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Abstract. G250 (Girentuximab) is a chimeric IgGl
monoclonal antibody (MAb) currently being evaluated as
an immunotherapy for kidney cancer. It targets carbonic
anhydrase protein (CA IX), a transmembrane carbonic
anhydrase (CA) isoform, which is regulated by VHL/HIF
pathway and hence expressed in the majority of renal cell
carcinomas (RCCs) as well as in hypoxic non-RCC tumours.
CA IX functions in pH regulation and cell migration/invasion,
and supports tumour cell survival in hypoxia and/or acidosis.
It contains a highly active extracellular catalytic domain (CA)
extended N-terminally with a proteoglycan-like region and
C-terminally with short transmembrane and intracellular
regions. Here we characterize the binding and internalization
properties of G250, as well as its therapeutic effects in
animal model, and discuss the impact of G250-mediated
immunotherapy in non-RCC tumours. We demonstrated that
G250 MAbD recognizes a conformational epitope in the CA
domain, detects the soluble CA IX ectodomain (ECD), but
not the splicing variant, and does not cross-react with CA I,
II, and XII isoforms. We showed that G250 internalizes via
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clathrin-coated vesicles, escapes degradation in lysosomes and
enters the recycling pathway via the perinuclear compartment.
This results in long intracellular persistence and enables
consecutive internalization cycles. Moreover, the recycled
antibody maintains an intact Fc portion potentially capable
of continuous induction of antibody-dependent cell-mediated
cytotoxicity (ADCC) response, thus explaining its therapeutic
efficacy. Finally, we showed that G250 treatment is effective
against HT-29 colorectal carcinoma xenografts that differ from
RCC by more heterogeneous, hypoxia-related expression of
CA IX. These results suggest potential therapeutic usefulness
of the G250 MAD in non-RCC tumours.

Introduction

Carbonic anhydrase (CA) is a ubiquitous enzyme of funda-
mental physiological importance. As a catalyst of the
reversible inter-conversion between carbon dioxide and
carbonic acid (i.e., bicarbonate and proton), it facilitates many
biological processes dependent on intensive ion transport,
acid-base balance and biosynthetic reactions. The human
body contains 15 different CA isoforms mostly expressed
in differentiated tissues, among which carbonic anhydrase
protein (CA IX) plays a special role as an active component of
the tumour phenotype (1).

CAIX possesses several attributes that support its relevance
for cancer biology: i) it is present in only few normal tissues,
namely in gastrointestinal epithelia (2); ii) it is expressed in
a broad spectrum of tumours, mostly carcinomas (3); iii) its
expression is associated with von Hippel Lindau (VHL)
inactivation that occurs in a high percentage of renal cell carci-
nomas (RCCs) (4); iv) it is linked to hypoxia and associated with
an aggressive phenotype of various non-RCC tumours (5); v) it
is strongly activated on the transcriptional level by hypoxia
inducible factor (HIF) (predominantly HIF-1 isoform) via the
HRE localized next to the transcription initiation site (6); vi) it
is induced by hypoxia at the functional level (7,8); vii) it is
involved in signal transduction to the PI3K/Akt pathway and
from the hypoxia-activated protein kinase A (PKA) (8.,9);
viii) it plays an active role in tumour biology as a component
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of pH-regulating machinery that protects tumour cells from
stress induced by hypoxia and oncogenic metabolism, and
thereby contributes to tumour cell survival and treatment
resistance (10-12); ix) it also facilitates cell dissociation, adhe-
sion and migration/invasion (13-15); x) it is exposed on the cell
surface with its catalytic domain and N-terminal proteoglycan
region facing the extracellular space and thus being accessible
for ectodomain (ECD)-specific antibodies and inhibitors of
catalytic activity (7,16-18); xi) it is a highly stable protein that
can be shed in a metalloproteinase-dependent manner (19-21);
and xii) there are several monoclonal antibodies, which
are specific for different domains of CA IX with excellent
detection and anticancer properties, and promising selective
inhibitors of CA IX enzyme activity are also under develop-
ment (17,22-28).

CA IX exhibits particularly frequent, strong and diffuse
expression in clear cell renal cell carcinomas (ccRCC). These
tumours usually grow from lesion with mutations/deletions of
the VHL tumour suppressor gene that lead to functional inacti-
vation of the corresponding protein (29). VHL protein (pVHL)
is a component of an E3 ligase complex responsible for the
normoxic degradation of hydroxylated HIF-o subunits and
subsequent inhibition of HIF-mediated responses. Inactivation
of pVHL results in a constitutive activation of the HIF
pathway and overexpression of the HIF targets, including
CA IX (4,6,30,31). However, VHL-defective RCC tumours
show a shift from HIF-1a toward HIF-2a phenotype in the
later stages of cancer progression and therefore expression of
CA IX (and other HIF-1 targets) decreases (32). This is the
reason for the association of decreased CA IX expression with
poor prognosis of RCC patients, although the cut-off value of
85% of positive cells suggests that the CA IX level may still
be high enough to achieve good therapeutic targeting (33).
Moreover, expression of CA IX can be further increased by
treatment with IL-2 or interferon (IFN)-vy, thus offering a
strategy for enrichment of the target density for the purpose of
immunotherapy (34,35).

The situation is different in non-RCC tumours, which are
not affected by VHL mutations. Here, the level and distri-
bution of CA IX correlate primarily with the presence of
microenvironmental hypoxia that results in stabilization and
activation of the HIF-a subunits (6). Indeed, CA IX is often
detected in perinecrotic areas and in areas more distant from
perfused vasculature and thus its expression is much more
variable (from focal to diffuse) and heterogeneous (from weak
to strong) than in RCC. This might complicate the immuno-
therapeutic targeting of such tumours, although earlier studies
in mouse models indicate that this is not the case (17,36).

G250 monoclonal antibody (MADb) has been raised against
an RCC-associated antigen named G250, which was later
proven to be identical to CA IX (also called MN) (22,37,38).
The chimeric version of the antibody, cG250, functions prin-
cipally via antibody-dependent cell-cytotoxicity (ADCC).
In Phase II clinical studies in patients with metastatic RCC
it showed excellent accumulation in RCC, both primary
and metastatic, and increased median survival and overall
survival rates (39-42). The Phase I/1I study of the combination
therapy of ¢G250 with low dose IFN-a indicated that it was
safe, well-tolerated and with clinical benefit for patients with
progressive metastatic RCC (43). The Phase III ARISER study
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with cG250 monotherapy as an adjuvant treatment of nephrec-
tomized ccRCC patients who are at high-risk of disease
recurrence, showed that subjects with a high tumour CA IX
score have a significantly improved disease-free survival (44).

Successful clinical development of ¢G250 in RCC and
significance of CA IX as an intrinsic component of tumour
hypoxia in a broad spectrum of cancers promoted interest
in the possible application of a similar immunotherapeutic
approach in non-RCC tumours. However, before initiation
of clinical studies, it was important to better characterize the
binding properties of ¢cG250 to CA IX antigen in different
physiological conditions, its kinetics and mode of internaliza-
tion, fate and integrity of the internalized antibody, and in vivo
therapeutic effects of ¢cG250 in a non-RCC model. This report
summarizes the results of such characterization, which indi-
cate that the therapeutic targeting of non-RCC tumours with
c¢G250 is feasible.

Materials and methods

Antibodies, inhibitors and recombinant fusion proteins. The
parental mouse MAb mG250 (IgG2a) and its human-mouse
IgG1 chimeric version ¢cG250 (Rencarex/Girentuximab) were
provided by WILEX AG.The human CA IX PG domain-specific
monoclonal antibodies M75 and [V/18, and CA domain-specific
monoclonal antibodies VII/20, V/12 and V/10 were described
previously (24). The mouse CA IX-specific MAb AM4 was
also described earlier (45). Homosulfanilamide, a CA inhibitor
with an IC50 of 0.1 mM, determined as inhibition of extra-
cellular acidification mediated by CA IX in cell culture (7),
was provided by Professor Claudiu T. Supuran (University of
Florence). GST-CA (GST fused to full-length human CA IX
protein) and GST-Car9 (GST fused to full-length mouse
CA IX protein) were described before (24,45).

Cells. For the experiments described in this report, we used
MDCK canine kidney cells permanently transfected with
the full-length human carbonic anhydrase (CA9) cDNA in
the pSG5C plasmid (MDCK-CAY9) or with plasmids derived
thereof encoding a CA domain deletion variant (MDCK-ACA),
a PG domain deletion variant (MDCK-APG) and a human
alternatively spliced protein truncated in the C-terminal
part of the CA domain (MDCK-hAS). Mock-transfected
cells (MDCK-neo) were used as a negative control. The
CGL3 tumourigenic cell line (HeLa x fibroblast hybrid)
with high normoxic expression of CA IX and moderate
induction by hypoxia (20) was kindly provided by Professor
Eric J. Stanbridge (University of California, Irvine). Human
HT-29 colorectal carcinoma cells (ATCC), which express
CA IX at high endogenous level, were used for in vivo experi-
ments. The cells were routinely cultured in DMEM with 10%
FCS (BioWhittaker, Inc.). Hypoxic treatments were done in a
hypoxic workstation (Ruskinn Technology, Ltd.) in a mixture
of gases containing 2% O,, 5% CO,, 10% H,, and 83% N,.

ELISA. Microplate wells were coated overnight at 37°C with
the RIPA cell extracts diluted in PBS or 10 ng/well of GST
fusion proteins. After blocking with 10% FCS in PBS, the
coated wells were incubated with 10 gg/ml of mG250 or cG250,
depending on the experimental setting. Peroxidase-labelled
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pig anti-mouse IgG or goat anti-human IgG (Sigma) were used
as detectors.

ELISA for evaluation of mG250 cross-reactivity to CA I,
Il and XII. Microplate wells were coated overnight with
the following antigens diluted in PBS: purified CA 1
(200 ng/well), purified CA II (100 ng/well) and recombinant
CA XII (100 ng/well), all kindly provided by Professor Seppo
Parkkila (University of Tampere, Finland). Then, the coated
wells were incubated with mG250 and with polyclonal sera
against CA I, CA II and CA XII (all 1:1,000), respectively,
as positive controls. Peroxidase-labelled pig anti-mouse IgG
and pig anti-rabbit IgG diluted 1:5,000 (Sigma) were used as
detectors.

Competitive antibody-binding ELISA. An extract from
MDCK-CAO9 cells was adsorbed on microplate wells at a
concentration corresponding to 50% of maximal binding of
labelled M Abs. Coated plates were washed and saturated with
10% FCS in PBS. Serial 2-fold dilutions of purified mouse
MADs in 25 ul and a constant amount of biotinylated MAD in
25 ul were added and incubated overnight at 4°C. The plates
were washed and peroxidase-labelled streptavidin (Pierce
Biotechnology, Inc.) was used as a detector.

Capture-detection ELISA. Microplate wells were coated
with 50 ul/well of individual purified mouse MAbs diluted
in PBS (200 pg/ml). After blocking, washing and incubation
with the extract of MDCK-CA9 cells (1:50 in PBS), the set of
biotinylated antibodies (5 yg/ml) was added. Binding of the
detector MAbs was determined using peroxidase-conjugated
streptavidin. Results were expressed as absorbance differences
between the wells, in which CA IX antigen was present or
absent.

Competitive binding of mG250 and inhibitor. CGL3
cells (with natural, hypoxia-induced expression of CA IX)
and MDCK-CA9 cells (with constitutive, ectopic expression
of CA IX) were plated in triplicates to wells of microplates
and allowed to form a confluent monolayer overnight. Then
the cells were transferred to hypoxia (2% O,) for 24 h. The
inhibitor homosulfanilamide was diluted in culture media
and added to the cells in increasing amounts together with
a constant amount of G250 MAb (200 ug/ml based on the
saturation experiment) for the last 6 h-period of the hypoxic
incubation. Medium without the inhibitor was added to the
control sample. The cells were fixed with methanol (5 min
at -20°C) and the amount of mG250 MADb bound to cells was
determined by peroxidase-labelled anti-mouse IgG.

Immunoprecipitation. Tested mG250 MAb, M75 (as an
anti-PG domain control) and VII/10 (as an anti-CA domain
control) were bound to a 25 ul 50% suspension of Protein A
Sepharose (Pharmacia) for 2 h at RT. Biotinylated extracts
of MDCK-CA9, MDCK-ACA, MDCK-APG, MDCK-hAS,
and CGL3 cells (200 ul each), or media from biotinylated
CGL3 cells treated with PMA (activator of shedding) and
MDCK-hAS cells (1,500 ul) were pre-cleared with 20 ul of
a 50% suspension of Protein A Sepharose and then added
to bound MAb. Immunocomplexes collected on Protein A
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Sepharose were washed, boiled 5 min in Laemmli loading
buffer and separated by SDS-PAGE on a 10% gel. Afterwards,
the proteins were transferred onto a PVDF membrane and
detected with peroxidase-conjugated streptavidin (1:1,000;
Pierce Biotechnology, Inc.) followed by ECL.

Protein-A binding analysis by flow cytometry. HT-29 cells
were incubated with 100 xg/ml mG250 antibody for 1 h at
37°C to recruit the maximum of MAD to CA IX at the cell
surface. Subsequently, the cells were washed to remove
unbound antibody and left in fresh medium at 37°C for the
internalization of bound mG250 for different periods of
time (0, 3, 24, 48 and 72 h). At the end of the internalization
period, Fc portions of the antibody remaining/recycled on/to
the cell surface were detected by Protein A conjugated with
Alexa Fluor 488 (Invitrogen Life Technologies) diluted 1:100
for 2 h at 4°C to prevent continued internalization. Data acqui-
sition and analysis were performed on a Guava flow cytometer
using CytoSoft software.

Immunofluorescence internalization assay. Cells plated on
sterile glass coverslips 24 h before the experiment were incu-
bated with 10 pg/ml ¢cG250 antibody for 30 min at 4°C to recruit
the MAb to CA IX at the cell surface. Subsequently, the cells
were washed to remove any unbound antibody and transferred
to 37°C for various time intervals to allow for the internaliza-
tion of CA IX-bound G250. Alternatively, the MAb was left in
the medium throughout the experiment. At the end of the inter-
nalization period, the cells were washed and fixed in ice-cold
methanol at -20°C for 5 min and sequentially treated for 1 h at
37°C with anti-human Alexa-conjugated antibody (Invitrogen
Life Technologies) diluted 1:1,000 to detect internalized cG250.
Finally, the cells were thoroughly washed, mounted onto slides
in the Fluorescent Mounting Medium (Calbiochem), analysed
with a Leica DM4500 B microscope and photographed with a
Leica DFC480 camera or by a confocal laser-scanning micro-
scope Zeiss LSM 510 Meta.

Animal experiments. The therapeutic effect of MAb G250 was
investigated in nude mice with tumour xenografts generated
from HT-29 colorectal carcinoma cells. Animal handling
was approved by the Slovak Veterinary Administration in
accordance with EU regulations. For the immunotherapy
experiment, 3 x 10° HT-29 cells in 200 p1 of PBS were grafted
subcutaneously to the mouse back. Immediately (within
1 h) after tumour cell grafting, one group of mice received
intravenous injections of 100 ug/dose of mG250 in PBS and
the other two groups received PBS without the MAb. All
subsequent injections were given into the tail vein twice a
week throughout the tumour growth (39 days). To get closer
to the situation in humans, where treatment is initiated only
after detection of the growing tumour, a delayed mG250
treatment was started in the second group from day 10 after
xenografting when the first tumours became palpable. Then
the regimen of the treatment was the same as for the first
group of animals. The third, control group received only PBS
injections at the same time points as the antibody-treated
animals. Tumour diameters were regularly measured and
recorded. On the day of sacrifice, tumours were dissected,
weighed and processed for immunohistochemistry. Serum
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Figure 1. G250 monoclonal antibody (MAb) binding properties - domain specificity. (A) The target domain of the parental murine mG250 and chimeric
¢G250 MAbs was determined by ELISA using the following antigens: a recombinant fusion protein composed of the catalytic domain of carbonic anhydrase
protein (CA IX) (aa 191-397) fused to GST (GST-CA) and GST alone, extract of transfected MDCK cells expressing the full-length CA IX (MDCK-CA9), or
the deletion variant lacking the PG domain (MDCK-APG), or the deletion variant lacking the carbonic anhydrase (CA) domain (MDCK-ACA). (B) The CA
domain specificity of G250 MAb was confirmed by immunoprecipitation of the full-length human carbonic anhydrase gene (CA9) and its deletion variants
from biotinylated cell extracts with G250 MAbD as well as with M75 and V/10 MAbs as controls as described in Materials and methods. (C) The competitive
ELISA was performed with the biotin-labeled G250 competing for binding to CA IX antigen from MDCK-CA9 cell extract against increasing concentrations
of the simultaneously added non-labeled CA IX-specific antibodies characterized previously by Zatovicova et al, 2003, including the antibodies M75 and 18
specific for the PG domain and the antibodies 10, 12,20, 28, 32 and 38 specific for the CA domain. The extent of competition was expressed in % relative to the
G250 binding in the absence of competitor. (D and E) The relative position of the antigenic site of G250 among the other CA IX-specific monoclonal antibodies
was schematically illustrated on Chequer-board maps of antigenic sites delineated on the basis of (D) the competitive binding ELISA and (E) capture-detection
ELISA described in Materials and methods. Results are expressed (D) as percentage of absorbance measured in the absence of competitor antibody or (E) as
absorbance resulting from the cooperative binding of capture-detector antibodies, which indicates spatial separation between the epitopes of the paired
antibodies. (F) Schematic illustration of relative positions of the binding sites for the monoclonal antibodies deduced on the basis of their domain specificity
and mutual binding relationships. Scissors indicate the region of the ectodomain (ECD) cleavage.

samples were also collected from all groups to detect the  wells overnight at 4°C. After blocking and washing, mouse
CA IX ECD. serum samples were diluted 1:2 in PBS and added to the coated

wells (100 ml/well) for overnight binding at 4°C. The attached
ELISA detection of shed human CA IX ECD in mouse  antigen was then allowed to react with biotinylated M75 MAb
serum samples. The capture antibody VII/38 (10 mg/ml, diluted 1:5,000 (200 ng/ml) in PBS. The amount of bound
100 ml/well) was immobilized on the surface of microplate  detector antibody was determined after 1 h incubation with
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the peroxidase-conjugated streptavidin (Pierce Biotechnology,
Inc.) using the peroxidase substrate ortho-phenylene
diamine (Sigma).

Results

Binding of cG250 MAb to CA IX deletion variants. Earlier
studies showed that G250 MAb interacts with the native
CA IX protein, but its domain specificity has remained
unknown (22). Thus, we first analysed the binding of G250
MAD to CA IX variants with deletions of various parts of the
molecule. ELISA with these CA IX-related antigens revealed
that G250 MAD (both mouse and chimeric versions) bound
only to those variants that contained an intact CA domain,
including GST-CA and extracts from MDCK-CA9 and
MDCK-APG cells (Fig. 1A). Accordingly, mG250 MAb was
capable of immunoprecipitating only the full-length CA IX
protein and its APG variant (Fig. 1B), but not the ACA variant
lacking the catalytic domain, as was shown previously for
other CA domain-specific MAbs (24). A competitive anti-
body-binding ELISA was then performed to analyse mutual
relationships among these MAbs and derive the position of
mG250 on the epitope map of the CA IX antigen. Only the CA
domain-specific antibodies VII/20, V/12 and V/10 were able to
compete for the binding to CA IX with labelled mG250 to an
extent similar to the homologous competition by non-labelled
mG250 (Fig. 1C). A capture-detection assay corroborated the
relationships between the antibodies with minor differences
attributable to the different arrangement of the assay (Fig. 1D).

Binding of cG250 MAb to naturally occurring CA IX vari-
ants, orthologs and other CA isoforms. CA IX protein exists
in three naturally occurring forms, namely the full-length
protein, the ECD shed to extracellular space and the alter-
natively spliced (AS) variant that is partially intracellular
and partially secreted (20,21,46). The CA IX ECD can be
detected in body fluids of cancer patients and appears to have
a prognostic/monitoring value (47-53). On the other hand, the
truncated AS variant is produced at a low level independently
of hypoxia and tumour phenotype and for immunotherapy
its interaction with CA IX antibodies is not desirable due to
possible interference with the binding of the clinically relevant
CA IX molecules (46). Indeed, ELISA and immunoprecipita-
tion of CA IX variants from extracts of transfected cells or
natural CA IX expressors demonstrated that mG250 MAb
recognizes only the full-length CA IX protein and its extracel-
lular domain shed to medium, but not the AS variant lacking
the C-terminal part of the catalytic domain (Fig. 2A and B).

Since G250 binds to the CA domain, we analyzed whether
it can also recognize related CA isoforms (particularly those
that could be co-expressed with CA IX in tumour cells). We
used ELISA to test the binding of G250 MAb (both mouse
and chimeric versions) to purified CA I, CA II, and CA XII
antigens, and found that G250 did not bind any of the CA
isoforms tested (Fig. 2C). Moreover, neither mouse nor rat
CA IX orthologs interacted with G250 suggesting that it
specifically reacts with the human CA IX antigen (Fig. 2D).
Therefore, it can be investigated in animal models with human
tumour xenografts, but not with natural, induced, syngeneic
tumours or mouse/rat xenografts.
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Figure 2. G250 monoclonal antibody (M Ab) binding properties - antigen/iso-
form specificity. (A and B) Binding of the G250 M AD (its mouse and chimeric
versions) to the full-length carbonic anhydrase protein (CA IX) protein
versus the alternatively spliced variant was determined by ELISA using the
extracts of MDCK cells transfected with the full-length human carbonic
anhydrase gene (CA9) cDNA (MDCK-CAY), its splicing variant lacking the
exons 8 and 9 (MDCK-hAS), and mock-transfected control (MDCK-neo).
(C) Ability of mG250 MAD to recognize the full-length CA IX (FL) and
its ectodomain (ECD), but not the alternatively spliced variant (hAS) was
demonstrated by immunoprecipitation using the extracts and media from
CGL3 cells naturally expressing CA IX and from the transfected MDCK
cells (MDCK-hAS), followed by the western blotting with the M75 MAb.
(D) CA IX isoform specificity of the mG250 and ¢G250 MAbs was proven
by ELISA using purified antigens of the CA I, II, IX and XII isoenzymes
as described in Materials and methods. (E) ¢G250 specificity for the
human CA IX was shown by ELISA using the mouse CA IX fused to GST
(GST-Car9), extracts of NIH3T3 cells transfected either with the human CA9
cDNA or with the mouse rodent carbonic anhydrase gene (Car9) cDNA, and
hypoxic Rat 2-TK-cells naturally expressing rat CA IX. M75 MAb, which
recognizes both human and rat CA IX, and MAb AM4, which recognizes
mouse CA IX, were used for control.

Binding of cG250 MAb to CA IX in presence of CA inhibitor.
The CA domain of CA IX is a globular structure containing
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Figure 3. ¢cG250 monoclonal antibody (MAb) binding in presence of car-
bonic anhydrase (CA) inhibitor homosulfanilamide. (A) CGL3 cells and
(B) MDCK-CAJY cells were plated in triplicate wells to microplate and allowed
to form confluent monolayers overnight. Then the plates were transferred to
hypoxia (2% O,) for 24 h. Control plates were maintained in normoxia. CA
inhibitor was added to cells in increasing concentrations together with a con-
stant amount of cG250 MAb (200 pg/ml based on the saturation experiment)
for the last 6 h of the incubation period. Then, cells were fixed with methanol
and ¢G250 MAD binding was determined by peroxidase-labeled anti-human
IgG. The difference in absorbance values between hypoxia and normoxia
corresponds to hypoxic induction of carbonic anhydrase protein (CA IX) in
CGL3 cells. MDCK-CAJ9 cells have similar absorbance values for normoxia
and hypoxia because these transfected cells express CA IX constitutively.
(C) ¢G250 binding to CGL3 cells in absence and presence of the inhibitor
was also visualized by immunofluorescence. The cells were grown as
described in (A) and (B), transferred to hypoxia and treated with inhibitor at
10 mM concentration together with ¢cG250 MADb (200 pg/ml).

the enzyme active site that is located in a large conical
cavity with the catalytic zinc at the bottom (54). This active
site can accommodate different types of carbonic anhydrase
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inhibitors (CAls). Since CA IX activity plays an important
role in tumour biology, these inhibitors have been investigated
as clinically promising tools for detection and therapeutic
targeting of hypoxia-activated CA IX (11,18,55). We previously
showed that the FITC-conjugated homosulfanilamide
inhibitor (FITC-CAI) binds to CA IX expressed in hypoxic
cells (7). Here we examined whether interaction of cG250 MAb
to the catalytic domain of CA IX is affected by FITC-CAI
binding to the active site. To this end we used a competitive
ELISA on monolayers of hypoxic cells, namely CGL3 cells with
natural CA IX expression and MDCK-CAO9 cells with ectopic
CA IX expression. FITC-CAI was added in increasing amounts
together with a constant amount of cG250 MAb (200 ug/ml
based on the saturation experiment, data not shown). CAI did not
block the internalization of ¢cG250 either (Fig. 3C). Moreover,
in both cell lines, FITC-CAI did not reduce ¢cG250 MAb
binding (Fig. 3A and B), indicating that cG250 does not bind in
or close to the active site, but rather interacts with the backbone
of the catalytic domain. This suggests that CA IX-expressing
hypoxic tumours can be potentially subjected to a combination
treatment with cG250 and CAL

Internalization of ¢G250: co-localization with CA IX, the
effect of cell density and hypoxia. Binding of cG250 MAb to
CA IX was shown to trigger receptor-mediated internaliza-
tion, a process that has particular impact on the outcome of
immunotherapy targeted to cancer-related antigens (56). Since
we wanted to learn more about the temporal and mechanistic
aspects of ¢G250 internalization, we followed the localization
and fate of the internalized antibody for different time periods
and under different conditions.

To analyze whether ¢cG250 co-localizes with CA IX
during the internalization path, the MAb was first recruited
to the cell surface CA IX at 4°C, then unbound antibody
was washed away, internalization was initiated at 37°C and
allowed to proceed for 3, 6, 24 and 48 h. In all internaliza-
tion periods, staining signals of cG250 antibody and CA IX
antigen overlapped (Fig. 4A) suggesting that cG250 antibody
remains associated with the antigen. Interestingly, intracel-
lular staining of both ¢G250 and CA IX prevailed up till 24 h
of internalization, whereas samples incubated for 48 h showed
the membrane staining, apparently due to recycling of the
¢(G250-CA IX complex back to the cell surface. Moreover, the
analysis of ¢G250 internalization under hypoxia (2% O,) and
in acidic extracellular pH revealed that cG250 enters the intra-
cellular space independently of these physiological conditions
and confirms that it also remains associated with CA IX inside
the cell (Fig. 4B). Interestingly, cG250 antibody remained
associated with the cells at least for 3 days, even when the cells
were split and re-plated (data not shown).

The distribution of immunotherapeutic antibodies in solid
tumours reflects different physiological barriers including
high cell density (57). We therefore examined internalization
of ¢G250 in a highly packed cell monolayer under normoxia
and hypoxia, respectively, using MDCK-CA9 cells with the
constitutive expression of CA IX and CGL3 cells with high
endogenous expression of CA IX. We found that cG250 MAb
was unable to internalize into dense cells under normoxia,
whereas hypoxia facilitated internalization presumably due to
release of tight cell-cell contacts (Fig. 4C). This suggests that
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Figure 4. G250 monoclonal antibody (MAD) internalization: co-localization
with carbonic anhydrase protein (CA IX) and effects of hypoxia, pH and cell
density. In all experiments, cells were incubated with ¢G250 for 30 min at
4°C to recruit the MAb to CA IX at the cell surface, then washed to remove
any unbound antibody and transferred to 37°C for various time periods
to allow for the internalization of CA IX-bound G250. At the end of the
internalization period, the cells were washed, fixed and treated with labeled
secondary antibodies (green, anti-human to detect cG250; red, anti-mouse to
detect CA IX antigen), then washed and analyzed by confocal microscopy.
(A) cG250-CA IX co-localization was evaluated in normoxic MDCK-CA9
cells subjected to different cG250 internalization periods. (B) The effect
of hypoxia and acidic pH was analyzed in MDCK-CAO9 cells during a 3 h
internalization period. The data show co-localization of ¢cG250 with CA IX
during the entire internalization experiment and demonstrate that hypoxia
positively affects MADb internalization to densely cultivated cells. C) The
effect of hypoxia on internalization in dense cells was evaluated using both
MDCK-CA9 and CGL3 monolayers in comparison to internalization in
sparsely and densely growing normoxic cells.

CA IX present on the surface of hypoxic and/or HIF-activated
cancer cells can mediate antibody-induced internalization
despite high local cell density.
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B

Figure 5. Internalization of two consecutively added cG250 monoclonal anti-
body (MAD) doses. (A) Experimental scheme showing time intervals between
the Ist and 2nd antibody doses directly labeled with Alexa dyes (red, 594 and
green, 488). The 1st dose of the cG250-Alexa 594 antibody (10 pg/ml) was
recruited to carbonic anhydrase protein (CA IX) antigen for 30 min at 4°C.
Then, unbound antibody was washed and the cells were transferred to 37°C for
various time intervals to allow for the internalization of CA IX-bound ¢G250.
At the end of each interval, the 2nd cG250-Alexa 488 antibody (10 xg/ml) was
added and allowed to internalize for 3 h. Then the cells were washed, fixed
and analyzed by confocal microscopy. (B) Immunofluorescence analysis of
the internalized antibodies showing that the second antibody internalized
equally well independently of the time passed (0, 1,24, 48 and 72 h) from the
internalization of the 1st antibody.

Consecutive internalization cycles of ¢G250 MAb. We
then investigated whether cG250 MAD is able to undergo
consecutive internalization cycles via newly produced and/or
unoccupied CA IX antigen present on the cell surface. The
experimental scheme utilizing consequent green- and
red-labelled G250 M Abs was set as shown in Fig. 5A. Confocal
microscopic analysis revealed that both antibodies bound
to CA IX and internalized irrespective of the time interval
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Figure 6. Internalization path of G250. (A) CGL3 cells were incubated at 37°C in medium containing G250 monoclonal antibody (MAb) and Alexa 568-labeled
transferrin (TR). Membrane-bound TR and mG250 were acid-stripped either immediately before fixation (at 30 min and 1 h intervals) or after 3 h (for 24 h
interval) and the rest of the incubation was done with TR/G250-free medium. Then the cells were fixed, treated with Alexa 488 anti-mouse IgG to detect
mG250, washed, and analyzed by confocal microscopy. (B) MDCK-CAO9 cells were incubated with the FITC-conjugated mG250 MAb for 30 min at 4°C, then
were transferred to 37°C for 3 h and 75 nM LysoTracker Red was added to the medium with mG250-FITC MAD 30 min before the end of the experiment.
Finally, the cells were washed and immediately subjected to confocal analysis. (C) MDCK-CAO9 cells were treated first with 5 M nocodazole for 1 h, then
3 pg/ml of the mG250 MAD was allowed to bind to cells for 30 min at 4°C, the cells were transferred to 37°C for 3 h to permit internalization. Unbound
antibody was washed and cell surface-bound antibody was acid-stripped, the fresh medium (with or without nocodazole) was added to one pair of dishes to
continue the intracellular processing of the mG250 MAb for additional 69 h. At the end of the internalization period, cells were washed, fixed, incubated with

Alexa 488 anti-mouse IgG, washed again and analyzed by confocal microscopy.

between their addition to cells (see Fig. 5). Interestingly,
there were no big differences in the subcellular localization
of the Ist versus 2nd antibody, and both antibodies showed
considerable co-localization. A slight difference could be seen
in the 1-h sample, where the red signal seemed to dominate in
the intracellular space, while the green signal prevailed on the
cell surface. In the samples with 24 and 72 h internalization
period, both red and green signals overlapped, while a slight
red intracellular staining was visible again in the sample with
the 48 h internalization period. These very subtle differences
might reflect partly asynchronous movement (e.g., time-shift
in internalization-recycling) of the red and green MAbs in
the cells.

cG250 internalization pathway, recycling and integrity
of Fc fragment. To gain insight into the fate of internalized
c¢G250 we used several inhibitors and markers of the inter-
nalization pathways. We could see that the pattern of cG250
internalization is very similar to transferrin (TR) a molecule
known to enter cells in a clathrin-dependent manner (Fig. 6A).
Consistent with this, nystatin, a cholesterol-aggregating
inhibitor of clathrin-independent endocytosis, did not have any
effect on ¢G250 internalization (data not shown). Moreover,
no major differences in ¢G250 internalization patterns were
observed following treatment with the lysosomotropic agent
concanavalin A (data not shown). Indeed, cG250 M Ab showed
no or only a minor overlap with LysoTracker Red lysosomal
marker in support of the idea that the major part of the anti-
body escapes lysosomal degradation and enters the recycling

pathway (Fig. 6B). Finally, we performed internalization of
¢(G250 in the presence of nocodazole, a microtubule-disrupting
agent, which reduces the transit of internalized molecules to
the perinuclear compartment and thereby inhibits their recy-
cling. This led to loss of perinuclear localization of cG250,
diminished recycling to the plasma membrane and to its
diffuse distribution throughout the entire cytoplasm (Fig. 6C).

We further evaluated the internalized/recycled cG250
MAD with respect to the integrity of its Fc portion, which
mediates ADCC response, i.e., directs cytotoxic activities of
effector cells against the target cell. We first examined the
capacity of ¢G250 to bind Protein A in immunofluorescence
analysis, which showed that the antibody can bind Protein A
at each point of the internalization cycle, i.e., initially on
the cell surface, then inside the cells and finally on the cell
surface again (Fig. 7A). Flow cytometric analysis of HT-29
cells that highly express CA IX revealed that the percentage
of Protein A-positive cells (in which Protein A was bound to
c¢G250 MAD attached to CA IX at the surface of living cells)
decreased from initial 72 to 55% after 3 h internalization
and to 18% after 24 h (Fig. 7B). This decline agrees with the
strength of the intracellular signal observed in immunofluo-
rescence and suggests a reduction of the antibody on the cell
surface as a consequence of internalization. On the other hand,
gradual elevation of the Protein A-binding cells to 31% after
48 h and 45% after 72 h suggests that the antibody recycled
back to the plasma membrane, although it did not reach the
initial level (Fig. 7B). This reduction could be due either to
partial degradation of the internalized antibody or, more



INTERNATIONAL JOURNAL OF ONCOLOGY 45: 2455-2467, 2014

A mG250 (amlgG)
4°C

Fc (Protein A)

3h

37°C

24 h

48 h

72 h

% of positive cells
E
(=]

=

L= =

Oh 3h 24h 48h 72h

Figure 7. Integrity of internalized and recycled G250 monoclonal anti-
body (MADb). (A) MDCK-CA9 cells were incubated with mG250 MAb for
30 min at 4°C to recruit it to carbonic anhydrase protein (CA IX) at the
cell surface, and then transferred to 37°C for 3 h to trigger internalization.
Unbound antibody was removed by washing. At the end of the subsequent
internalization period (3, 24, 48 and 72 h), the cells were washed, fixed,
incubated with either Alexa 594-conjugated anti-mouse antibody to detect
mG250 or with Alexa Fluor 488-conjugated Protein A to detect the Fc por-
tion of the mG250 MADb, and were afterwards subjected to confocal analysis.
(B) Graph shows data from the flow cytometry analysis expressed as per-
centage of HT-29 cells binding protein A to the Fc portion of G250 following
internalization for various time intervals.

conceivably, to cell division during the long internalization
periods that resulted in the relative dilution of the staining
signal. Undoubtedly, these results confirm that the recycled
antibody possesses an intact Fc portion.

In vivo anti-tumour effects of G250 in a non-RCC xenograft
model. In order to learn whether G250-based immunotherapy
can be useful in tumours other than RCC, we investigated
its anticancer effect against HT-29 colorectal carcinoma
xenografts implanted in nude mice. This model was chosen
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because HT-29 cells display high expression of CA IX even
under normoxia. Although hypoxic induction of CA IX in
monolayer culture of HT-29 cells is relatively low, its distribu-
tion in xenografts displays a typical hypoxic pattern with high
perinecrotic expression of CA IX and low or no expression
around vessels as demonstrated earlier (36).

The xenografted animals were subjected to immediate
as well as to delayed treatment with mG250 as described
above in Materials and methods. Both groups showed a signifi-
cant reduction of tumour volume and tumour weight when
compared to control, placebo-treated animals suggesting that
mG250 is capable of eliciting not only a protective, but also a
real therapeutic anti-cancer effect in a setting similar to the
treatment of cancer patients (Fig. 8A and B).

We also wanted to find out whether the presence of the
HT-29 tumour is reflected in serum levels of the CA IX ECD.
For this purpose, we adopted a capture-detection ELISA using
a combination of the CA domain-specific VII/38 MAb and
the PG domain-specific M75 MAb. The analysis revealed
detectable serum levels of the CA IX ECD in tumour-bearing
animals (Fig. 8C). Although levels of CA IX ECD did not
fully correlate with the weights of tumours (conceivably due to
differences in tumour tissue heterogeneity, extent of hypoxia
and intratumoural levels of CA IX) these data principally
support the monitoring potential of CA IX serum levels.

Discussion

In this study, we describe novel data that clarify the binding
characteristics and biological properties of the therapeutic
MADb cG250 (INN: Girentuximab) and provide the experi-
mental evidence supporting its potential usefulness in
immunotherapy of tumours other than RCC.

We show here that the G250 MAb possesses several
attributes favourable to its clinical application in targeting
of the CA IX antigen, which has a unique tumour-associated
expression pattern and biological relevance for the tumour
phenotype. These attributes include i) specific recognition
of the human CA IX protein, but not the other CA isoforms;
ii) binding to the catalytic domain without interfering with
its small molecule active site inhibitors; and iii) no binding
to the alternatively spliced variant of CA IX. Thus, our data
prove the high CA IX antigen specificity and selectivity of the
G250 MAD, which is in line with the observations of excel-
lent antibody tolerability and safety in RCC patients included
in G250 immunotherapy-based clinical trials (23). The data
also suggest that G250-mediated immunotherapy can be
potentially combined with the therapy based on inhibition of
CA IX activity. The same conclusion can be applied to the use
of G250 in CA IX-related imaging of primary and metastatic
tumour lesions.

Moreover, G250 can induce receptor-mediated inter-
nalization, as also described earlier (56). However, we
found that the CA IX-mediated internalization induced by
G250 can proceed in consecutive cycles and that in contrast
to other endocytosed ligand-receptor or antibody-antigen
complexes, G250-CA IX complex has an exceptionally long
intracellular persistence of 48-72 h. Throughout this period,
antibody-antigen interaction seems to remain undisturbed
and the complex can then recycle back to the cell surface in its
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Figure 8. In vivo anticancer effects of mG250 monoclonal antibody (MAb) on tumour growth and serum levels of shed carbonic anhydrase protein (CA IX)
ectodomain (ECD). (A) Graph illustrating volumes of tumours grown from subcutaneously xenografted HT-29 cells in mice subjected to either immediate or
delayed onset of treatment with mG250 MAD in comparison to non-treated controls (n=20 per group) as calculated from caliper measurements. (B) Tumour
weight confirming the anticancer effects of mG250 with immediate or delayed onset of therapy after engraftments of tumour cells. (C) Relationship between
individual levels of CA IX ECD shed to sera of the xenografted mice and weights of the corresponding tumours.

principally intact form with the preserved Fc part of the G250
MAD. These findings are important for the understanding of
the therapeutic efficacy of the antibody. Firstly, the consecu-
tive internalization can contribute to better utilization of the
therapeutic antibody, which does not immediately bind to
the antigen and remains in its free form in the pericellular
space, or which arrives later from the circulation. Secondly,
long intracellular persistence can potentially modulate the
intracellular signalling of CA IX, since it is known that regu-
latory receptors can either extend or cease their signalling
from endosomes (58). At present we do not have enough data
to support or exclude this assumption. Third, recycling and
cell surface exposure of the G250 antibody with the intact
Fc fragment can allow for prolonged ADCC response, which
represents its principal anticancer mode of action (59,60).
Recycling of intact G250 can also explain its long-lasting
effects in patients (61).

The Phase III clinical trial ‘ARISER’ conducted in
patients with non-metastatic ccRCC showed significant
benefit of prolonged disease-free survival of ~22 month
in patients with high CA IX score in the resected primary
tumours compared to patients in the placebo arm (44). Thus,
the situation in G250-mediated immunotherapy of RCC

seems promising in patients with tumours with high CA IX
score. Frequent and strong expression of CA IX is observed
in a high percentage of tumour cells in RCC tissues (22,33).
But, can we expect similar or any anticancer effect in
patients with other tumour types? There, CA IX expression is
heterogeneous (with respect to both loco-regional distribution
and cellular expression levels) owing to its principal link
with hypoxia (5). Importantly, more frequent and intense
expression is seen in more hypoxic and aggressive tumours.
According to the generally accepted view, hypoxic tumour
areas are poorly accessible by antibodies and drugs, because
of their greater diffusion distance from the functional blood
vessels as well as to the increased cell density (57). However,
CA IX expression is not limited to perinecrotic regions, but
rather extends toward less distant areas with less severe
hypoxia. The median distance between a blood vessel and the
beginning of CA IX expression was 80 ym (range, 40-140)
in head and neck carcinoma and bladder carcinoma (62,63)
and ~90 pm in non-small-cell lung carcinoma (64). Thus,
CA IX is found between the borders of HIF-la zone and a
zone of EF5 chemical marker of hypoxia suggesting that
CA IX induction requires lower oxygen levels than HIF-1a,
but higher than EF5 (or pimonidazole). These intermediate,
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moderately hypoxic tissue areas are known to contain
viable cells that are adaptable to hypoxic stress, resistant to
conventional therapy, and represent the principal source of
metastatic precursors (65). Indeed, it was demonstrated that
the cells expressing CA IX belong to a broader perinecrotic
area and are viable, clonogenic and resistant to killing by
ionizing radiation (66). Therefore, it appears that the G250
antibody does not need to diffuse to the most remote
distances from the irregular but leaky tumour blood vessels
to reach its target. Moreover, hypoxia is known to facilitate
metastasis through the promotion of epithelial-mesenchymal
transition, which involves initial destabilization of cell-cell
contacts via modulated expression of cell adhesion molecules
and extracellular matrix-degrading proteases (67). This
can also contribute to lower cell density and reduced
matrix stiffness, and hence to better penetration of the
antibody across the tumour tissue as well as to its improved
endocytosis. Indeed, earlier studies demonstrated that other
CA IX-specific antibodies, namely the PG domain-binding
MAb MT75 as well as the CA domain-binding MAb VII/20,
exhibit excellent tumour uptake and therapeutic efficacy,
respectively, in the mouse models with non-RCC tumour
xenografts containing hypoxic regions (17,36). Similarly,
the present study showed a considerable anticancer effect of
G250 MAD in the non-RCC setting.

Taking all these circumstances together it is imagi-
nable that the targeting of the intermediate (less distant),
CA IX-positive, moderately hypoxic tumour cell subpo-
pulation by ¢G250-mediated immunotherapy could eliminate
the most aggressive and dangerous components of tumour
tissue and potentially prevent, reduce, or delay the onset
of the metastatic process, which is the main cause of death
from cancer. Although additional extensive experimentation
is needed to support this proposal, the recent study offers
the rationale and substantiates the direction of the research
towards the application of ¢G250 in immunotherapy of
non-RCC cancer.

To conclude, we showed that G250 MAb (Girentuximab)
that is primarily evaluated as an immunotherapy for
kidney cancer, recognizes the catalytic domain of the
hypoxia-induced CA IX protein. We found that the antibody
G250 internalizes via clathrin-coated vesicles and recycles
to cell surface via perinuclear compartment. This leads to
long intracellular persistence and consecutive internalization
cycles. The recycled antibody maintains intact Fc portion
potentially capable of continuous induction of ADCC
response and high therapeutic efficacy. Finally, we showed that
G250-mediated immunotherapy is effective against HT-29
colorectal carcinoma xenografts that display heterogeneous,
hypoxia-related expression of CA IX. These results support
potential therapeutic usefulness of the G250 MAD in hypoxic
tumours other than RCCs.
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