
Large Molecule Therapeutics

Antibody-Based Delivery of Cytokine Payloads to
Carbonic Anhydrase IX Leads to Cancer Cures in
Immunocompetent Tumor-Bearing Mice
Barbara Ziffels1, Marco Stringhini1, Philipp Probst1, Tim Fugmann2, Theo Sturm2, and
Dario Neri1

Abstract

Antibody–cytokine fusion proteins can have the potential
to increase the density and activity of subsets of leukocytes
within the tumor mass. Here, we describe the design, produc-
tion, and characterization of four novel antibody–cytokine
fusionproteins directed against human carbonic anhydrase IX,
a highly validated marker of hypoxia that is overexpressed in
clear cell renal cell carcinoma and other malignancies. As
immunomodulatory payloads we used TNF, IL2, IFNa2 (cor-
responding to products that are in clinical use), and IL12 (as
this cytokine potently activates T cells and NK cells). Therapy
experiments were performed in BALB/c mice, bearing CT26
tumors transfected with human carbonic anhydrase IX, in
order to assess the performance of the fusion proteins in an
immunocompetent setting. The biopharmaceuticals featuring

TNF, IL2, or IL12 as payloads cured all mice in their therapy
groups, whereas only a subset of mice was cured by the
antibody-based delivery of IFNa2. Although the antibody
fusion with TNF mediated a rapid hemorrhagic necrosis of
the tumor mass, a slower regression of the neoplastic lesions
(which continued after the last injection) was observed with
the other fusion proteins, and treatedmice acquired protective
anticancer immunity. A high proportion of tumor-infiltrating
CD8þ T cells was specific to the retroviral antigen AH1;
however, the LGPGREYRAL peptide derived from human
carbonic anhydrase IX was also present on tumor cells. The
results described herein provide a rationale for the clinical use
of fully human antibody–cytokine fusions specific to carbonic
anhydrase IX.

Introduction
Cytokines are immunomodulatory proteins, which play a

central role in orchestrating immune responses by interaction
with cognate cytokine receptors (1). Some recombinant human
cytokines have gained marketing authorization for administra-
tion to patients with cancer. Granulocyte colony-stimulating
factor and granulocyte-macrophage colony-stimulating factor are
mainly used to counteract chemotherapy-induced neutrope-
nia (2). IL2 has received marketing authorization for the treat-
ment of patients with advanced melanoma or renal cell carcino-
ma, because a small proportion of patients treated with this
product may enjoy a long-lasting complete remission (3, 4).
IFNa2 has been approved not only for the treatment of certain
viral conditions, but also for the treatment of patients with hairy
cell leukemia, chronic myelogenous leukemia, multiple myelo-
ma, and malignant melanoma (5). Finally, recombinant human

TNF has received marketing authorization in Europe for the
isolated limb perfusion of patients with inoperable sarcomas (6).
The product is also used for the treatment of patients with
inoperable in-transit metastases ofmelanoma (7). Unlike human
IL2, IFNa2, and TNF, human IL12 has never received amarketing
authorization.

Although cytokines may provide a benefit to patients with
cancer, their clinical use is often hindered by severe toxicities,
which can be manifested also at low (e.g., sub-milligram)
doses (8). For this reason, several companies and research groups
are currently involved in research activities, aimed at generating
engineered cytokine products with improved therapeutic index.
For example, in the last fewmonths, PEGylated derivatives of IL2
and of IL10 have been the object of very large commercial
agreements, involving Nektar/Bristol-Myers Squibb (9) and Eli
Lilly/ARMO (10), respectively.

An alternative avenue for the generation of superior cyto-
kine-based therapeutics consists in the fusion of cytokine pay-
loads with antibodies, capable of selective localization at the
site of disease (11). In mice, it has been clearly shown that the
antibody-based targeted delivery of certain payloads (e.g., IL2,
IL4, IL12, TNF) to neoplastic lesions leads to a substantial
potentiation of the therapeutic activity, compared with the
nontargeted murine cytokine counterpart (12, 13). A number
of fully-human antibody–cytokine fusions have progressed to
clinical trials (11).

Our group has extensively worked on the generation and in vivo
testing of antibody–cytokine fusions, directed against compo-
nents of the modified tumor extracellular matrix (e.g., splice
variants of fibronectin and of tenascin-C; ref. 11). Other groups
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have focused on the antibody-based delivery of cytokine payloads
to antigens expressed on the surface of tumor cells (14–17).

In this work, we focused on the development of novel
antibody–cytokine fusions, directed against human carbonic
anhydrase IX (CAIX). This homodimeric enzyme is expressed on
the surface of the majority of clear cell carcinoma cells, but is
otherwise undetectable in most normal adult tissues, exception
made for certain gastrointestinal structures (18–20). CAIX is also
strongly upregulated at sites of hypoxia and in certain other
malignancies, including a proportion of patients with urothelial,
colorectal, lung, stomach, pancreas, breast, head and neck, ova-
ries, brain, and cervix cancer (21). CAIX is oneof thebest validated
targets for antibody-based pharmacodelivery applications. Radi-
olabeled preparations of the chimeric cG250 antibody have been
administered tomore than 200patientswith renal cell carcinoma,
with excellent imaging results (22). Interestingly, the majority of
clear cell renal cell carcinoma lesions could efficiently be reached
in vivo by the antibody, whereas CAIX-positive structures in the
stomach and in the intestine were minimally targeted by the
antibody, presumably as a consequence of differences in vascular
permeability between tumors and normal organs (22).

We have previously described three high-affinity fully-human
monoclonal antibodies directed against human CAIX, called A3,
CC7 (23), and XE114 (24). In this work, we have fused antibody
fragments derived from XE114 with human IL2, murine TNF,
murine IFNa2, andmurine IL12.Weusedhuman IL2because this
payload is potently active in mice (25), whereas we had to use
murine cytokines in the other cases in order to ensure reactivity
with the cognate murine receptors (12, 26, 27). We chose to use
antibody fragments rather than intact immunoglobulins as fusion
partners, in order to achieve a selective localization at the tumor
site and a rapid clearance fromcirculation. All four fusionproteins
(termed XE-mTNF, XE-hIL2, XE-mIFNa2, and XE-mIL12) were
potently active against CT26 tumors, which had been transfected
with human CAIX, in immunocompetent mice. Although XE-
mTNFmediated a rapid hemorrhagic necrosis of the tumor mass,
the other fusions caused a slower regression of the tumor mass,
which continued after the last injection. The antitumor activity of
the fusion proteins was accompanied by an increased infiltration
of CD8þ T cells into the cancer lesions, which were specific to
AH1, a peptide derived from the envelope protein of a retrovirus
(murine leukemia virus) which is endogenous in the mouse
genome (28, 29).

Materials and Methods
Cloning of immunocytokines

The antibody IgG(XE114) was described previously (30). For
cloning of XE-mTNF in scFv format, a 42 bp linker was inserted
between the DNA sequences of VH and VL of the XE114 antibody.
The 50 end of the scFv(XE) was linked to the DNA sequence of a
mammalian signal peptide for transient gene expression in CHO-
S cells and the 30 endwas linked to theDNA sequence ofmTNF by
a 45 bp linker.

For cloning of XE-hIL2 and XE-mIFNa2 in diabody format, VH

and VL DNA sequences of the XE114 antibody were connected to
each other with a 15 bp linker. The 50 end of the XE diabody was
linked to the DNA sequence of a mammalian signal peptide for
transient gene expression in CHO-S cells and the 30 end was fused
to a 45 bp linker to add the DNA sequence of hIL2 or to a 27 bp
linker to add the DNA sequence of mIFNa2.

For the forced diabody format of XE-mIL12, 2 diabodies were
connected with a 45 bp linker. IL12p35 and IL12p40 DNA
sequences were fused to the 50 end using linkers of 16 bp and
45 bp, respectively. Further, the DNA sequence of a mammalian
signal peptide was added to the 50 end for transient gene expres-
sion in CHO-S cells. All cloned fragments were double digested
using the restriction enzymes NheI and NotI and ligated into
pcDNA3.1(þ) previously digested with the same restriction
enzymes.

Cell culture
CHO-S cells were cultured at 37�C in Power-CHO medium

(Lonza) supplemented with 8 mol/L Ultraglutamin (Gibco),
4 mol/L HT (Gibco), and 1% antibiotic–antimycotic (Gibco)
and kept between 0.5 and 6.0 � 106 cells per mL on a shaking
incubator (170 rpm).

CT26.wt cells were previously transfected with a plasmid
encoding human CAIX, leading to the monoclonal cell line
CT26.3E10 expressing human CAIX. Quantification by FACS
analysis has revealed that 71,900 copies of the CAIX protein are
expressed on one CT26.3E10 cell (30). CT26.wt cells and
CT26.3E10 cells were cultured in RPMI (Gibco) supplemented
with 10% FBS (Gibco) and 1% antibiotic–antimycotic (Gibco) at
37�C and 5% CO2. Cells were trypsinized, passaged at a con-
fluencyof 80%, and kept in culture for no longer than15passages.
The wild-type CT26 cell line was obtained from ATCC in 2015.
Authentication of the cell line including check of post-freeze
viability, growth properties and morphology, test for mycoplas-
ma contamination, isoenzyme assay, and sterility test were per-
formed by the cell bank prior to shipment.

Transient gene expression
For transient gene expression, CHO-S cells were diluted to a

concentration of 4 � 106 per mL in Pro-CHO medium (Lonza)
supplemented with 8 mol/L Ultraglutamin (Gibco), 4 mol/L HT
(Gibco), and 1% antibiotic–antimycotic (Gibco). A total of 106

CHO-S cells weremixedwith 0.9 mg of the respective plasmid and
2.5 mg of PEI and left 6 days for protein production at 31�C and
150 rpm. The protein was purified from the supernatant by
protein A affinity chromatography, eluted with TEA or Glycine
depending on the proteins pI and subsequently dialyzed into PBS
pH 7.4 (XE-mTNF, XE-mIFNa2, and XE-mIL12) or 0.01 M
NaHCO3 pH 8.0 (XE-hIL2). For quality control, the proteins were
analyzed by SDS-PAGE under reducing and nonreducing condi-
tions, by size exclusion chromatography using a Superdex 200
Increase 10/300GL column (GE Healthcare), by mass spectrom-
etry, and by surface plasmon resonance analysis using a human
CAIX coated CM5 sensor chip (GE Healthcare).

Activity assays
Bioactivity of the immunocytokines was evaluated using

WEHI-164 cells and CTLL-2 cells, as previously describ-
ed (26, 27, 31). In brief, for activity testing of XE-mTNF,
30,000 WEHI-164 cells per well were seeded in RPMI medium
containing 10% FBS, 1% antibiotic–antimycotic, and 2 mg/mL
actinomycin D. XE-mTNF was added in a serial dilution and
incubated for 24hours at 37�C. For activity testing of XE-mIFNa2,
5,000 WEHI-164 cells per well were seeded in RPMI medium
containing 10% FBS and 1% antibiotic–antimycotic and a serial
dilution of XE-mIFNa2 was added for 72 hours at 37�C. CTLL-2
cells were incubated without IL2 before seeding 20,000 CTLL-2
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cells per well. A serial dilution of XE-hIL2 in RPMI medium
containing 10% FBS, 1% antibiotic–antimycotic, 1 mmol/L sodi-
um pyruvate, and 2 mmol/L L-glutamine was added and incu-
bated for 48 hours at 37�C. After the incubation period, killing of
WEHI-164 cells and proliferation of CTLL-2 was evaluated using
cell titer aqueous one solution (Promega) and cell viability was
expressed as percentage of cells treated compared with untreated
controls.

FITC labeling
For FITC labelling of antibodies, IgG(XE114) and IgG(KSF)

were dialyzed overnight into 0.1 mol/L NaHCO3 pH 9. Two mg
per mL of protein were mixed with 50 mg of fluorescein isothio-
cyanate (Sigma) freshly dissolved in 50 mL anhydrase DMSO
(Sigma). After 8 hours of incubation at 4�C, unbound FITC was
separated using a PD-1 column (GE Healthcare) and aliquots of
the labelled protein were collected in PBS pH 7.4.

Animal experiments
For tumor growth, a cell suspension of 5� 106 CT26.3E10 cells

or 5 � 106 CT26.wt cells in 150 mL HBSS (Gibco) was subcuta-
neously injected into the right flank of 9 weeks old female BALB/c
mice (Charles River). Body weight and tumor growth were mon-
itored daily until termination criteria were reached. In case of
immunofluorescence or FACS studies, mice were sacrificed at
earlier time points as described below. Tumor size was calculated
as width � width � length � 0.5 (mm3).

The therapy study was started when tumors reached an average
size of 90 mm3, mice were randomized into groups of 5 and
received three intravenous injections of either 150 mL PBS as
control, 3 mg XE-mTNF, 50 mg XE-hIL2, or 150 mg XE-mIFNa2
every 48 hours. Twelve micrograms of XE-mIL12 were injected
every 72 hours. For tumor rechallenge, cured mice received a
subcutaneous injectionof5� 106CT26.3E10 cells in 150mLHBSS.

For ex vivo immunofluorescence studies, mice with an average
tumor size of 300 mm3 received one intravenous injection of
150mg FITC-labeled IgG(XE114), IgG(KSF), orXE-mIFNa2, 50mg
of XE-hIL2 or 3 mg of XE-mTNF. After 24 hours, tumor and organs
were collected and frozen in cryoembedding medium.

For immunofluorescence and FACS studies, mice bearing
CAIX-positive CT26 tumors with an average size of 100 mm3

received either one injection of PBS or of XE-mTNF (3 mg) or two
injections of XE-hIL2 (50 mg) or XE-mIFNa2 (150 mg). Tumors
and lymph nodes were excised 24 hours after the last injection.

Immunofluorescence staining
Cryosections of 10 mm were made of tumors and organs

previously frozen in cryoembeddingmedium. Sections were fixed
in ice-cold acetone, blocked with 20% FBS, in 3% BSA, and
stained for CD4þ T cells (GK1.5; BioLegend), CD8þ T cells
(53–6.7; BioLegend), activated caspase 3 (C8487; Sigma), and
CD31þ endothelial cells (AF3628; R&D systems). Secondary
antibodies used were goat-anti-rabbit-AF488, donkey-anti-rat-
AF488, and donkey-anti-goat-AF594 (Thermo Fisher Scientific).
For ex vivo immunofluorescence studies, FITC-labeled IgG was
detected using rabbit-anti-FITC (Bio-Rad) and donkey-anti-rab-
bit-AF488 (Thermo Fisher Scientific) as secondary antibody. XE-
hIL2, XE-mIFNa2, and XE-TNF were detected using anti-hIL2
(MQ1-17H12; eBioscience), anti-mIFNa2 (50525-T08; SinoBio-
logical), and anti-mTNF (MP6-XT22; Invitrogen) antibodies,
respectively. A rabbit-anti-rat antibody (ab102248; Abcam) was

used in case of anti-hIL2 and anti-mTNF staining. Detection was
performed using the Alexa Fluor-488 Tyramide SuperBoost Kit
with goat-anti-rabbit-IgG (B40943; Thermo Fisher Scientific)
according to the manufacturers' instruction. Nuclei were counter-
stained with DAPI (Thermo Fisher Scientific). Tumor sections
were mounted with fluorescence mounting medium (Dako) and
analyzed using an Axioscop Mot Plus Microscope (Zeiss).

FACS experiments
For detection of AH1-positive CD8þ T cells, tumor and lymph

nodes were excised 24 hours after treatment of mice as described
above. Tumor samples were digested for 2 hours at 37�C with
1mg/mL collagenase II and 0.1mg/mLDNase I in RPMImedium
supplemented with 1% antibiotic–antimycotic. The filtered
tumor cell suspension was diluted to 5 � 106 cells/mL. Lymph
nodes were collected in sterile PBS andmechanically opened. The
cell suspension was washed with Red Blood Cell Lysis buffer and
isolated lymphocytes were diluted to 1 � 106 cells/mL. One
hundredmicroliters of tumor cell or lymphocyte suspensionwere
stained for 1 hour at 4�C with a PE-labeled antibody against
CD90.2 (53–2.1; Biolegend), a FITC-labeled antibody against
CD8þ T cells (53–6.7; Biolegend), a APC labeled H-2Ld tetramer
loaded with AH1 peptide (28) and a live/dead fixable Near-IR
DeadCell Stain (ThermoFisher Scientific). Followingfixation and
permeabilization, cells were analyzed on a CytoFLEX cytometer
(Beckmann Coulter) and data were processed using FlowJo (v.10;
TreeStar).

MHC binding prediction of human CAIX
The major histocompatibility complex (MHC) class I binding

predictionanalysiswasperformedto identifypeptideswitha length
between 9 and 12 amino acids for the 3 BALB/c H-2 alleles Dd, Kd,
and Ld following a procedure adapted from Fugmann and collea-
gues (32). In brief, a peptide binding score was calculated based on
the positional-specific scoringmatrix ofDd, Kd, and Ld derived from
the investigationof theBALB/cMHCpeptidome (28, 33). The score
cut-off predictive of peptide bindingwas derived from aROC curve
analysis plotting the score distribution of eluted peptides (true
positive dataset) versus one million random peptide sequences
(true negative dataset) computed from the murine reference pro-
teome, where the length distribution of in silico generated peptides
followed the eluted peptide sequences. The score discriminating
best between true positive and true negative dataset that defined
peptide binding was found to be 4.27 for Dd, 4.25 for Kd, and 4.49
forLd. Scores forpeptides longer than9aminoacidswere computed
by maximizing the score of 9 amino acid long sequence variants
derived from the longer peptide considering three possibilities:
(i) N-terminally elongated peptides, (ii) C-terminally elongated
peptides, and (iii) peptides with one internal loop. Loops were
allowed between 2 amino acid positions if at least one of themwas
not an anchor position or a terminal position. An anchor position
was defined for an amino acid position in the positional-specific
scoring matrix if at this position at least one amino acid had a
frequency of more than 20%. Allowing only for one loop limited
the number of stochastic possibilities and therefore also the prob-
ability to find random high-scoring sequence variants.

Peptidome analysis
The peptidome analysis of CT26 cells stably transfected with

human CAIX was performed essentially as described previous-
ly (28). In brief, cells were lysed at a density of 3.0 � 107 cells/
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mL (34) followed by purification of MHC class I complexes with
M1/42 antibody (BioXCell) coupled resin. Analysis of MHC class
I peptides by liquid chromatography coupled to the Q Exactive
(Thermo Fisher Scientific) mass spectrometer was performed as
described (34). Resulting spectra were processed and analyzed
using theProteomeDiscoverer software (ThermoFisher Scientific,
Version 1.4.1.14) considering all murine proteins (890527
entries) of the UniProt database, downloaded on the March
22, 2018, spiked with the sequence of transfected human CAIX.
The following analysis settings were used with SEQUEST: (i) no-
enzyme (unspecific), (ii) precursor mass tolerance 4 ppm, (iii)
fragment mass tolerance 0.02Da, (iv) 1 variable modification
(oxidation of methionine), (v) peptide length 6 to 50 amino
acids. The identity of LGPGREYRAL was confirmed with a syn-
thetic peptide ordered from JPT.

Statistical analysis
Data are represented as mean � SEM and were analyzed using

Prism 7 (GraphPad Software, Inc.). A two-way ANOVA test with a
P-value <0.05was performed for analysis of statistical significance
towards the PBS control group (�P < 0.05, ��P < 0.005, ���P <
0.0005, ����P < 0.0001).

Results
We studied the tumor-targeting properties of the XE114 anti-

body in fully human IgG format, injecting it at high dose (150 mg)
into immunocompetent BALB/c mice, bearing CT26 tumors
transfected with human CAIX (30). An ex vivo immunofluores-
cence analysis performed 24 hours after intravenous administra-
tion revealed apreferential uptake of the antibodywithin the solid
tumor mass, whereas no accumulation could be detected in
normal tissues (stomach, intestine, kidney, liver, lung, heart,
spleen, andmuscle), using identical image acquisition conditions
(Fig. 1). By contrast, an antibody of irrelevant specificity in the
mouse (KSF, directed against hen egg lysozyme) did not exhibit a
preferential uptake in CAIX-transfected CT26 tumors. Both IgG
(XE114) and IgG(KSF) failed to localize to CT26 tumors that had
not been transfectedwith CAIX, confirming the antigen specificity
of the XE114 antibody (Supplementary Fig. S1).

We then fused the XE114 antibody with murine TNF, human
IL2, murine IFNa2, and murine IL12, using different molecular
strategies (Fig. 2; Supplementary Fig. S2). The homotrimeric TNF
payload was fused to the antibody in scFv format, similar to
previous TNF-fusions based on other antibodies (26), in order to
prevent product polymerization. By contrast, the human IL2 and
murine IFNa2 payloads were fused at the C-terminal end of the
antibody in diabody format, leading to noncovalent homodimers
(Fig. 2; refs. 27, 31). Murine IL12was fused to the N-terminus of a
single-chain tandem diabody of the XE antibody, as previously
described for other fusion proteins of IL12 (Supplementary
Fig. S2; ref. 12). Products were purified to homogeneity using
protein A chromatography, as the XE114 antibody featured a
heavy chain variable domain, derived from a germline gene that
enables protein A binding (24, 35, 36). The SDS-PAGE analysis,
size-exclusion profiles, BIAcore binding properties to the antigen,
mass spectrometric characterization, and cytokine activity data are
presented in Fig. 2 and Supplementary Fig. S2. The fusionproteins
also strongly stained sections of CAIX-transfected CT26 tumors
and XE-mIFNa2, XE-hIL2, and XE-mTNF localized to the tumor
in vivo.AlthoughXE-mIFNa2 showed auniform staining, XE-hIL2

andXE-mTNFexhibited apatchy stainingpattern, possibly reflect-
ing extravasation from permeable blood vessels (Supplementary
Fig. S3). The DNA and amino acid sequences of the fusion
proteins are described in Supplementary Fig. S4.

Immunocompetent BALB/c mice, bearing subcutaneously-
grafted human CAIX-positive CT26 tumors, received intravenous
injections of XE-mTNF, XE-hIL2, and XE-mIFNa2 at day 7, 9, and
11, and of XE-mIL12 at day 10, 13, and 16, starting the therapy
when the neoplastic masses had reached a volume of �90 mm3

(Fig. 3A; Supplementary Fig. S2). Similar to what had been
previously described for fusion proteins based on TNF, IL2,
IFNa2, and IL12, the products were administered at doses of
3mg (26), 50mg (31), 150mg (27), and12mg (12), respectively. All
mice in the XE-mTNF, XE-hIL2, and XE-mIL12 treatment groups
were cured, while lasting complete remissionswere only observed
in 3 of 5 mice treated with XE-mIFNa2. All treatments were very
well tolerated, even thoughmice in the XE-mTNF group exhibited
a transient loss of 3% body weight (Fig. 3b). The therapeutic
performance obtained by XE114 antibody-based delivery of
mTNF, hIL2, and mIFNa2 was better than the one observed with
similar fusion proteins, based on the KSF antibody, specific to hen
egg lysozyme (an antigen of irrelevant specificity in the mouse;
Supplementary Fig. S5A–F). Fig. 3C shows a photographic doc-
umentation of the tumor lesions at various time points. Although
mice in the saline (PBS) treatment group exhibited progressively
growing tumors, a rapid scab formation was visible as a result of
XE-mTNF treatment, consistent with what had previously been
reported for other antibody–TNF fusions. Importantly, scab for-
mation could not be observed with the negative control KSF-
mTNF fusion protein (Supplementary Fig. S5G; refs. 28, 37). XE-
hIL2 and XE-mIFNa2 caused a slower regression of the tumor
mass, which continued after the last injection. Interestingly, cured
mice rejected subsequent challenges with CAIX-transfected tumor
cells, thus providing evidence for the onset of protective immu-
nity (Fig. 4A).

In parallel to the therapy study, additional mice which had
received injections of the fusion proteins were sacrificed at dif-
ferent time points (Fig. 4B), in order to allow a microscopic
analysis of tumor sections. Mice treated with saline showed no
detectable staining for caspase 3, consistent with a low level of
apoptosis in those tumors (Fig. 4C). By contrast, the majority of
the tumor mass in the XE-mTNF treatment group exhibited a
large area of cell death, with a strong and diffuse caspase 3
staining. XE-hIL2 and XE-mIFNa2 treated tumors showed the
onset of patches with caspase 3-positive cells, mainly around
CD31-positive blood vessels, both after the first and the second
injection (Fig. 4C). For all three fusions, the increase in tumor
cell death was paralleled by an increased density of CD4þ and
CD8þ T lymphocytes (Fig. 4D and E).

We used tetramer technology in order to characterize the
proportion of CD8þ T cells specific to the AH1 peptide (SPSY-
VYHQF), as this retroviral antigen has previously been shown to
account for the immunogenicity of tumors in BALB/c mice (28).
The percent of AH1-specific T cellswas increased in the tumor bed,
compared with tumor-draining lymph nodes (Fig. 5). The per-
centage of AH1-positive cells in the treatment groups was com-
parable to the one observed in the saline group, with exception
made for the XE-hIL2 treatment group (Fig. 5). Because in other
studies performed in our group with BALB/c derived tumors,
the intralesional proportion of AH1-positive cells could exceed
50% of the total CD8þ T cells, we hypothesized that human
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CAIX-derivedpeptides could contribute to the immunogenicity of
the stably-transfected tumor cells. This hypothesis was supported
by a sequence alignment analysis, showing a moderate overall
identity of 69.7% between human and murine CAIX. To clarify
this issue, we studiedMHC class I complexes on transfected CT26
tumor cells, using in silico predictions of peptide binding to the
cognate MHC molecules. Several peptides derived from human
CAIX were predicted to bind to the BALB/c MHC class I alleles
H-2Kd, H-2Dd, and H-2Ld (Supplementary Fig. S6). A subsequent
mass spectrometric characterization of peptides eluted fromMHC
class I complexes purified from CT26 cell lysates (34, 38) allowed
the confident identification of a human CAIX-derived peptide
(LGPGREYRAL), which was confirmed with a synthetic peptide
(Fig. 6). This sequence was predicted to bind to the MHC class I
H2-Dd allele and contained a singleQ to R substitution compared
to its murine counterpart (LGPGQEYRAL). None of the other 23
predicted binders derived from human CAIX could be identified
by MS-assisted peptidome analysis. By contrast, the AH1 peptide
could be identified from theMHCpeptidome ofCAIX-transfected
CT26 cells, with an abundance that was comparable to the one
observed in wild-type CT26 cells, as described previously (33).

Discussion
We have described the production and potent anticancer activ-

ity of four novel fusionproteins, consisting of theXE114 antibody
fused to different immunomodulatory payloads (human IL2,
murine TNF, murine IFNa2, and murine IL12). For the prepara-
tion of these biopharmaceuticals, we used immunocytokine for-
mats, which our group had successfully used with antibodies

directed against splice variants of fibronectin (12, 26, 27, 31).
Specifically, cytokine delivery to the EDA and EDB domain of
fibronectin had tumor growth inhibitory activity in various
immunocompetent models of cancer, but typically did not erad-
icate the disease when used as single agent (39). Similar cytokine-
fusions, specific to hen egg lysozyme and used as negative con-
trol (12, 13, 27), had a substantially reduced activity, confirming
the need for a targeted delivery of cytokine payloads to the tumor
environment.

We decided to focus on CAIX, a tumor-associated antigen
expressed on the surface of tumor cells, because this target has
been extensively characterized using Nuclear Medicine proce-
dures (22). In the REDECT trial, 195 patients with renal masses
scheduled for resection received 124I-Girentuximab followed by
PET/CT. Clear cell renal cell carcinoma was detected with a
specificity of 85.9% and sensitivity of 86.2%, thus confirming
the accuracy of the anti-CAIX antibody (22). Furthermore, these
results are in linewith the tumor-specific uptake of XE114 inCAIX
transfected CT26 tumor bearing mice (Fig. 1).

IL2, IFNa2, TNF, and IL12 were investigated as payloads for
fusions with the anti-CAIX antibody XE-114. High-dose IL2 has
received marketing authorization for the treatment of patients of
metastatic renal cell carcinoma and is still used for this indication,
because a proportion of patients enjoys complete durable
responses. However, the treatment is quite toxic and is often
reserved only for younger patients, as severe capillary-leak syn-
drome may limit applicability with the high-dose regimen (40).
In view of these considerations, targeted variants of IL2 may be
attractive for the treatment of patients with metastatic kidney
cancer. The rationale for the targeted delivery of IFNa2 is less

Figure 1.

Ex vivo immunofluorescence analysis of tumor and organ sections of BALB/c mice bearing CT26 tumors transfected with human CAIX. Mice received one
injection of 150 mg FITC-labeled IgG(XE114) and were sacrificed 24 hours later. Binding of IgG(XE114) was detected in green using an anti-FITC antibody and an
AF488-labeled secondary antibody, whereas blood vessels were stained in red using an anti-CD31 antibody and an AF594-labeled secondary antibody.
Scale bars, 100 mm. He, heart; In, intestine; Ki, kidney; Li, liver; Lu, lung; Mu, muscle; Sp, spleen; St, stomach; Tu, tumor.
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strong. Treatment of patients withmetastatic renal cell carcinoma
using recombinant human IFNa led to a reduction in mortality
after 1 year, but complete responses were only rarely observed.
Severe adverse effectsweremore frequent in the IFNa2 group than
in control groups (41). Systemic administration of recombinant
human TNF was studied in a phase I clinical trial in 33 patients
with different types of malignancies. The only complete response
was observed in a patient with renal cell carcinoma, providing
anecdotal evidence for a possible biological activity (42). More-
over, the targeted delivery of human TNF using fusions to Gir-
entuximab in full IgG format was studied in a xenograft model of
renal cell carcinoma and was found to synergize with IFNg (43).
Collectively, these data provide a rationale for the implementa-

tion of CAIX-targeted pharmaco-delivery applications, which
have a potential to work in humans.

We had to use mouse tumor cells transfected with the human
CAIX antigen in immunocompetent mice, because the XE114
antibody does not cross-react with murine CAIX. The system
could, therefore, be more immunogenic than other murine
tumors, due to the presence of a human protein, although the
tumors were growing and staining with XE114 antibody demon-
strated a homogeneous expression of the antigen on tumor cells
(Fig. 1). A FACS analysis of tumor-infiltrating CD8þ T cells
indicates that a large proportion of infiltrating lymphocytes are
still specific to the AH1 peptide (Fig. 5). However, it is likely that a
subset of CD4þ and CD8þ T cells may recognize peptides derived
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from human CAIX. Indeed, an immunopeptidome characteriza-
tion showed that a peptide derived from human CAIX
(LGPGREYRAL) strongly binds to the MHC class I H-2Dd allele
and features a Q to R substitution compared with its murine
counterpart (LGPGQEYRAL). Although both of the sequences
are predicted to bind to H2-Dd with comparable affinity, it is
possible that this neo-epitopemay facilitate recognition events by
cognate CD8þ T cells, because themutated residue should project
towards the T-cell receptor (44).

The four fusion proteins had different mechanisms of action.
On one hand, XE-mTNF rapidly induced hemorrhagic necrosis of
the tumormass, similar to what has previously been discussed for
L19-TNF and F8-TNF (28, 37, 45). By contrast, the other cytokine
payloads led to a slower but progressive tumor killing. Although
the hemorrhagic necrosis induced by TNF was accompanied by
recognition of AH1 (28), the low abundance of AH1 specific
T cells in the tumor microenvironment after XE-hIL2 adminis-
tration may suggest that IL2 requires a different mode of action.
Interestingly, although IL2 and IL12hadpreviously shownpotent
therapeutic activity when fused to tumor-homing antibodies,
IFNa2 had failed to induce a potent anticancer activity when
fused to the F8 or L19 antibodies, specific to the alternatively-
spliced EDA and EDB domain of fibronectin (Supplementary
Fig. S7; ref. 27). At this moment in time, it is not clear why the
targeted delivery of murine IFNa2 in CAIX-transfected tumors
was more effective, leading to durable complete responses in 3 of
5 treated mice. Morrison and colleagues have previously
described fusion proteins, consisting of intact antibodies against
CD138 and IFNa2 as payload. The authors observed inhibition of
tumor growth in a murine xenograft model of multiple myeloma
with enhanced survival when mice received six instead of three
treatment cycles with anti-CD138-IFNa2 (46). Similarly, scien-
tists at TEVA have recently described potent anticancer activity
with antibodies fused to IFNa mutants (Attenukines; ref. 14).
It is thus possible that the targeted delivery of IFNa moieties
may be particularly attractive in the context of antigens, located
on the tumor cell surface, rather than for extracellular matrix
components.

The IgG(XE-114) antibody exhibited a homogeneous targeting
of tumor cells in the CT26 model transfected with human CAIX,
whereas a perivascular accumulation of the same product was
observed in SKRC-52, possibly due to differences in vascular
permeability between the two models (24). Also, XE-hIL2 and
XE-mTNF preferentially localized to perivascular tumor cells,
although a more homogeneous distribution within the tumor
mass was observed for XE-mIFNa2 (Supplementary Fig. S3B).
Although formats of smaller size may have an improved tissue
penetration, their increased clearance from the blood circulation
may prevent a deeper penetration into less vascularized tumor
areas. Slow infusion procedures may lead to amore homogenous
product distribution profile within the neoplastic mass (47).

The article provides a strong rationale for the clinical develop-
ment of XE-IL2 and for fully-human counterparts of XE-TNF,
XE-IFNa2, or XE-IL12. Various antibody–cytokine fusions are
currently being tested in clinical trials (11), some of which
have the potential to synergize with chemotherapeutic agents
(NCT03420014), external beam radiation (NCT02086721), and
immunomodulatory drugs (48). The results of this article may
also stimulate mechanistic investigations on how cytokines pro-
mote their biocidal activity. Inmost studies reported so far, CD8þ

T cells and NK cells were found to play a crucial role, as evidenced
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FACS analysis of AH1-positive CD8þ T cells. The number of AH1-positive
CD8þ T cells in human CAIX expressing CT26 tumors and draining lymph
nodes (DLN) was measured 24 hours after BALB/c mice received either one
injection of PBS or XE-mTNF (3 mg) or two injections of XE-hIL2 (50 mg) or of
XE-mIFNa2 (150 mg). Representative FACS plots of AH1-positive CD8þ T cells
in tumor bed and draining lymph nodes are shown. Injections and tumor and
lymph node harvesting were performed as indicated in the time line included
in Fig. 4B.

Ziffels et al.

Mol Cancer Ther; 18(9) September 2019 Molecular Cancer Therapeutics1552

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/9/1544/1862508/1544.pdf by guest on 19 M
ay 2023



by lymphocyte depletion experiments (28, 49). Although ahigher
density of lymphocytes was observed in mice treated with CAIX-
targeting immunocytokines, it is still not clear whether the abso-
lute number of leukocytes is sufficient to explain the ability to
induce tumor regression and tumor protective immunity.
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