebound
lymphocytosis

- Increased levels of soluble
IL-2Ro. and CRP suggesting
immune activation

- Peripheral blood
lymphopenia on day 3 followed
by lymphocytosis on Day 8 and
increased CRP

- Transiently increased serum
sIL-2Ro

- No correlation between
peak drug level on Day 1 and
toxicity or response

- 13 patients developed anti-
drug antibodies (93%)

- Multi-modal mechanism of
action where Fc-portion
mediates ADCC and CDC
while IL-2 moiety activates NK
cells and T cells

- hul4.18-IL2 peak serum
levels similar for responders
and nonresponders

- Transient lymphopenia
followed by lymphocytosis
consistent with immune
activation

- Transiently increased serum
sIL2R, no association with DLT
- 13-16 patients developed
anti-drug antibodies, not
associated with drug serum
levels or responses

- No association between
factors at diagnosis

and responses

Toxicity Profile

- Reversible and manageable
toxicities, including IL-2
constitutional symptoms, grade
1-2 laboratory changes,
hypotension and pain

- Dose reductions required
for several patients

- MTD 7.5 mg/m*/day (Phase
1 trial)

- Reversible toxicities,
including grade 3
thrombocytopenia and blood
chemistry, and one transient
grade 4 lymphopenia

- Grade 3 hypotension (n=2)
and grade 2 renal insufficiency
(n=1) required dose reductions
in 3 patients who had a PR

or SD

- n=38

- Phase 2 DLT included
vascular leak, hypotension,
hypoxia, pain, allergic
reactions, transaminitis,
hyperbilirubinemia

- Most toxicities reversible

Efficacy

- n=18

- mOS in resectable stage III/
IV melanoma 61.6 months

- No difference by GD2 status

- n=14
- 1 transient PR (7.1%)

- No responses in
measurable/bulky disease
(n=13)

- 21.7% CR with 9 to >35
month durability in patients
with non-measurable disease
(n=23)

- Overall 63% 1-year OS
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FIGURE 1

Cytokine modalities for i.t. administration include free or lipid nanoparticle-loaded DNAs or RNAs encoding cytokines (A), cytokine expressing OV or
other viruses (B), and cells engineered to express exogenous cytokines (C). Additional modalities engineered for cytokine stabilization and retention
at sites of injection include immuno-cytokines containing both cytokines and tumor antigen-binding moieties (typically an antibody, D), cytokine
fusions with tumor matrix/collagen-binding domains such as LAIR2 (E) or with bulky domains such as human serum albumin (HSA, F) or multi-
functional fusions of several cytokines with both collagen-binding and bulky domains (G, ref. 43), liposomes or exosomes “presenting” cytokines on
their surface (H) and cytokines anchored to exogenous biomaterial deposits in tumors (I, shown is a cytokine fused to a phosphorylated alum-
binding peptide [ABP] whose phosphate residues [P] undergo ligand-exchange reactions with alum deposits (49)). For details, see text. Created with

BioRender.com.

(2, 10, 66, 67). CLN-617 has additional beneficial properties such as
encoding wildtype cytokines, and by co-delivering IL-2 and IL-12,
mimicking a natural immune response where multiple cytokines
typically act in concert in a local manner. This is exemplified by the
known synergy of IL-2 and IL-12 in enhancing T cell and NK cell
responses and anti-tumor immunity through mechanisms which
include mutual receptor-upregulation (43). An it.-delivered murine
surrogate of CLN-617 exhibited compelling and safe single-agent
anti-tumor efficacy dependent on its retention in tumor tissue, strong
abscopal effects and over 10-fold higher tumor than systemic
exposure in preclinical models. It also synergized with systemically
delivered PD-1 blockade (43). CLN-617 is currently in a Phase I
clinical trial both as a monotherapy and in combination with PD-1
blockade (NCT06035744).

Another approach for prolonging tumor-retention is
embedding cytokines on the surface of liposomes or exosomes
before i.t. injection (Figure 1H) (2, 10, 51, 66). However, cytokine-
containing liposomes are compromised by rapid endocytic
clearance or biodegradation, and encapsulation in hydrogels or
chitosan minimizes cytokine bioavailability (10). It remains to be
investigated whether such issues contribute to the so far limited
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clinical efficacy of IL-12 displaying exosomes (CDK-003/ExoIL-12)
and mRNA lipid nanoparticles (LNP, mRNA-2752, Supplementary
Table 1) (71).

A final approach to prolong tumor-retention is embedding
cytokines in depots of co-injected synthetic biomaterials like
aluminum hydroxide (alum). Alum aggregates persist for weeks at
the site of injection. This has led to a broad use of alum as a safe and
effective vaccine adjuvant (2). A recent novel application are
cytokine therapeutics that bind to alum deposits via
phosphorylated peptide tags (Figure 1I) (2). This can restrict
cytokine exposure to the injected site and limit cytokine
dissemination into circulation. An exciting example is ANK-101,
an alum-anchored IL-12 in Phase 1 clinical trials (NCT06171750)
(2). The canine surrogate cANK-101 thus far appears safe and
tolerable, has shown immune activation and elicited an objective
response in a Phase 1 trial in canine melanoma subjects (72). In
murine tumor models, alum-bound IL-12 could be detected up to 3
weeks after a single i.t. injection, indicating tumor retention and
prolonged exposure (49). Alum-anchoring has also been used
preclinically to prolong tumor-retention of i.t.-injected type 1
interferons (52). One theoretical concern is that alum-anchoring
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might increase the immunogenicity of recombinant cytokines and
promote the development of anti-drug antibodies which eventually
limit exposure and efficacy. Whether this occurs in patients remains
to be shown.

Conclusions

We consider i.t. administration of cytokines to be more
favorable than systemic administration because it can widen the
therapeutic index. This is critical to leverage the well-established
potency of cytokines as cancer therapeutics, while mitigating their
often dose-limiting toxicities, which has prevented a broader utility
of cytokines in the clinic.

In our opinion, i.t. delivered cytokines engineered to be retained
and stabilized for prolonged periods in tumors are superior
therapeutics because they maximize target exposure while
minimizing toxic systemic exposure. They also avoid the potential
complications of nucleic acids, cells and OV, particularly related to
the control of cytokine exposure and PK. In particular, i.t. injected
proteins avoid the liability of excessive and uncontrolled expression
of cytokine-encoding nucleic acids or viruses. To achieve optimal
tumor retention, bulky moieties such as albumin (Figure 1F) or
anchoring to synthetic biomaterials (Figure 1I) can further improve
other retention approaches, including tumor antigen-binding
immuno-cytokines or cytokines fused to collagen-binding
domains (10, 43, 49, 52, 66). The combination of a collagen-
binding moiety with albumin, as realized in CLN-617
(Figure 1G), appears particularly powerful because it avoids the
need for co-administration of biomaterials such as alum and the
theoretical associated risk of eliciting anti-drug antibodies.
Nevertheless, both fusion to retention-domains or anchoring to
alum combine excellent tumor retention, long PK and high but well
controlled tumor exposure with low systemic exposure to achieve
high anti-tumor efficacy and safety in preclinical studies. It will be
interesting to see how they compare in the clinic.

Because i.t. injection can usually not access all lesions in a
patient, ensuring robust abscopal effects is key for success. We
believe that this is achievable by combining adaptive and innate
immunomodulators with checkpoint blockade. Additionally,
properly sequenced combination with T cell engagers, or with
antigen-releasing gamma-irradiation or chemotherapy, may be
beneficial (10, 53).

For the specific future evolution of it. cytokine delivery, we
consider co-delivery of synergistic cytokines which activate different
arms of adaptive immunity (e.g., IL-2 and IL-12 as in CLN-617), or
of cytokines which activate both adaptive and innate immune cells, a
particularly promising avenue. We believe that multi-modal
molecules containing several cytokines and possibly other immune
modulators can facilitate co-delivery. Effective tumor retention will
be critical to avoid the increased toxicity potential of cytokine
combinations upon systemic exposure. Co-delivery will also
require innovative ways to ensure proper exposure of each
cytokine to its respective target cells, which may be spatially
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separated. Finally, different cytokines may act optimally at different
times post-delivery and depending on the microenvironment in a
given tumor. In one example, alum-bound IFNo and IFNP had
differential efficacies depending on the syngeneic tumor model used
(52). These issues may necessitate modifications such as a sequenced
delivery or a patient-optimized composition of combination agents
for optimal efficacy. Determining the optimal timing and
composition of sequenced therapeutics remain considerable
challenges, as relevant mechanisms need to be identified and
translated into patients, and the required logistics need to be
implemented. Without doubt, i.t.-delivered cytokines will provide
prospect for innovation for years to come.
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