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Summary
Background The cytokine interleukin-2 (IL-2) can stimulate both effector immune cells and regulatory T (Treg) cells.
The ability of selectively engaging either of these effects has spurred interest in using IL-2 for immunotherapy of
cancer and autoimmune diseases. Thus, numerous IL-2-based biologic agents with improved bias or delivery
towards effector immune cells or Treg cells have been developed. This study systematically reviews clinical results
of improved IL-2-based compounds.

Methods We searched the ClinicalTrials.gov database for registered trials using improved IL-2-based agents and
different databases for available results of these studies.

Findings From 576 registered clinical trials we extracted 36 studies on different improved IL-2-based compounds.
Adding another nine agents reported in recent literature reviews and based on our knowledge totalled in 45
compounds. A secondary search for registered clinical trials of each of these 45 compounds resulted in 141
clinical trials included in this review, with 41 trials reporting results.

Interpretation So far, none of the improved IL-2-based compounds has gained regulatory approval for the treatment of
cancer or autoimmune diseases. NKTR-214 is the only compound completing phase 3 studies. The PIVOT IO-001
trial testing the combination of NKTR-214 plus Pembrolizumab compared to Pembrolizumab monotherapy in
metastatic melanoma missed its primary endpoints. Also the PIVOT-09 study, combining NKTR-214 with
Nivolumab compared to Sunitinib or Cabozantinib in advanced renal cell carcinoma, missed its primary endpoint.
Trials in autoimmune diseases are currently in early stages, thus not allowing definite conclusions on efficacy.
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Introduction
IL-2 is a small 15-kDa cytokine with pleiotropic effects
on the immune system. Low doses of IL-2 preferentially
bind to the trimeric IL-2 receptor (IL-2R), consisting of
IL-2Rα (CD25), IL-2Rβ (CD122), and the common
gamma chain (CD132), which is mainly expressed on
immunosuppressive regulatory T (Treg) cells. Trimeric
IL-2Rs are also referred to as high-affinity IL-2Rs
because their affinity for IL-2 is about 10–100 times
higher than that of dimeric IL-2Rs.1 Once the limited
amounts of trimeric IL-2Rs on these cells are saturated,
IL-2 also very efficiently associates with and stimulates
dimeric IL-2Rs, made of CD122 and CD132, that are
principally present on resting antigen-experienced
(memory) effector T (Teff) and natural killer (NK) cells
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(Fig. 1).1,2 The stimulatory effect of IL-2 on Teff and NK
cells motivated trials of high-dose IL-2 for the treatment
of cancer, with recombinant human IL-2 (Aldesleukin)
becoming the first US Food and Drug Administration
approved immunotherapy for the treatment of meta-
static renal cell carcinoma (RCC) and metastatic mela-
noma in 1992 and 1998, respectively.3,4 However, the
stimulatory effects of high-dose IL-2 on Treg cells,
which dampen immune responses against self-antigens
including certain tumour antigens, as well as the
considerable adverse side effects of IL-2 at high doses
due to vascular leak syndrome limited its efficacy in
cancer. Moreover, the short in vivo half-life of IL-2 in the
range of minutes requires frequent applications.5 Thus,
only 9.3% of patients with RCC and 4.0% with metastatic
urich, Schmelzbergstrasse 26, 8091 Zurich, Switzerland.
ch (M.E. Raeber).
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Research in context

Evidence before this study
High-dose interleukin-2 (IL-2) was the first approved
immunotherapy for treatment of cancer. Apart from activating
effector immune cells, IL-2 also stimulates regulatory T (Treg)
cells, thus potentially limiting its efficacy as cancer treatment
but offering opportunities to treat autoimmune diseases. This
spurred efforts to develop improved IL-2 formulations
specifically targeting either tumour-reactive effector or
immunomodulatory Treg cells, with numerous compounds in
clinical development. By searching the ClinicalTrials.gov
database for the terms “interleukin-2”, “IL-2”, and “Proleukin”
we retrieved 576 clinical trials with study start between
01.01.2010 and 31.10.2022. Of these, 36 trials fulfilled our
inclusion criteria testing improved IL-2 compounds, to which
we added nine compounds from previous reviews and our

knowledge, totalling in 45 compounds evaluated within this
systematic review.

Added value of this study
Through a systematic review of improved IL-2 compounds in
clinical development, combined with structural and
mechanistic data on these compounds, we summarize
available clinical results from early-stage to phase 3 clinical
trials, thus allowing direct comparison of different approaches
aimed at improved IL-2 immunotherapy.

Implications of all the available evidence
The herein reported findings will help to guide future
development of IL-2-based compounds for treatment of
cancer and autoimmune diseases.
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melanoma achieved complete responses (CR) on high-
dose IL-2 monotherapy.6,7 These shortcomings of high-
dose IL-2 treatment motivated the development of
improved IL-2-based biologic agents with higher selec-
tivity for effector immune cell subsets, reduced toxicity,
Fig. 1: Biology of interleukin-2 (IL-2). Low-dose IL-2 and improved IL-2
receptor consisting of CD25, CD122, and CD132, thus expanding regula
patients with autoimmune diseases, including systemic lupus erythemato
high doses of IL-2 or CD122-biased IL-2 formulations preferentially stim
expressed on effector-type lymphocytes, such as resting antigen-experien
immune cells improves anti-tumour responses in cancer patients (right
tumour microenvironment or anti-tumour effector immune cells by usin
and prolonged half-life.8 Furthermore, due to the success
of immune checkpoint inhibitors, including monoclonal
antibodies (mAbs) directed against programmed cell
death protein 1 (PD-1) and cytotoxic T-lymphocyte-asso-
ciated protein 4 (CTLA-4), IL-2 immunotherapy regained
formulations with CD25 bias preferentially stimulate the trimeric IL-2
tory T (Treg) cells. Treg cell expansion restores immune balance in
sus and inflammatory bowel disease (left panel). On the other hand,
ulate the dimeric IL-2 receptor consisting of CD122 and CD132 and
ced (memory) T and natural killer cells. Stimulation of these effector
panel). Another approach focuses on delivery of IL-2 to either the
g targeted IL-2 formulations (right panel).
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the interest of the pharmaceutical industry. On this point,
it is worth noting the complementary mode of action of
checkpoint inhibitors and IL-2 immunotherapy. Whereas
checkpoint inhibitors show limited efficacy in non-
immunogenic and poorly immune cell-infiltrated tu-
mours, IL-2 might render these tumours immunogenic
and thus amenable to checkpoint inhibitor treatment due
to indirect stimulation of and infiltration by dendritic
cells.9 Thus, combination strategies targeting both axes
could be particularly attractive.

On the other hand the discovery of highly IL-2-
dependent immunosuppressive Treg cells in 1995 and
subsequent research efforts reporting Treg cell de-
ficiencies in various autoimmune diseases prompted first
clinical trials testing low-dose IL-2 immunotherapy
for the treatment of chronic graft-versus-host disease
(GVHD) and cryoglobulinaemic vasculitis.10–15 For
steroid-refractory chronic GVHD, recently published cu-
mulative results of five clinical trials reported response
rates of 53.3% after 12 weeks of low-dose IL-2
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Fig. 2: Registered clinical trials testing improved IL-2-based compou
autoimmune diseases.
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treatment.16 Following these seminal trials, controlled
clinical trials testing low-dose IL-2 in systemic lupus er-
ythematosus (SLE) confirmed expansion of Treg cells by
IL-2 immunotherapy, but these trials formally missed
their predefined primary endpoints on clinical efficacy
compared to control groups.17,18 However, the first trial
could not show a significant clinical improvement at
week 12 but at week 24,17 and the second trial did not
meet the primary endpoint in the intention-to-treat pop-
ulation due to a 100% response rate in the placebo group
at two sites in one country, but showed clinical response
in the per-protocol population excluding these two sites.18

Another contributing factor could be the imperfect bias
of low-dose IL-2, which can stimulate Teff and NK cells,
apart from Treg cells. This rationale has supported cur-
rent endeavours of developing improved IL-2-based
compounds with increased CD25 bias for selective acti-
vation and proliferation of Treg cells.

With registered clinical trials on improved IL-2-based
agents increasing markedly during the past years (Fig. 2),
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the present study aims to provide a comprehensive
review systematically summarizing our current
knowledge on the available clinical efficacy data,
compared to their molecular structure, of improved
IL-2-based compounds that are currently in clinical
trials.
Methods
Study design and protocol registration
This systematic review followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Table S1)19 and was registered
with the International Platform of Registered Systematic
Review and Meta-analysis Protocols (INPLASY) prior to
the initiation of the literature search (Registration
number: INPLASY2022110086).

Search strategy
The ClinicalTrials.gov database was searched on
01.11.2022 for registered clinical trials by applying the
“Intervention/treatment” search terms “interleukin-2”
OR “interleukin 2” OR “IL-2” OR “IL2”. The results were
filtered for clinical trials with study start between
01.01.2010 and 31.10.2022. The list of compounds was
amended with missing IL-2-based formulations identi-
fied by recent literature reviews and based on the authors
knowledge.4,20 During the revision process an additional
search was conducted with the term “Proleukin” on
04.02.2023, which resulted in 29 additional clinical trials,
with none of them meeting the inclusion criteria.

Eligibility criteria
Included were improved IL-2-based compounds in
clinical development with registered clinical trials on
ClinicalTrials.gov or reported results. Improved IL-2-
based compounds were defined as IL-2-based biologic
agents with a skewed bias towards or delivery to either
effector immune cells or Treg cells compared to native
IL-2. Clinical trials testing native IL-2, including Alde-
sleukin, or non-agonistic IL-2 formulations were
excluded.

Study selection, data collection process and
analysis
Two authors (MR and UK) independently conducted the
primary search and screened clinical trials testing
improved IL-2-based compounds for inclusion. The
resulting separate lists of clinical trials were compared,
and improved IL-2-based compounds selected. In case
of disagreement, a third author (DS) was involved in the
discussion to reach final consensus of whether to
include or not a given trial. To find all registered clinical
trials for identified improved IL-2 compounds, a second
round of search was performed for each of the com-
pounds by using the ClinicalTrials.gov database,
including alternative names of compounds. All identi-
fied clinical trials were subsequently listed in Tables 1
and 2 and amended with available information on the
clinical development status. For all studies, the trial
phase, treatment arms and where available the results
were retrieved from the ClinicalTrials.gov database. For
completed trials with no results available on
ClinicalTrials.gov, a targeted PubMed and internet
search was conducted to retrieve study results. Non-
retrievable trial results were confirmed by an indepen-
dent search by a second author.

Risk of bias assessment
A Modified Downs and Black tool was applied to assess
bias of retrieved randomized controlled trials reporting
clinical results (Table S2).20 Scoring the studies accord-
ing to the categories (a) reporting, (b) external validity,
(c) internal validity and (d) power resulted in ranks of
high (23–27 points), medium (15–22 points), and low
(0–14 points) quality. We searched the ClinicalTrials.gov
database for all studies registered and conducted a sec-
ondary search for results available for these trials on
PubMed, company websites, news sites, and other
websites, reducing publication bias.

Principal summary measures and synthesis of
results
We aimed to provide a systematic review of clinical re-
sults of improved IL-2-based compounds for the treat-
ment of cancer and autoimmune diseases. To avoid
exclusion of IL-2-based compounds, we refrained from
further specification of these endpoints.

Role of funders
This work was solely supported by public funding
agencies, as reported in the acknowledgements, and
was conducted independent of pharmaceutical com-
panies. The funding agencies did not have any role in
study design, data collection, data analysis, interpreta-
tion, writing of report, and the decision to publish the
results.
Results
Study selection and characteristics
Applying the predefined search terms, we identified and
screened 576 clinical trials registered on ClincialTrials.
gov. Of these, 540 records were excluded resulting in
36 individual improved IL-2-based compounds. We
added another nine compounds identified by recent
literature reviews and based on our knowledge, result-
ing in a total of 45 compounds. A secondary search for
clinical trials of each individual compound resulted in a
total of 141 clinical trials that were included in this
systematic review, of which 41 had available clinical
results (Fig. 3).
www.thelancet.com Vol 90 April, 2023
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Targeting Compound and
company

Structure Compound description
and development status

ClinicalTrials.gov
identifier

Study design Status Clinical results References

Unbiased IL-2-based compounds

Untargeted BNT153
BioNTech

Liposome-encapsulated
mRNA encoding native IL-2 attached
to a pharmacokinetic modifying group.
Development status: Clinical trials
ongoing (Phase 1).

1. NCT04710043 Phase 1 study of BNT153 + BNT152
(mRNA encoding native IL-7) in
cancer patients (EE: 112 patients).

Recruiting (first
posted 14.01.2021)

NA CT 21

Untargeted AVB-001
Avenge Bio

Native human IL-2 produced by polymer
encapsulated cells for local cytokine
delivery.
Development status: Clinical trials in
preparation (Phase 1/2).

1. NCT05538624 Phase 1/2 study of intraperitoneally
administered AVB-001 in patients
with serous adenocarcinoma of the
ovary (EE: 44 patients).

Not yet recruiting
(first posted
14.09.2022)

NA CT 22

Untargeted TG4010,
MVA-MUC1-IL2
Transgene

TG4010 is a recombinant viral vaccine
of modified vaccinia of Ankara virus
expressing mucin-1 and IL-2 aimed at
targeting mucin-1 overexpressing
tumours.
Development status: No active clinical
trials registered with the last trial
being completed in 2021.

1. NCT00004881 Phase 1 study of TG4010 in
advanced cancers (AE: 13 patients).

Completed May
2004

4/12 evaluable patients
with SD for 6–9 months,
8/12 with PD.

CT 23–26

2. NCT00040170 Phase 2 study of two-dosing
schedules of TG4010 in prostate
adenocarcinoma (AE: 40 patients).

Terminated, last-
updated 02.11.2006

0% ORR defined as a
decrease of 50% or more in
the prostate-specific
antigen level.

3. NCT00415818 Phase 2b RCT of TG4010 +
chemotherapy vs. chemotherapy in
NSCLC (AE: 148 patients).

Completed March
2010

Phase 2 results: 6-month
PFS of TG4010 +
chemotherapy 43.2% (95%
CI 33.4–53.5) and of
chemotherapy alone 35.1%
(95% CI 25.9–45.3; one-
sided p = 0.01).

4. NCT01383148 Phase 2/3 RCT of
chemotherapy + TG4010 vs.
chemotherapy + placebo in NSCLC
(AE: 222 patients).

Terminated after
phase
2 in July 2016

Phase 2: PFS 5.9 months
(95% CI 5.4–6.7) in the
TG4010 group and 5.1
months (4.2–5.9) in the
placebo group (HR 0.74
[95% CI 0.55–0.98]; one-
sided p = 0.019).

5. NCT03353675 Phase 2 study of first-line
chemotherapy + TG4010 +
Nivolumab in NSCLC (AE: 44 patients).

Completed
17.02.2021

32.5% ORR at 15 months
(90% CI 20.4–46.6),
median OS 14.9 months
(95% CI
8.0–NA).

6. NCT02823990 Phase 2 study of TG4010 +
Nivolumab in NSCLC (AE:
13 patients).

Completed
24.02.2021

NA

Untargeted SJNB-JF–IL2
Baylor College of
Medicine

Vaccine of gene modified neuroblastoma
cell line secreting IL-2 and lymphotactin.
Development status: Clinical trials not
recruiting, clinical development likely not
continued.

1. NCT00703222 Phase 1/2 study of immunizations
with SJNB-JF–IL2 and SJNB-JF–LTN
cells co-administered with two dose
levels of unmodified SKNLP
neuroblastoma cell lines in
neuroblastoma patients (AE: 7
patients).

Active, not
recruiting
(first posted
23.06.2008)

NA CT

2. NCT01192555 Phase 1/2 study of immunizations
with SJNB-JF–IL2 and SJNB-JF–LTN
cells co-administered with unmodified
SKNLP neuroblastoma cell lines + oral
Cytoxan in neuroblastoma patients
(AE: 11 patients).

Active, not
recruiting
(first posted
01.09.2010)

NA

(Table 1 continues on next page)
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Targeting Compound and
company

Structure Compound description
and development status

ClinicalTrials.gov
identifier

Study design Status Clinical results References

(Continued from previous page)

Untargeted AML Cell Vaccine
King’s College London

Vaccine of acute myeloid leukaemia cell
line expressing CD80 and IL-2.
Development status: Clinical trial not
recruiting, clinical development likely not
continued.

1. NCT02493829 Phase 1 study of AML Cell Vaccine for
high-risk myeloid dysplastic syndrome
and acute myeloid leukaemia (EE: 10
patients).

Unknown (first
posted
10.07.2015)

NA CT 27

Untargeted Saltikva,
Salmonella-IL2
Salspera

Attenuated Salmonella Typhimurium
secreting unmodified IL-2.
Development status: Clinical trials
ongoing (Phase 2).

1. NCT04589234 Phase 2 study of Saltikva +
FOLFIRINOX or Saltikva +
Gemcitabine and Abraxane in
pancreatic cancer (EE: 60 patients).

Recruiting (first
posted
19.10.2020)

NA CT 28

Untargeted IL-2-expressing
Salmonella
Masonic Cancer Center,
University of Minnesota

Attenuated Salmonella Typhimurium
secreting unmodified IL-2.
Development status: Clinical trials
completed.

1. NCT01099631 Phase 1 study of IL-2-expressing
salmonella applied orally for advanced
liver cancer (AE: 22 patients).

Completed
20.07.2020

0/22 patients with CR at 8
weeks.

CT

Untargeted Proscavax
OncBioMune
Pharmaceuticals

Prostate cancer vaccine of prostate-
specific antigen, IL-2, and GM-CSF.
Development status: Unknown status,
clinical development likely discontinued.

1. NCT02058680 Phase 1 study of Proscavax in
prostate-specific antigen recurrent
prostate cancer (EE: 48 patients).

Completed
December 2018

9/14 evaluable patients
with increased prostate-
specific antigen doubling
time at median follow-up
of 31 months.

CT 29

2. NCT03579654 Phase 2 RCT of Proscavax vs. active
surveillance in prostate adenocarcinoma
(EE: 120 patients).

Unknown (first
posted 06.07.2018)

NA

Tumour-
targeted

ALT-801
Altor BioScience

TCR domain specific for amino acids
264–272 of human p53 linked to IL-2.
Development status: All trials completed,
terminated, or withdrawn. Clinical
development likely not continued.

1. NCT01478074 Phase 1 study of ALT-801-activated
natural killer cells after FLAG
induction for acute myeloid
leukaemia (EE: 68 patients).

Withdrawn (no
subject was found
eligible after
screening over 30
subjects)

NA CT 30,31

2. NCT00496860 Phase 1 study of ALT-801 in
metastatic malignancies (AE: 26
patients).

Completed October
2009

10/26 SD, 16/26 PD or
withdrawn at week 11.

3. NCT01029873
(QUILT-2.008)

Phase 1/2 study of ALT-801 +
Cisplatin in metastatic melanoma
(AE: 25 patients).

Completed
September 2013

NA

4. NCT01670994
(QUILT-3.020)

Phase 1/2 study of ALT-801 in
relapsed or refractory multiple
myeloma (AE: 6 patients).

Terminated
September 2015

No benefit from single
agent treatment.

5. NCT01326871 Phase 1/2 study of ALT-
801 + Cisplatin + Gemcitabine or
ALT-801 + Gemcitabine in muscle
invasive or metastatic urothelial cancer
(EE: 90 patients).

Unknown (last
update
posted 13.04.2016)

NA

6. NCT01625260 Phase 1/2 study of ALT-
801 + Gemcitabine in Bacillus
Calmette-Guerin failure non-muscle
invasive bladder cancer (EE: 52
patients).

Unknown (last
update
posted 24.01.2017)

NA

(Table 1 continues on next page)
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Targeting Compound and
company

Structure Compound description
and development status

ClinicalTrials.gov
identifier

Study design Status Clinical results References

(Continued from previous page)

Tumour-
targeted

Hu14.18-IL2, EMD
273063, APN-301
Lexigen Research Center
Corporation

IL-2 conjugated to anti-ganglioside GD2
antibody. Tumours of neuroectodermal
origin, including neuroblastoma and
melanoma, overexpress GD2.
Development status: All trials completed,
suspended, or withdrawn. Clinical
development likely not continued.

1. NCT00003750 Phase 1 study of Hu14.18-IL2 in
neuroblastoma and other GD2 positive
tumours (AE: 28 patients).

Completed
September 2005

No measurable complete
or partial responses.
Within median follow-up
of 20 months 57% of
patients deceased.

CT 32–35

2. NCT03209869 Phase 1 study of ex vivo expanded
haploidentical NK cells + Hu14.18-IL2
in neuroblastoma and osteosarcoma
(AE: 0 patients).

Withdrawn
07.09.2022

NA

3. NCT03958383 Phase 1/2 study of Hu14.18-IL2 + local
irradiation + Nivolumab + Ipilimumab
in melanoma (EE: 61 patients).

Suspended
26.10.2022

NA

4. NCT00082758 Phase 2 study of Hu14.18-IL2 in
recurrent or refractory neuroblastoma
(AE: 39 patients).

Completed May
2012

No response in 13/13
evaluable patients
with bulky disease. CR
in 5/23 evaluable
patients with disease
detectable only by (123I)
metaiodobenzylguanidine
scintigraphy and/or bone
marrow histology.

5. NCT01334515 Phase 2 study of Hu14.18-IL2 +
GM-CSF + Isotretinoin in relapsed or
refractory neuroblastoma (AE: 52
patients).

Completed
31.12.2013

Overall RECIST response
in 1/15 patients with
bulky disease and 6/30
patients with disease
detectable only by (123I)
metaiodobenzylguanidine
scintigraphy and/or bone
marrow histology.

6. NCT00109863 Phase 2 study of Hu14.18-IL2 in
advanced melanoma (AE: 14 patients).

Completed February
2014

1/14 PR, 4/14 SD, and 9/
14 PD.

7. NCT00590824 Phase 2 study of Hu14.18-IL2 in
completely resectable stage III or IV
melanoma (AE: 23 patients).

Completed
20.09.2018

Median PFS in 18
evaluable patients 5.73
months (95% CI 1.80–
NA). Median OS in 20
evaluable patients 61.6
months (95% CI 13.7–NA).

Tumour-
targeted

DI-Leu16–IL2
Alopexx Oncology

Fusion protein of DI-Leu
anti-CD20 antibody and IL-2.
Development status: All trials completed
or terminated. Clinical development
likely not continued.

1. NCT00720135 Phase 1 study of DI-Leu16–
IL2 + Rituximab in patients with B
cell non-Hodgkin lymphoma (AE: 6
patients).

Completed July
2014

1/6 CR, 1/6 PR, 1/6
possible PR, 2/6 SD, 1/6
PD.

CT 36–38

2 & 3:
NCT01874288 &
NCT02151903

Phase 1/2 study of DI-Leu16–IL2 in B
cell non-Hodgkin lymphoma (AE: 24
patients & 5 patients).

Terminated
16.11.2016 due to
noted clinical
benefit in the earlier
portion of the trial

Mean change of longest
tumour diameter in 15
evaluable patients
with −30.7% (SDEV 60.3)
at 1 mg/m2 dose, −27.4%
(SDEV 49.3) at 2 mg/m2

dose, 1.40% (SDEV 43.5)
at 4 mg/m2 dose, and
28.5% (SDEV 22.5) at
6 mg/m2 dose.

(Table 1 continues on next page)
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Targeting Compound and
company

Structure Compound description
and development status

ClinicalTrials.gov
identifier

Study design Status Clinical results References

(Continued from previous page)

Tumour-
targeted

Darleukin, L19-IL2
Philogen

Fusion protein of IL-2 and single-chain
variable fragment of the L19 antibody.
L19 recognizes the ED-B domain of
fibronectin, which is expressed in tumour
vessels.

1. NCT01198522 Phase 1 study of L19-IL2 +
Gemcitabine in pancreatic
cancer (AE: 28 patients).

Terminated
November
2014 (lack of
recruitment)

NA CT 39–44

2. NCT02086721 Phase 1 study of L19-IL2 +
radiotherapy in patients with
oligometastatic tumours (AE: 18
patients).

Completed May
2017

Mean PFS 20 months and
mean OS 39.3 months at
37-month follow-up.

3. NCT02076646 Phase 1/2 study of L19-
IL2 + Dacarbazine in metastatic
melanoma (EE: 96 patients).

Active, not
recruiting (first
posted 03.03.2014)

NA

4. NCT02957019 Phase 1/2 study of L19-IL2 +
Rituximab in B cell lymphoma
(AE: 6 patients).

Active, not
recruiting (first
posted 06.11.2016)

NA

5. NCT01058538 Phase 1/2 study of L19-IL2 in
advanced solid tumours (AE: 33
patients).

Completed
November 2019

SD in 51% in solid tumour
cohort and 83% in
metastatic RCC cohort.
Median PFS in metastatic
RCC cohort of 8 months
(range 1.5–30.5).

6. NCT01055522 Phase 2 study of L19-IL2 +
Dacarbazine in metastatic
melanoma (AE: 32 patients).

Completed February
2013

29 patients evaluable for
response assessment.
RECIST OR in 28%, median
OS in 26 recommended
dose treated patients of
14.1 months.

7. NCT01253096 Phase 2 study of intratumoural
L19-IL2 in melanoma (AE:
25 patients).

Completed
September 2013

24 evaluable patients, OR
in 53%, CR in 44.4%, PR in
9.5%, SD in 36.5%, and PD
in 9.5%.

8. NCT02076633 Phase 2 study of L19-IL2/L19-TNF
in patients with malignant melanoma
of the skin amenable to intratumoural
injection (AE: 22 patients).

Completed May
2015

20 evaluable for response.
1/20 CR, 10/20 PR, 5 SD, 4
PD at week 12.

9. NCT02735850 Phase 2 RCT of L19-IL2 + radiotherapy
in NSCLC (AE: 0 patients).

Withdrawn (first
posted 13.04.2016)

NA

10. NCT03705403 Phase 2 RCT of L19-IL2 +
radiotherapy vs. standard of care in
NSCLC (EE: 126 patients).

Recruiting (first
posted 15.10.2018)

NA

11. NCT04362722 Phase 2 study of intratumoural
administration of L19-IL2/L19-TNF in
non-melanoma skin cancer patients
with presence of injectable lesions
(EE: 40 patients).

Recruiting (first
posted 27.04.2020)

NA

12. NCT05329792 Phase 2 study of L19-IL2/L19-TNF in
patients with malignant tumours of
the skin amenable to intratumoural
injection (EE: 70 patients).

Not yet recruiting
(first posted
15.04.2022)

NA

13. NCT02938299 Phase 3 RCT of L19-IL2/L19-TNF
neoadjuvant intratumoural treatment
followed by surgery vs. surgery alone
in melanoma (EE: 214 patients).

Recruiting (first
posted 19.10.2016)

NA

14. NCT03567889 Phase 3 RCT of L19-IL2/L19-TNF
neoadjuvant intratumoural treatment
followed by surgery vs. surgery alone
in melanoma (AE: 186 patients).

Recruiting (first
posted 26.06.2018)

NA
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Tumour-
targeted

F16-IL2
Philogen

Fusion protein of IL-2 and single-chain
variable fragment of the F16 antibody.
F16 recognizes
the A1 domain of tenascin-C, which is
overexpressed
in the neovasculature of breast cancer.
Development status: Clinical trials active
but not recruiting.

1. NCT02957032 Phase 1 study of F16-IL2 + Cytarabin
in acute myeloid leukaemia relapse
(EE: 30 patients).

Active, not
recruiting (first
posted 06.11.2016)

NA CT 45–47

2. NCT03207191 Phase 1 study of F16-IL2 + anti-
CD33 (BI 836858) in acute myeloid
leukaemia relapse (AE: 15 patients).

Completed
26.03.2020

3/15 OR, 4/15 SD.

3. NCT01131364 Phase 1/2 study of F16-
IL2 + Doxorubicin in advanced solid
tumours (AE: 29 patients).

Terminated
December 2012

Disease control rate 57%
in 14 evaluable phase 1
patients and 67% in 9
evaluable phase 2 patients
at 8 weeks.

4. NCT01134250 Phase 1/2 study of F16-IL2 +
Paclitaxel in advanced solid tumours
(AE: 48 patients).

Completed
07.04.2014

NA

5. NCT05468294 Phase 1/2 study of F16-
IL2 + Nivolumab in NSCLC (AE: 3
patients).

Active, not
recruiting (first
posted 21.07.2022)

NA

6. NCT02054884 Phase 2 RCT of F16-IL2 + Paclitaxel
vs. Paclitaxel in metastatic Merkel
cell carcinoma (AE: 13 patients).

Terminated
15.12.2017 due to
lack of enrolment.

NA

Tumour-
targeted

TILT-123
TILT Biotherapeutics

Oncolytic adenovirus engineered to
encode tumour necrosis factor
alpha and IL-2.
Development status:
Clinical trials ongoing
(Phase 1).

1. NCT04217473 Phase 1 study of TILT-123 + adoptive
cell therapy in melanoma (EE: 15
patients).

Recruiting (first
posted 03.01.2020)

NA CT

2. NCT04695327 Phase 1 study of TILT-123 in
patients with injectable solid
tumours (EE: 15 patients).

Recruiting (first
posted 05.01.2021)

NA

3. NCT05222932 Phase 1 study of TILT-123 +
Avelumab in advanced melanoma
and HNSCC (EE: 15 patients).

Recruiting (first
posted 03.02.2022)

NA

4. NCT05271318 Phase 1 study of TILT-
123 + Pembrolizumab in platinum-
resistant or refractory ovarian cancer
(EE: 15 patients).

Recruiting (first
posted 09.03.2022)

NA

Tumour-
targeted

WTX-124, IL-2
Indukine
Werewolf Therapeutics

Half-life prolonged IL-2 linked to an
inactivation domain with a linker, that is
cleaved by tumour proteases.
Development status: Clinical trials
ongoing (Phase 1).

1. NCT05479812 Phase 1 study of WTX-124 and
WTX-124 + Pembrolizumab in
solid tumours (EE: 150 patients).

Recruiting (first
posted 29.07.2022)

NA CT 48

CD25-biased IL-2 compounds

Untargeted BAY 50-4798
Bayer

IL-2 mutein with N88R mutation
reducing affinity for CD122.
Development status: All clinical trials
completed. Clinical development not
continued.

Not registered. Phase 1 trial in melanoma and
RCC (AE: 45 patients).

Completed June
2002

Patients with RCC 1/20 PR
for 4 months, 13/20 SD
for at least 2 months, 6/
20 PD.

49,50

Tumour-
targeted

NHS-IL2, NHS-IL2LT,
EMD 521873,
Selectikine
Merck

IL-2 mutein coupled to
anti-DNA-histone complex antibody
NHS76 targeting necrotic tumour core.
Mutation: D20T.
Development status: All clinical trials
completed. Clinical development likely
not continued.

1. NCT01032681 Phase 1 trial of NHS-IL2 or NHS-
IL2 + Cyclophosphamide in solid
tumours (AE: 66 patients).

Completed January
2012

CR and PR in 0/48
evaluable patients, SD 12/
48 for more than 6 weeks.

CT 51–53

2. NCT00879866 Phase 1 single-arm trial of NHS-
IL2 + local radiotherapy in NSCLC
(AE: 15 patients).

Completed
September 2012

No objective RECIST
response. Median PFS 2.9
months (95% CI 1.5–3.1)
and median OS 8.6
months (95% CI 4.9–NA).

Immune
cell-
targeted

IBI363, PD-1–IL2m
Innovent Biologics
(Suzhou)

Modified IL-2 with attenuated binding to
CD122 and partially attenuated CD132
binding fused to anti-PD-1 antibody.
Development status: Clinical trials
ongoing (Phase 1).

1. NCT05290597 Phase 1 study of IBI363 in advanced
solid tumours or lymphoma (EE: 84
patients).

Not yet recruiting
(first posted
22.03.2022)

NA CT

2. NCT05460767 Phase 1 study of IBI363 in advanced
solid tumours or lymphoma (EE: 260
patients).

Not yet recruiting
(first posted
15.07.2022)

NA
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CD25/CD122-biased IL-2 formulations

Untargeted STK-012
Synthekine

PEGylated CD25/CD122-selective IL-2
mutein with CD25/CD122 selectivity.
PEGylation for half-life extension.
Mutations: L18R, Q22E and Q126K for
reduced CD132 binding.54

Development status: Clinical trials
ongoing (Phase 1).

1. NCT05098132 Phase 1 trial of STK-012 or STK-
012 + Pembrolizumab in advanced
solid tumours (EE: 202 patients).

Recruiting (first
posted 28.10.2021)

NA CT 55,56

CD122-biased IL-2 formulations

Untargeted ANV419,
NARA1leukin
Anaveon

IL-2 fused to anti-IL-2 antibody NARA1,
obstructing the CD25-binding site of
IL-2.
Development status: Clinical trials
ongoing (Phase 1/2).

1. NCT04855929 Phase 1 study in solid tumours (EE: 60
patients).

Recruiting (first
posted 22.04.2021)

Interim results: 2/13
patients with SD beyond
10 weeks.

CT 57,58

2. NCT05578872 Phase 1/2 study of ANV419 or
ANV419 + Pembrolizumab or
ANV419 + Ipilimumab in advanced
melanoma (EE: 130 patients).

Not yet recruiting
(first posted
13.10.2022)

NA

Untargeted AU-007
Aulos

IL-2 complexed with an anti-IL-2
antibody obstructing the CD25-binding
site of IL-2.
Development status: Clinical trials
ongoing (Phase 1/2).

1. NCT05267626 Phase 1/2 study of AU-007 in
advanced cancer (EE: 69 patients).

Recruiting, first
posted 04.03.2022

NA CT

Untargeted SLC-3010
Selecxine

SLC-3010 consists of IL-2 complexed to
the anti-IL-2 antibody TCB2, which
obstructs the CD25 binding site on IL-2.
Development status: Clinical trials
ongoing (Phase 1).

1. NCT05525247 Phase 1/2 study of SLC-3010 or
SLC-3010 + Gemcitabine in advanced
solid tumours (EE: 420 patients).

Not yet recruiting
(first posted
01.09.2022)

NA CT 59

Untargeted Nemvaleukin alfa,
ALKS 4230
Alkermes

Fusion protein of circularly permuted IL-2
and extracellular domain of CD25. Firstly, C-
terminal Thr133 and N-terminal Ser 6 of
Aldesleukin were covalently linked,
followed by cut between Ser 75 and Gln 74
creating newN- and C-termini. Finally, new
C-terminal Gln74 of circularly permuted IL-
2 was fused to N-terminal Glu 1 of CD25
with a six amino-acid-linker.
Development status:
Clinical trials ongoing
(Phase 3).

1. NCT02799095
(ARTISTRY-1)

Phase 1/2 study of ALKS 4230
or ALKS 4230 + Pembrolizumab in
advanced solid tumours (AE: 243
patients).

Active, not
recruiting (first
posted 14.06.2016)

Monotherapy melanoma
cohort (6/46 PR, 31/46
SD), monotherapy RCC
cohort (4/22 PR, 10/22
SD), combination with
Pembrolizumab in PD-1/
PD-L1 unapproved cancers
cohort (2/36 CR, 4/36 PR,
14/36 SD), and
combination with
Pembrolizumab in PD-1/
PD-L1 approved cancers
cohort (1/43 CR, 7/43 PR,
17/43 SD).

CT 60–62

2. NCT03861793
(ARTISTRY-2)

Phase 1/2 study of ALKS 4230 or
ALKS 4230 + Pembrolizumab in
advanced solid tumours (AE: 185
patients).

Active, not
recruiting
(first posted
04.03.2019)

Interim results: 30/46
patients with 1 on-
treatment scan with SD.

3. NCT04592653
(ARTISTRY-3)

Phase 1/2 study of ALKS 4230 or ALKS
4230 + Pembrolizumab in advanced
solid tumours (EE: 78 patients).

Recruiting (first
posted 19.10.2020)

NA

4. NCT04144517 Phase 2 study of ALKS
4230 + Pembrolizumab in HNSCC
(AE: 14 patients).

Active, not
recruiting
(first posted
30.10.2019)

NA

5. NCT04830124 Phase 2 study of ALKS 4230 in
advanced melanoma (EE: 176 patients).

Recruiting (first
posted 02.04.2021)

NA

6. NCT05092360
(ARTISTRY-7)

Phase 3 RCT of ALKS
4230 + Pembrolizumab vs. standard
chemotherapy in platinum-resistant
ovarian, fallopian tube or primary
peritoneal cancer (EE: 376 patients).

Recruiting (first
posted 25.10.2021)

NA

(Table 1 continues on next page)

A
rticles

10
w
w
w
.thelancet.com

V
ol

9
0
A
pril,

20
23

www.thelancet.com/digital-health


Targeting Compound and
company

Structure Compound description
and development status

ClinicalTrials.gov
identifier

Study design Status Clinical results References

(Continued from previous page)

Untargeted NKTR-214,
Bempegaldesleukin
Nektar Therapeutics,
Bristol Myers Squibb

PEGylated IL-2 with approximately six
PEG moieties added at lysine residues
slightly more numerous in CD25-binding
sites. Upon in vivo release
of PEG chains, NKTR-214 becomes
active.
Development status: Clinical
development of NKTR-214 + Nivolumab
has been terminated. All other trials are
either completed, terminated,
withdrawn or active, but not recruiting.

1. NCT03835533 Phase 1 platform study of
immunotherapy combinations
including NKTR-214 in metastatic
castration-resistant prostate cancer
(AE: 43 patients).

Active, not
recruiting (first
posted 08.02.2019)

NA CT 63–69

2. NCT04955262 Phase 1 study of CD8 positron
emission tomography tracer in
advanced melanoma patients
receiving NKTR-214 + Nivolumab
(AE: 0 patients).

Withdrawn
08.07.2021
(business decision)

NA

3. NCT03745807 Phase 1 study of NKTR-
214 + Nivolumab in advanced solid
tumours (AE: 3 patients).

Completed
18.12.2019

NA

4. NCT04540705
(PIVOT IO 011)

Phase 1 study of NKTR-
214 + Nivolumab + tyrosine kinase
inhibitor vs. Nivolumab + tyrosine
kinase inhibitor alone in untreated
metastatic RCC (AE: 30 patients).

Active, not
recruiting (first
posted 07.09.2020)

NA

5. NCT03772288 Phase 1 study of tyrosine kinase
inhibitor TAK-659 + NKTR-214 in non-
Hodgkin lymphoma (AE: 0 patients).

Withdrawn
17.11.2021
(business decision)

NA

6. NCT03548467 Phase 1/2 study of individualized
VB10.NEO vaccine + NKTR-214 in
advanced solid tumours with
incomplete response to standard
immune checkpoint treatments
(EE: 65 patients).

Active, not
recruiting (first
posted 07.06.2018)

NA

7. NCT02869295 Phase 1/2 trial of NKTR-214 in
advanced solid tumour malignancies
(AE: 28 patients).

Completed
31.10.2018

Clinical efficacy not
assessed.

8. NCT04052204 Phase 1/2 study of NKTR-
214 + Avelumab in advanced HNSCC
and NKTR-
214 + Avelumab + Talazoparib or
Enzalutamide in metastatic castration
resistant prostate cancer (AE: 3
patients).

Terminated
29.09.2020
(business decision)

NA

9. NCT02983045 Phase 1/2 of NKTR-214 + Nivolumab
with or without other anti-cancer
therapies in advanced solid tumours
(AE: 557 patients).

Completed,
28.04.2022

At 29 months median
follow-up ORR 52.6% and
CR 34.2%.

10. NCT03435640 Phase 1/2 study of NKTR-214 +
NKTR-262 (toll-like receptor 7 and 8
agonist) + Nivolumab in advanced solid
tumours (AE: 64 patients).

Terminated after
phase 1 09.05.2022

PR and SD in 41.2%.

11. NCT04730349
(PIVOT IO 020)

Phase 1/2 study of NKTR-
214 + Nivolumab in paediatric
patients with recurrent or refractory
malignancies (AE: 15 patients).

Completed
22.06.2022

NA

12. NCT03138889 Phase 1/2 study of NKTR-
214 + Pembrolizumab with or without
chemotherapy in advanced solid
tumours (AE: 127 patients).

Completed
24.08.2022

Dose expansion cohort:
ORR 12/70, CR 2/70, PR
10/70, SD 24/70, PD 31/
70, not evaluable 3/70.

13. NCT03282344 Phase 2 study of NKTR-
214 + Nivolumab in advanced
sarcoma (AE: 88 patients).

Active, not
recruiting (first
posted 13.09.2017)

NA

14. NCT04936841 Phase 2 study of NKTR-
214 + Pembrolizumab and
radiotherapy in advanced HNSCC
(AE: 5 patients).

Active, not
recruiting (first
posted 23.06.2021)

NA
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15. NCT03785925
(PIVOT IO-10)

Phase 2 study of NKTR-214
+ Nivolumab in locally advanced
or metastatic urothelial cancer
(AE: 192 patients).

Completed
30.06.2022

Did not reach efficacy
threshold to support
continuation of program.

16. NCT04969861 Phase 2/3 RCT of NKTR-
214 + Pembrolizumab vs.
Pembrolizumab in PD-L1-positive
HNSCC (AE: 1 patient).

Terminated
22.04.2022
(business decision)

NA

17. NCT03635983
(PIVOT IO-001)

Phase 3 RCT of NKTR-214 + Nivolumab
vs. Nivolumab in untreated metastatic
melanoma (AE: 783 patients).

Active, not
recruiting (first
posted 17.08.2018)

Missed primary endpoint
with no significant
difference in ORR, PFS,
and OS.

18. NCT03729245
(PIVOT-09)

Phase 3 study of NKTR-
214 + Nivolumab vs. Sunitinib or
Cabozantinib in advanced RCC
(AE: 623 patients).

Terminated
19.10.2022
(business decision)

Missed primary endpoint
of ORR.

19. NCT04209114 Phase 3 RCT of neoadjuvant and
adjuvant NKTR-214 + Nivolumab vs.
Nivolumab in muscle-invasive bladder
cancer (AE: 114 patients).

Active, not
recruiting (first
posted 23.12.2019)

NA

20. NCT04410445
(PIVOT-12)

Phase 3 RCT of adjuvant NKTR-
214 + Nivolumab vs. Nivolumab in
resected melanoma (AE: 775 patients).

Terminated
19.09.2022
(business decision)

NA

Untargeted TransCon IL-2 β/γ
Ascendis Pharma

IL-2 permanently linked to PEG
obstructing the CD25 binding site and
thus inducing a CD122 bias. For half-life
prolongation an additional PEG carrier
protein is linked, which is slowly released
in vivo.
Development status: Clinical trials
ongoing (Phase 1/2).

1. NCT05081609 Phase 1/2 trial of TransCon IL-2 β/γ
monotherapy or in combination with
chemotherapy, Pembrolizumab, or
TransCon toll-like receptor 7/8 agonist
(EE: 317 patients).

Recruiting (first
posted 18.10.2021)

NA CT 70

Untargeted THOR-707,
SAR444245
Sanofi

Site-specific (P65) PEGylated CD122-
biased IL-2 mutein.
Development status: Clinical trials
ongoing (Phase 1/2).

1. NCT04009681 Phase 1/2 study of THOR-707
alone or combined with either a
checkpoint inhibitor or an anti-
epithelial growth factor receptor
antibody (EE: 300 patients).

Recruiting (first
posted 05.07.2019)

Interim results: 4/68 PR
and 3/68 minor response.

CT 71,72

2. NCT04913220 Phase 1/2 study of THOR-
707 + Cemiplimab in advanced
skin cancers (EE: 80 patients).

Active, not
recruiting (first
posted 04.06.2021)

NA

3. NCT04914897 Phase 2 study of THOR-
707 + Pembrolizumab in pleural
mesothelioma and NSCLC (EE: 160
patients).

Active, not
recruiting (first
posted 07.06.2021)

NA

4. NCT05061420 Phase 2 study of THOR-
707 + Pembrolizumab or THOR-
707 + Cetuximab with HNSCC
(EE: 120 patients).

Active, not
recruiting (first
posted 29.09.2021)

NA

5. NCT05104567 Phase 2 study of THOR-
707 + Pembrolizumab or THOR-
707 + Cetuximab in advanced
gastrointestinal cancers (EE: 280
patients).

Active, not yet
recruiting (first
posted 03.11.2021)

NA

6. NCT05179603 Phase 2 study of THOR-707 and
THOR-707 + Pembrolizumab in
relapsed B cell lymphoma (EE: 50
patients).

Active, not
recruiting (first
posted 05.01.2022)

NA

7. NCT05535023 Phase 2 study of neoadjuvant THOR-
707 + Cemiplimab in HPV related
oropharyngeal cancer (EE: 26 patients).

Not yet recruiting
(first posted
10.09.2022)

NA
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Untargeted BNT151
BioNTech

Liposome-encapsulated mRNA encoding
modified IL-2 fused with albumin for
half-life prolongation. Mutations not
disclosed but according to patent likely a
CD122-biased IL-2.
Development status: Clinical trials
ongoing (Phase 1/2).

1. NCT04455620 Phase 1/2 study of BNT151 in
advanced solid tumours
(EE: 84 patients).

Recruiting (first
posted 02.07.2020)

NA CT 73

Untargeted MDNA11
Medicenna

IL-2 mutein linked at C-terminus to
human serum albumin with a 15-amino
acid flexible linker for extended half-life.
Mutations: L80F, R81D, L85V, I86V and
I92F for increased CD122 affinity (based
on H9 superkine74), and F42A and E62A
to abrogate CD25 binding.
Development status: Clinical trials
ongoing (Phase 1/2).

1. NCT05086692 Phase 1/2 study of MDNA11 alone
or with checkpoint inhibitors in
advanced solid tumours (EE: 100
patients).

Recruiting (first
posted 21.10.2021)

NA CT 75

Untargeted SHR-1916
Jiangsu Hengrui
Pharmaceuticals

PEG-conjugated IL-2 mutein that
promotes proliferation of CD8+ T cells
and NK cells.
Development status: Clinical trials
ongoing (Phase 1).

1. NCT04842630 Phase 1 study of SHR-1916 in solid
tumours (EE: 50 patients).

Recruiting (first
posted 13.04.2021)

NA CT

Untargeted NL-201
Neoleukin

NL201 is the PEGylated half-life-
extended form of Neo-2/15, which is a
computationally-designed de novo IL-2
with fully abolished CD25 binding.
Development status: Clinical trials
ongoing (Phase 1).

1. NCT04659629 Phase 1 study of NL-201 alone or
with Pembrolizumab in advanced
solid tumours (EE: 310 patients).

Recruiting (first
posted 09.12.2020)

NA CT 76

Immune
cell-
targeted

PD-1–IL2v,
RO7284755, RG6279
Roche

Dual approach targeting
PD-1+ T cells with an anti-PD-1 antibody
fused to IL-2 variant. Mutations: F42A,
Y45A and L72G for CD122 selectivity.
Development status: Clinical trials
ongoing (Phase 1).

1. NCT04303858 Phase 1 study of PD-1–IL2v or PD-1–
IL2v + Atezolizumab in advanced
tumours (EE: 348 patients).

Recruiting (first
posted 11.03.2020)

NA CT 77

Immune
cell-
targeted

CUE-101
CUE Biopharma

Fusion protein of HLA-A*0201, Fc, and
CD122-biased IL-2 variant (H16A and
F42A mutations). Amino acids 11–20 of
HPV-16 E7 protein are loaded on HLA for
delivery of IL-2 to antigen-specific CD8+

T cells.
Development status: Clinical trials
ongoing (Phase 2).

1. NCT03978689 Phase 1 study of CUE-101 alone or
in combination with Pembrolizumab
in HPV16-positive HNSCC (EE: 85
patients).

Recruiting (first
posted 07.06.2019)

Interim results: 49
patients received
monotherapy (1/49 PR,
15/49 SD) and 9 patients
received CUE-
101 + Pembrolizumab (8
evaluable, 2/8 PR, 2/8 SD).

CT 78,79

2. NCT04852328 Phase 2 study of CUE-101 before
surgery or chemoradiation in HPV16-
positive oropharyngeal squamous-cell
carcinoma (EE: 30 patients).

Recruiting (first
posted 21.04.2021)

NA

Immune
cell-
targeted

GI-101
GI Innovation

Fusion protein of CD80, IgG4 Fc and IL-2
variant with CD122 bias (mutations not
disclosed). CD80 is a decoy for the
immune checkpoint CTLA-4.
Development status: Clinical trials
ongoing (Phase 1/2).

1. NCT04977453 Phase 1/2 study of GI-101 alone or in
combination with Pembrolizumab,
Lenvatinib, or local radiotherapy in
advanced solid tumours (EE: 374 patients).

Recruiting (first
posted 27.07.2021)

NA CT 80
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Tumour-
targeted

Cergutuzumab
amunaleukin,
RO6895882, RG7813,
CEA-IL2v
Roche

CD122-biased IL-2 variant (mutations:
F42A, Y45A and L72G) fused to the
carcinoembryonic antigen (CEA)-specific
antibody Cergutuzumab. CEA is a protein
overexpressed by various tumours.
Development status: Clinical
development likely not continued.

1. NCT02004106 Phase 1 study of Cergutuzumab
amunaleukin in advanced tumours
(AE: 110 patients).

Completed
31.08.2016

NA CT 81,82

2. NCT02350673 Phase 1 study of Cergutuzumab
amunaleukin + Atezolizumab in
advanced solid tumours
(AE: 70 patients).

Completed
06.12.2019

NA

Tumour-
targeted

Simlukafusp alfa,
RO6874281, RG7461,
FAP-IL2v
Roche

CD122-biased IL-2 variant (mutations:
F42A, Y45A and L72G) fused to the 4B9
antibody targeting fibroblast activation
protein-α (FAP). Cancer-associated
fibroblasts highly express FAP.
Development status: Clinical trials
ongoing (Phase 1/2).

1. NCT02627274 Phase 1 study of Simlukafusp
alfa + Trastuzumab or Cetuximab in
solid tumours (AE: 134 patients).

Active, not
recruiting (first
posted 10.12.2015)

RECIST ORR 7% in HNSCC. CT 83–86

2. NCT03193190 Phase 1/2 study of Simlukafusp
alfa as part of multiple
immunotherapy-based treatment
combinations in pancreatic ductal
adenocarcinoma (EE: 340 patients).

Recruiting (first
posted 20.06.2017)

NA

3. NCT03063762 Phase 1 study of Simlukafusp
alfa + Pembrolizumab with or without
Bevacizumab in RCC (AE: 69 patients).
Arm A: Simlukafusp alfa weekly for 4
weeks, followed by Q2W thereafter
combined with atezolizumab. Arm B:
same as arm A but combined with
Bevacizumab. Arm C: Simlukafusp
alfa + Atezolizumab Q3W. Arm D:
Simlukafusp alfa + Atezolizumab +
Bevacizumab Q3W.

Completed
15.06.2021

25 evaluable for
therapeutic activity in arm
A (ORR: 24% [6 PR; 90%
CI 13.0–40.1]); 15 in arm B
(46.7% [1 CR, 6 PR; 90%
CI 27.7–66.7]); 3 in arm C
(33.3% [1 PR; 90% CI
7.83–74.7]); and 23 in
Arm D (47.8% [2 CR, 9 PR;
90% CI 35.7–68.2]).

4. NCT03386721 Phase 2 study of Simlukafusp
alfa + Atezolizumab in advanced
solid tumours (AE: 256 patients).

Completed
30.12.2021

44 evaluable patients with
cervical squamous cell
carcinoma with 2/44 CR,
10/44 PR, and 19/44 SD.

5. NCT03875079 Phase 1 study of Simlukafusp
alfa + Pembrolizumab in advanced
melanoma (AE: 83 patients).

Completed
14.07.2022

NA

Tumour-
targeted

XTX202
Xilio Therapeutics

CD122-biased IL-2 mutein (mutations
not disclosed) linked to an inactivation
domain with a linker, that is cleaved by
tumour proteases.
Development status: Clinical trials
ongoing (Phase 1/2).

1. NCT05052268 Phase 1/2 open-label trial of
XTX202 in advanced tumours
(EE: 189 patients).

Recruiting (first
posted 22.09.2021)

NA CT 87

Abbreviations: AE, Actual enrolment; CI, Confidence interval; CR, Complete response; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; CT, ClinicalTrials.gov; EE, Estimated enrolment; FAP, fibroblast activation protein-α; FLAG, Chemotherapy
of fludarabine, cytarabine and filgrastim; FOLFIRINOX, Chemotherapy of 5-Fluorouracil, Irinotecan und Oxaliplatin; GM-CSF, Granulocyte-macrophage colony-stimulating factor; HNSCC, Head and neck squamous-cell carcinoma; HPV, Human
papilloma virus; HR, Hazard ratio; IL-2, Interleukin-2; NA, Not available; NSCLC, Non-small cell lung cancer; ORR, Objective response rate; OR, Objective response; OS, Overall survival; PD-1, Programmed cell death protein 1; PD-L1, Programmed cell
death ligand 1; PD, Progressive disease; PEG, Polyethylene glycol; PFS, Progression free survival; Q2W, Every two weeks; Q3W, Every three weeks; RCC, Renal cell carcinoma; RCT, Randomized controlled trial; RECIST, Response evaluation criteria in
solid tumours; SDEV, Standard deviation; SD, Stable disease; TCR, T cell receptor.

Table 1: Improved IL-2-based compounds for the treatment of cancer.
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Targeting Compound and
company

Structure Compound
description and
development status

ClinicalTrials.gov identifier Study design Status Clinical results References

CD25-biased IL-2 compounds

Untargeted NKTR-358,
LY3471851,
Rezpegaldesleukin
Nektar, Eli Lilly

PEGylated IL-2
(Aldesleukin) with
attenuated affinity for
CD25, CD122 and
heterodimeric CD25/
CD122.
Development status:
Clinical trials ongoing
(Phase 1/2).

1. NCT04380324 Phase 1 RCT of NKTR-358 vs.
placebo in healthy (AE: 100
participants).

Completed
20.01.2019

NA CT 88,89

2. NCT03556007 Phase 1 RCT of NKTR-358 vs.
placebo in systemic lupus
erythematosus (AE: 48
patients).

Completed
29.08.2019

No treatment related
changes in SLEDAI
score or joint counts.
Dose-dependent
reduction in CLASI-A
score.

3. NCT04081350 Phase 1 RCT of NKTR-358 vs.
placebo in atopic dermatitis
(AE: 48 patients).

Completed
24.06.2022

NA

4. NCT04133116 Phase 1 RCT of NKTR-358 vs.
placebo in Caucasian and
Japanese healthy (AE: 36
participants).

Completed
06.03.2020

Biomarker results
published with
NCT03556007.
Clinical efficacy not
assessed.

5. NCT04433585 Phase 2 RCT of NKTR-358 vs.
placebo in systemic lupus
erythematosus (EE: 280
patients).

Active, not recruiting
(first posted
16.06.2020)

NA

6. NCT04119557 Phase 1 RCT of NKTR-358 vs.
placebo in psoriasis (AE: 30
patients).

Completed
21.07.2021

NA

7. NCT05565729 Phase 1 RCT of subcutaneous
NKTR-358 ± levocetirizine vs.
placebo in healthy (EE: 42
participants).

Recruiting (first
posted 04.10.2022)

NA

8. NCT04998487 Phase 1 RCT of subcutaneous
NKTR-358 in healthy (AE: 71
participants).

Completed
06.07.2022

NA

9. NCT04677179 Phase 2 RCT of NKTR-358 vs.
placebo in ulcerative colitis (AE:
81 patients).

Terminated due to
enrolment futility on
09.08.2022

NA

Untargeted RO7049665,
RG-7835
Roche

CD25-biased IL-2
harbouring the N88D
mutation and fused
to IgG1.
Development status:
All clinical trials
completed or
terminated.

1. NCT03221179 Phase 1 RCT of RO7049665 vs.
placebo in healthy (AE: 49
participants).

Completed
05.07.2019

NA CT 90

2. NCT03943550 Phase 1 RCT of RO7049665 vs.
placebo in ulcerative colitis (AE:
45 patients).

Terminated
22.07.2021 due to
lack of efficacy

NA

3. NCT04790916 Phase 2 RCT of RO7049665 vs.
placebo in autoimmune
hepatitis (AE: 2 patients).

Terminated
18.11.2021 due lack
of efficacy in
NCT03943550

NA

(Table 2 continues on next page)
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Targeting Compound and
company

Structure Compound
description and
development status

ClinicalTrials.gov identifier Study design Status Clinical results References

(Continued from previous page)

Untargeted CC-92252, DEL-106
BMS, Celgene

CD25-biased IL-2
mutein-Fc fusion
protein.
Development status:
All clinical trials
terminated. Clinical
development likely
discontinued.

1. NCT03971825 Phase 1 RCT of CC-92252 vs.
placebo in healthy and in
psoriasis (AE: 131 patients).

Terminated
05.08.2021

Did not meet
progression criteria.
Detailed results not
available.

CT

Untargeted XmAb27564
Xencor

CD25-biased IL-2
mutein-Fc fusion
protein. Attenuated
interaction with
CD122 and
strengthened
interaction with
CD25.
Development status:
Clinical trial ongoing
(Phase 1).

1. NCT04857866 Phase 1 RCT of XmAb27564 vs.
placebo in healthy (EE: 48
participants).

Recruiting (first
posted 23.04.2021)

NA CT 91

Untargeted MK-6194, PT101
Merck

CD25-biased IL-2-Fc
fusion protein.
Mutein with
decreased interaction
with CD122 and
increased CD25
affinity (mutations
not disclosed).
Development status:
Clinical trials ongoing
(Phase 1).

1. NCT04924114 Phase 1 RCT of MK-6194 vs.
placebo in ulcerative colitis (EE:
30 patients).

Recruiting (first
posted 11.06.2021)

NA CT 92

2. NCT05450198 Phase 1 RCT of MK-6194 vs.
placebo in atopic dermatitis
(EE: 72 patients).

Recruiting (first
posted 08.07.2022)

NA

Untargeted AMG592, Efavaleukin
alfa
Amgen

Mutated IL-2-Fc
fusion protein with
increased Treg
selectivity.
Development status:
Clinical trials ongoing
(Phase 2).

1. NCT04987333 Phase 1 study of AMG592 in
healthy (AE: 32 participants).

Completed
03.10.2022

NA CT 93–95

2. NCT03451422 Phase 1 RCT of AMG592 vs.
placebo in systemic lupus
erythematosus (AE: 35
patients).

Completed
12.10.2021

Clinical response not
evaluated.

3. NCT03410056 Phase 1/2 RCT of AMG592 vs.
placebo in rheumatoid arthritis
(AE: 36 patients).

Terminated
13.05.2020 (business
decision)

Clinical response not
evaluated.

4. NCT03422627 Phase 1/2 study of AMG592 in
chronic graft-versus-host
disease (AE: 32 patients).

Completed
13.10.2022

NA

5. NCT04680637 Phase 2 RCT of AMG592 vs.
placebo in systemic lupus
erythematosus (EE: 320
patients).

Recruiting (first
posted 23.12.2020)

NA

6. NCT04987307 Phase 2 RCT of AMG592 vs.
placebo in ulcerative colitis (EE:
320 patients).

Recruiting (first
posted 03.08.2021)

NA

(Table 2 continues on next page)
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Targeting Compound and
company

Structure Compound
description and
development status

ClinicalTrials.gov identifier Study design Status Clinical results References

(Continued from previous page)

Untargeted CUG252
Cugene, AbbVie

Mutated IL-2-Fc
fusion protein with
increased Treg
selectivity.
Development status:
Clinical trial ongoing
(Phase 1).

1. NCT05328557 Phase 1 RCT of CUG252 vs.
placebo in healthy (AE: 32
participants).

Active, not recruiting
(first posted
14.04.2022)

NA CT 96

Untargeted mRNA-6231
Moderna

mRNA coding for
human serum
albumin fused to IL-2
mutein with increased
Treg selectivity.
Development status:
No active clinical
trials.

1. NCT04916431 Phase 1 study of mRNA-6231
in healthy (AE: 18
participants).

Completed
02.08.2022

NA CT

Untargeted NNC0361-0041
National Institute of
Diabetes and Digestive
and Kidney Diseases

Recombinant
supercoiled plasmid
encoding four human
proteins: pre-
proinsulin,
transforming growth
factor β1, interleukin-
10, and IL-2.
Development status:
Clinical trial ongoing
(Phase 1).

1. NCT04279613 Phase 1 RCT of NNC0361-0041
vs. placebo in type I diabetes
(EE: 48 patients).

Recruiting (first
posted 21.02.2020)

NA CT

Abbreviations: AE, Actual enrolment; CLASI-A, Cutaneous lupus erythematosus disease area and severity index; CT, ClinicalTrials.gov; EE, Estimated enrolment; NA, Not available; RCT, Randomized controlled trial; SLEDAI, Systemic lupus
erythematosus disease activity index; Treg, Regulatory T cell.

Table 2: Improved IL-2-based compounds for the treatment of autoimmune diseases.
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Identification of studies via databases and registers
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ClinicalTrials.gov

n = 576

Records removed before
screening:

n = 0

Clinical trial records screened
n = 576

Records excluded
n = 540

Identified improved IL-2
compounds

n = 36

Additional improved IL-2
compounds added from recent

literature reviews
n = 9

Extended list of improved IL-2
compounds

n = 45

Search for clinical trials
registered for compounds

n = 141

Improved IL-2 formulations
included in review
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Fig. 3: PRISMA flow chart of literature research.

Articles

18
Synthesized findings
The findings for improved IL-2-based compounds for
the treatment of cancer are synthesized in Table 1, and
those for the treatment of autoimmune diseases in
Table 2.

Improved IL-2-based compounds in clinical trials for the
treatment of cancer
Unbiased IL-2-based compounds. The category of unbi-
ased and untargeted IL-2-based compounds comprises
several compounds. BNT153 is a liposome-encapsulated
messenger RNA (mRNA) formulation encoding native
IL-2.21 Limited published data are available from one
registered phase 1 clinical trial in cancer patients testing
BNT153 in combination with BNT152, the latter con-
taining mRNA encoding native IL-7, with no results
available as of this date. AVB-001 is a polymer
encapsulated IL-2-producing cellular cytokine factory
designed for local delivery.22 A phase 1/2 trial of intra-
peritoneally administered AVB-001 in ovarian serous
adenocarcinoma was recently initiated, with no results
available yet. Another approach consists in the delivery
of IL-2 by viral vectors. TG4010 is a recombinant vaccine
based on modified vaccinia virus Ankara expressing
mucin-1 and IL-2, targeting mucin-1-overexpressing
tumours, assessed within six registered clinical
trials.23–26 The phase 2/3 randomized-controlled trial
(RCT) NCT01383148 tested standard chemotherapy
with TG4010 or placebo in 222 non-small cell lung
cancer (NSCLC) patients, reporting progression-free
survival (PFS) of 5.9 months (95% confidence interval
[CI] 5.4–6.7) in the TG4010 group and 5.1 months (95%
CI 4.2–5.9) in the placebo group (hazard ratio [HR] 0.74
[95% CI 0.55–0.98]; one-sided p = 0.019). The trial was
www.thelancet.com Vol 90 April, 2023
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terminated during phase 3 in July 2016. The latest phase
2 single-arm trial NCT03353675 testing chemotherapy
with TG4010 and the anti-PD-1 mAb Nivolumab in
NSCLC reported 32.5% objective response rate (ORR) at
15 months (90% CI 20.4–46.6) and median overall
survival (OS) of 14.9 months (95% CI 8.0 to not available
[NA]). Currently, no active clinical trials are registered
using TG4010, with the last trial completed in 2021.
SJNB-JF–IL2 and AML Cell Vaccine are vaccines based
on genetically modified IL-2-secreting neuroblastoma
and acute myeloid leukaemia cell lines, respectively
(Table 1).27 Three clinical trials were registered in 2008,
2010, and 2015, respectively, and are listed active but are
not recruiting or of unknown status. Modified Salmo-
nella typhimurium bacteria secreting IL-2 are found in
Saltikva, which is tried in combination with chemo-
therapy in pancreatic cancer patients within a phase 2
trial registered in October 2020 and currently recruit-
ing.28 A very similar compound of IL-2-expressing Sal-
monella was developed at the University of Minnesota
and tested in advanced liver cancer, reporting CR in
none of the 22 patients enrolled in the trial (Table 1).
Proscavax, a vaccine based on prostate cancer cells
secreting prostate-specific antigen, IL-2, and
granulocyte-macrophage colony-stimulating factor (GM-
CSF) is registered with one clinical trial reporting in 9 of
14 evaluable patients an extension of the time needed
for doubling the serum concentration of prostate-
specific antigen (Table 1).29

Another category of improved IL-2-based compounds
comprises tumour-targeting molecules. ALT-801 con-
sists of native IL-2 linked to a single-chain T cell re-
ceptor (TCR) domain recognizing amino acids 264–272
of human p53 antigen, thus shuttling IL-2 to the
tumour.30,31 Six clinical trials are registered with all of
them either completed, terminated, or withdrawn,
indicating that clinical development has been sus-
pended. Results are available for the NCT00496860
single-arm phase 1 trial testing ALT-801 in 26 patients
with metastatic malignancies reporting stable disease
(SD) in 10 of 26, and progressive disease (PD) or with-
drawn in 16 of 26 patients. The IL-2 fusion protein
Hu14.18-IL2 consists of two IL-2 molecules fused to an
anti-ganglioside GD2 antibody.32–35 GD2 is expressed in
tumours of neuroectodermal origin, including neuro-
blastoma and melanoma. Of the seven registered clin-
ical trials all are either completed, suspended, or
withdrawn. The most advanced single-arm phase 2 trial
(NCT00590824) testing Hu14.18-IL2 as adjuvant treat-
ment in completely resectable stage III or IV melanoma
patients reported PFS of 5.73 months (95% CI 1.80–NA)
in 18 evaluable patients and median OS of 61.6 months
(95% CI 13.7–NA) in 20 evaluable patients. Another
fusion protein of IL-2 and a CD20-targeting antibody,
DI-Leu16–IL2, was tested in a phase 1/2 trial for the
treatment of B cell non-Hodgkin lymphoma.36–38 The
trial NCT02151903 reported in 15 evaluable patients a
www.thelancet.com Vol 90 April, 2023
reduction in tumour diameter of up to 30.7% (standard
deviation [SDEV] 60.3) at the 1 mg/m2 dose. This trial
was completed in November 2016 and no additional
trials are registered. An alternative strategy used fusion
proteins of IL-2 molecules linked to antibody light
chains either targeting the ED-B domain of an
angiogenesis-associated isoform of fibronectin overex-
pressed in tumour vessels (Darleukin)39–44 or the alter-
natively spliced A1 domain of tenascin-C strongly
expressed in neovascular stroma of breast cancer (F16-
IL2).45–47 Darleukin or L19-IL2 lists 14 registered phase
1 to 3 clinical trials with four reporting clinical results.
The phase 1 trial NCT02086721 observed mean PFS of
20 months and mean OS of 39.3 months at 37-month
follow-up in patients with oligometastatic tumours. Re-
sults of the phase 1/2 study NCT01058538 in advanced
solid tumours showed SD in 51% in the solid tumour
cohort and 83% in the metastatic RCC cohort, with
median PFS of 8 months (1.5–30.5 months) in the
metastatic RCC cohort. The more advanced phase 2
trial NCT01253096 testing intratumoural injection of
Darleukin in melanoma patients reported in 24
evaluable patients OR in 53%, CR in 44.4%, PR in
9.5%, SD in 36.5%, and PD in 9.5%, and the phase 2
study NCT01055522 of Darleukin plus Dacarbazine in
metastatic melanoma reported OR in 28% of 29 pa-
tients evaluable for response evaluation criteria in
solid tumours (RECIST) response assessment and
median OS of 14.1 months in 26 patients treated with
the recommended dose.39–43 F16-IL2 lists six registered
clinical trials with the phase 1/2 study NCT01131364
testing F16-IL2 with Doxorubicin in advanced solid
tumours reporting a disease control rate of 57% in 14
evaluable phase 1 patients and 67% in 9 evaluable
phase 2 patients. Several clinical trials are listed active
but are currently not recruiting.45–47 TILT-123 is an
oncolytic adenovirus encoding tumour necrosis factor
(TNF) and IL-2 and thus delivering these cytokines to
the tumour microenvironment. Four phase 1 clinical
trials are registered and currently recruiting patients
(Table 1). WTX-124, which contains half-life pro-
longed IL-2 with a linker to an inactivation domain
that is cleaved by proteases in the tumour microen-
vironment should allow preferential delivery of IL-2 to
the tumour.48 One clinical trial of WTX-124 alone or
in combination with Pembrolizumab is ongoing and
recruiting.

CD25-biased IL-2 compounds. Due to the adverse effects
of high-dose native IL-2, which was initially believed to
be due to excessive activation of CD122-expressing NK
cells, the first improved IL-2 compound developed was a
CD25-biased IL-2 mutein harbouring the N88R muta-
tion, termed BAY 50-4798.49 BAY 50-4798 was tested in a
phase 1 trial in patients with RCC reporting PR in 1 of
20 patients (5%), SD in 65% for at least 2 months, and
PD in 30%.50 Due to limited efficacy and emergence of
19
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neutralizing anti-drug antibodies directed against the
mutated sequence of IL-2 further clinical development
of BAY 50-4798 was stopped.97

Another CD25-biased IL-2 fusion protein, termed
NHS-IL2, consists of an anti-DNA-histone complex
antibody coupled to an IL-2 mutein for targeting the
necrotic tumour core. NHS-IL2 was tested in two phase
1 trials. NCT00879866 testing NHS-IL2 with radio-
therapy in NSCLC reported no objective RECIST
response, and NCT01032681 testing NHS-IL2 either
alone or combined with cyclophosphamide observed
only SD in 12 of 48 patients with no CR or PR.51–53 All
registered clinical trials have been completed.

Building on the success of checkpoint inhibitors,
fusing IL-2 to an anti-PD-1 mAb thus shuttling IL-2 to
effector T cells could be promising. IBI363 is such a
fusion protein with CD25 bias and is currently tested in
2 ongoing phase 1 studies (Table 1).

CD25/CD122-biased IL-2 compounds. STK-012 is a
pegylated IL-2 mutein with suggested CD25/CD122
selectivity due to mutations reducing binding to
CD132.55,56 One phase 1 trial of STK-012 alone compared
to STK-012 combined with Pembrolizumab in advanced
solid tumours is ongoing with no results available yet.

CD122-biased IL-2 compounds. The largest category of
improved IL-2-based compounds comprises CD122-
biased IL-2. The first such compounds developed were
so-called IL-2–anti-IL-2 mAb complexes, or briefly
referred to as IL-2 complexes.98 ANV419 is a second-
generation IL-2 complex fusion protein of IL-2 fused
to the anti-IL-2 mAb NARA1, the latter of which covers
with high affinity the CD25-binding site of IL-2, thus
obstructing association with CD25.57,99 Interim results of
the NCT04855929 phase 1 trial showed SD beyond 10
weeks in 2 of 13 patients.58 Two first-generation IL-2
complexes, AU-007 and SLC-3010, where IL-2 is non-
covalently complexed to specific anti-IL-2 mAbs are
also in clinical development. AU-007 and SLC-3010 have
each registered one phase 1/2 study (Table 1).59

Nemvaleukin alfa is a fusion protein of IL-2 fused to
the extracellular domain of CD25, thus obstructing the
CD25-binding site and inducing a CD122 bias.60–62 Six
clinical trials are registered, ranging from phase 1–3.
Available results of the ARTISTRY-1 trial
(NCT02799095) show four PR within 22 melanoma
patients receiving monotherapy, two CR and four PR in
36 patients with PD-1/PD-L1-unapproved cancers
treated with a combination of Nemvaleukin alfa and
Pembrolizumab, and one CR and seven PR in 43 pa-
tients with PD-1/PD-L1-approved cancers receiving a
combination of Nemvaleukin alfa and Pembrolizumab.
A phase 3 trial testing Nemvaleukin alfa combined with
Pembrolizumab against standard chemotherapy in
platinum-resistant ovarian, fallopian tube, and primary
peritoneal cancer was initiated in October 2021.
Another approach to induce CD122 bias is achieved
by adding polyethylene glycol (PEG) moieties to CD25-
binding sites on IL-2 by a process called PEGylation.
Apart from inducing IL-2R bias, PEGylation also pro-
longs the in vivo half-life of IL-2. The first pegylated IL-2-
based compound was NKTR-214, also known as
Bempegaldesleukin.63–69 With 20 registered clinical trials
NKTR-214 is the most studied IL-2-based compound,
however, due to a lack of efficacy reported in two phase 3
trials clinical development of NKTR-214was terminated in
2022.65,66 Detailed clinical results have not been released
yet. A more targeted PEGylation approach was used to
generateTransCon IL-2βγ.70 One clinical trial is registered
and recruiting patients. Another molecule, THOR-707,
contains a 30-kDa PEG moiety attached to the P65 site of
IL-2, thus obstructing CD25 binding.71,72 Six clinical trials
are registered, all of them not yet recruiting patients. Ac-
cording to the recently released 2022 third quarter results
by Sanofi, the phase 2 platform of THOR-707 was closed
for dose optimization within a phase 1 trial.100

Very commonly, specific mutations are introduced
into IL-2 to either increase binding affinity to CD122
and/or decrease affinity to CD25, resulting in IL-2
muteins. Similar to BNT153, BioNTech developed
BNT151 which is a liposome-encapsulated mRNA
formulation encoding a mutated IL-2 with CD122 bias
fused to albumin for half-life prolongation.73 One phase
1/2 clinical trial is recruiting cancer patients.

MDNA-11 and SHR-1916, two other IL-2 muteins
with increased CD122 bias fused to a half-life pro-
longing domain are both tested in ongoing phase 1/2
trials in advanced solid tumours, with patients currently
being recruited (Table 1).75 NL-201 is a computationally-
designed de novo IL-2 with fully abolished CD25
binding linked to a PEG moiety for half-life prolonga-
tion.76 One phase 1 trial of NL-201 alone or combined
with pembrolizumab in advanced solid tumours is
ongoing.

The IL-2–anti-PD-1 mAb fusion protein PD-1–IL2v is
currently in clinical development and tested alone or
combined with Atezolizumab in advanced tumours.77

CUE-101 is a fusion protein consisting of an IL-2
variant with increased CD122 bias, an Fc fragment,
and a human leukocyte antigen molecule loaded with
amino acids 11–20 of human papilloma virus (HPV)-16
E7.78,79 Of the two registered trials, interim results of the
phase 1 trial in HPV-16-positive head and neck squa-
mous cell carcinoma reports PR in 1 of 49 and SD in 15
of 49 patients receiving CUE-101 monotherapy, and PR
in 2 of 8 and SD in 2 of 8 patients receiving CUE-101
plus Pembrolizumab. A phase 2 trial is currently
recruiting patients. The CD80–IgG4-Fc–IL-2 variant
fusion protein GI-101 uses CD80 as a decoy for CTLA-4
and an IL-2 with CD122 bias for increased stimulation
of Teff cells.80 One phase 1/2 study of GI-101 alone or in
combination with Pembrolizumab, Lenvatinib or local
radiotherapy is currently recruiting patients.
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Two tumour-targeting compounds consisting of an
IL-2 variant with increased CD122 bias coupled to either
the carcinoembryonic antigen-specific antibody Cergu-
tuzumab (Cergutuzumab amunaleukin) or the fibro-
blast activation protein-α-targeting antibody 4B9
(Simlukafusp alfa) have been developed by Roche.81–86

For Cergutuzumab amunaleukin two phase 1 trials
have been completed in 2016 and 2019, respectively,
with results not yet available. For Simlukafusp alfa five
trials are registered with results of the phase 2 study
NCT03386721 testing Simlukafusp alfa combined with
Atezolizumab in advanced solid tumours reporting CR
in 2 of 44, PR in 10 of 44, and SD in 19 of 44 patients.
Finally, XTX202 is a CD122-biased IL-2 mutein linked to
an inactivation domain, which becomes cleaved in the
tumour microenvironment, thus activating IL-2.87 One
phase 1/2 trial in advanced tumours is currently
recruiting patients.

Improved IL-2-based compounds in clinical trials for the
treatment of autoimmune diseases
CD25-biased IL-2 compounds. For the treatment of
autoimmune diseases only nine compounds are being
tested in registered clinical trials, with all of these
compounds harbouring an IL-2 molecule with improved
CD25 bias. NKTR-358 is a PEGylated IL-2 with attenu-
ated binding to CD25, CD122, and the heterodimer of
CD25 and CD122, thus inducing a Treg cell bias. This is
claimed due to decreased affinity of NKTR-358 for CD25
monomer, CD122 monomer, and the heterodimer of
CD25 and CD122, which disfavours binding to cells
expressing the dimeric IL-2R.88 Of the nine registered
trials testing NKTR-358 only one phase 1 study
(NCT03556007) reports clinical results, which did not
reveal any significant treatment-related changes in the
validated SLE Disease Activity Index (SLEDAI) or the
counts of affected joints in SLE patients. However, a
dose-dependent improvement of skin manifestations
measured by using the Cutaneous Lupus Erythematosus
Disease Area and Severity Index (CLASI-A) was
observed.89 RO7049665 is a CD25-biased IL-2 mutein
harbouring the N88D mutation fused to IgG for pro-
longed half-life. Three registered clinical trials in healthy
individuals, patients with ulcerative colitis, and patients
with autoimmune hepatitis are all terminated or
completed with clinical results not available.90 The IL-2
mutein-Fc fusion protein CC-92252 was tested in one
phase 1 RCT in healthy individuals and psoriasis pa-
tients, which was terminated early, as the progression
criteria for continuing the trial was not met. Detailed
results are not available (Table 2). Another IL-2 mutein-
Fc fusion protein named XmAb27564 lists one registered
clinical trial currently recruiting healthy participants.91

MK-6194, an IL-2 mutein with preserved CD25 but
decreased CD122 binding is tested in two clinical trials in
ulcerative colitis and atopic dermatitis, both currently
recruiting patients.92 The half-life-extended IL-2 mutein
www.thelancet.com Vol 90 April, 2023
(mutations not disclosed) AMG592 has six registered
phase 1–2 trials with four of them completed (in healthy
individuals, SLE patients, and chronic GVHD patients) or
terminated (in rheumatoid arthritis patients) and two
currently recruiting (in SLE and ulcerative colitis pa-
tients). Results are not available yet or clinical response
was not assessed.93–95 CUG252 is a half-life-extended and
mutated molecule tested in one phase 1 RCT currently
recruiting SLE patients.96 mRNA-6231 is an mRNA
formulation coding for an IL-2 mutein fused to human
albumin for prolonged half-life and was tested in a phase
1 study in healthy individuals, which was completed, but
no results are available (Table 2). The supercoiled
plasmid NNC0361-0041 encoding for pre-proinsulin,
transforming growth factor β1, interleukin-10 (IL-10),
and IL-2 is tested within a phase 1 trial in patients with
type-1 diabetes mellitus and is currently recruiting pa-
tients (Table 2).

Risk of bias assessment
Risk of bias of RCTs reporting clinical results was
assessed using a modified Downs and Black checklist,
reproduced in Table S2.
Discussion
Summary of main findings
With 36 improved IL-2-based compounds in clinical
trials, cancer comprises the main indication of current
endeavours bringing a more specific IL-2 compound to
the clinic. Although many early-phase trials reported
promising results, a recent press release revealed
negative results from two phase 3 studies using NKTR-
214. These included the PIVOT IO-001 trial, testing
NKTR-214 versus NKTR-214 combined with Pem-
brolizumab in metastatic melanoma, which failed its
primary endpoints of ORR, PFS, and OS.65 Likewise, the
PIVOT-09 study, assessing NKTR-214 combined with
Nivolumab compared to Sunitinib or Cabozantinib in
advanced RCC, missed its primary endpoint of
improved ORR (Table 1). Unfortunately, detailed results
have not been made publicly available so far. We spec-
ulate on two reasons for the failure of NKTR-214. Firstly,
the targeted indication might be wrong, as melanoma is
considered an immunogenic tumour already showing
high response rates to checkpoint inhibitor treatment,
where NKTR-214 might not provide additional benefit.
Accordingly, poorly immunogenic tumours with low
response rates to checkpoint inhibitors might be a more
suitable indication for IL-2-based treatments, as IL-2
might render tumours more immunogenic and thus
amenable to checkpoint inhibitor treatment.9 Secondly,
PEGylation of IL-2 by approximately six PEG moieties,
which are slowly released in vivo and positioned at lysine
residues of IL-2, with such residues found slightly more
abundant on the CD25-binding site than on the CD122
epitope of IL-2, might overall result in suboptimal
21
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CD122 bias or even a CD25 bias, depending on which
PEG moieties are released first. The future will show if
other improved IL-2-based compounds can hold up to
their promise and show improved anti-tumour re-
sponses, either by relying on a better design, by their
selectivity for immune or tumour cells, or by being tried
in less immunogenic tumours. The only other com-
pound with available RCT results is TG4010, showing
significant efficacy when combined with chemotherapy
versus chemotherapy alone in two separate phase 2
studies in NSCLC (NCT01383148 and NCT00415818).
As currently no active clinical trials are registered, we
suspect that development of TG4010 was suspended;
this could likely be due to the recent success of targeted
therapeutics in NSCLC, which have replaced chemo-
therapy as the standard-of-care.

For the treatment of autoimmune diseases results
reporting clinical response are only available for NKTR-
358 where a phase 1 trial in SLE did not show
improvement in the clinical SLEDAI score, although a
dose-dependent improvement in the CLASI-A score
focused on cutaneous manifestations has been reported.
Limitations
This study comprises a comprehensive systematic re-
view summarizing the rapidly expanding field of
improved IL-2-based compounds. To minimize bias, we
applied standard systematic review techniques and
included all registered trials into the synthesis of this
review. However, this review has several limitations. By
limiting the search to ClinicalTrials.gov, trials registered
in other registries might have been missed. Moreover,
the majority of the retrieved trials were in early phases
with only few reporting phase 3 results. Furthermore,
due to the commercial interest many trials did not
provide clinical results, potentially inducing a reporting
bias. Finally, comparison of results from different trials
is complex, as trials were conducted in different disease
entities with different outcome measures assessed at
different time points and different dosing schemes and
combination treatments. A conclusive statement on the
most promising compounds is thus not possible.

Conclusions
In summary, most improved IL-2-based compounds are
currently developed for the treatment of cancer with
some compounds in early phase clinical trials for the
treatment of autoimmune diseases. Only limited results
of RCTs have been published so far, not allowing a clear
conclusion on efficacy of improved IL-2-based com-
pounds. However, the very large number of compounds
and registered clinical trials reflects the considerable
interest in developing improved IL-2 compounds and
commitment to bring these to clinical application.
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