
Abstract. Background/Aim: Carbonic anhydrase 12 (CA12)
is a membrane-associated enzyme that is highly expressed
on many human cancers. It is a poor prognostic marker and
hence an attractive target for cancer therapy. This study
aimed to develop a humanized CA12-antibody with anti-
cancer activity. Materials and Methods: Antibody libraries
were constructed and screened by the Retrocyte display®.
Antibody binding and blocking properties were determined
by ELISA, flow cytometry and enzymatic activity assays.
Spheroid viability was determined by Cell-Titer-Fluor assay.
Results: We developed a novel humanized CA12-specific
antibody, 4AG4, which recognized CA12 as an antigen and
blocked CA12 enzymatic activity. Our humanized CA12-
antibody significantly inhibited spheroid growth of lung
adenocarcinoma A549-cells in vitro by blocking CA12
enzymatic activity. Similar anti-tumor effects were
recapitulated with CA12-gene knockout of A549-cells.
Conclusion: Our newly identified humanized CA12-antibody
with anti-cancer activity, represents a new tool for the
treatment of CA12-positive tumors.

Carbonic anhydrases are enzymes that are involved in
cellular pH homeostasis by catalyzing the reversible inter-

conversion of a carbon dioxide and a water molecule into
dissociated-ions of carbonic acid (bicarbonate & hydrogen
ions). There are 15 different CA isoforms known in
mammalian cells differing in their sub-cellular localization
and activity, of which four CAs (CA4, CA9, CA12 & CA14)
are membrane-associated and expressed on the cell surface.
CA9 and CA12 were shown to have cancer-specific
expression in several human cancers and further to be
overexpressed in hypoxic tumors favoring cancer
progression, metastasis and poor patient survival (1-3).
Hypoxic cancer cells are known to switch their cellular
metabolism from oxidative phosphorylation to anaerobic
glycolysis producing lactic acid that increases extracellular
pH (pHe) in the tumor micro-environment (4-6). 

Hypoxia-induced exofacial CA9 and CA12 expression has
been shown to play a key role in developing resistance to
tumor hypoxia and extracellular acidosis (4, 5).
Mechanistically, CA9 and CA12 produce and transport
bicarbonate ions into the cells through anion exchangers and
Na+/HCO3− co-transporters (7) leading to favorable
intracellular pH (pHi) for cancer cell growth and
proliferation and on the other hand causing unfavorable
extracellular acidosis to the non-cancerous stromal cells in
the tumor micro-environment (8). Dysregulation of pHi
either by small-molecule inhibitors or by knockdown of CA9
or CA12 has been shown to reduce tumor growth and
migration (8, 9) and hence inhibiting CA9 or CA12
enzymatic activity has been considered as an attractive anti-
cancer therapeutic strategy (10). 

An important role of carbonic anhydrases in cancer was
suggested more than two decades ago (11) and the two
known cancer-associated carbonic anhydrases so far, CA9
(12) and CA12 (13), were characterized in 1990’s. However,
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most of the progress in understanding their role in
tumorigenesis and the anti-tumor mechanisms behind their
inhibition has been achieved only in recent years (8, 14).
Functional implication of CA9 in tumor physiology (15) and
its therapeutic potential have been extensively studied by its
targeting with both small molecule-inhibitors and antibodies
(16, 17). At least two small molecule-inhibitors targeting
CA9 have entered phase I clinical trials (18, 19) and one
antibody is in phase III clinical trial for the treatment of clear
cell renal cell carcinoma (20). Numerous antibody formats
such as, antibody-dependent cellular cytotoxicity (ADCC)
antibodies (21), antibody-drug conjugates (ADCs) (22) and
radio-labeled antibodies (23, 24) have been studied for their
therapeutic efficacy by targeting CA9 (25). On the other
hand, the anti-cancer therapeutic approach of targeting CA12
has been relatively less explored (26, 27).

Blocking the enzymatic activity of CA12 by antibodies
compared to small-molecule inhibitors is a very novel and
safe approach due to the high specificity of antibodies.
However, it is extremely challenging to identify antibodies
that can block enzymatic activity just by specifically binding
on the surface of the CA12 protein without having any direct
interactions with the CA12 catalytic pocket. So far, there is
only one well-characterized antibody reported for blocking
CA12 enzymatic activity (26, 28), but it is a fully rat
antibody, making it difficult to translate this antibody into a
human setting. Hence, in the current study, we aimed to
generate humanized monoclonal antibodies with anti-cancer
activity by blocking the CA12 enzymatic activity. 

Materials and Methods
Heavy- and light-chain recovery. Genomic DNA was isolated from
FACS-single cell sorted cell population (Macherey-Nagel GmbH &
Co. KG, Düren, Germany). VH and Vĸ genes were amplified by
PCR, sequenced and cloned into expression vectors. The resulting
ligated plasmids were transfected into CHO cells for antibody
expression and purification.

Retrocyte Display® cellular antibody libraries. Retrocyte displayed
cellular antibody libraries were constructed as previously described
(29). Briefly, heavy- and light-chain gene libraries were packaged
separately into replication-incompetent retroviral particles in HEK
293 cells expressing gag-pol and env genes (pVPack vector system,
Stratagene, La Jolla, CA, USA) using FuGENE6 Transfection
Reagent (Roche Diagnostics Deutschland GmbH, Mannheim,
Germany) according to manufacturer’s instructions. The resulting
retroviral supernatants were harvested after three days and kept
frozen at –80˚C. 1624–5 pre-B cells were spin-transduced with
retroviral supernatants for 3 h at 30˚C as previously described (30).
Heavy- and light-chain gene libraries were transduced separately
and sequentially. Transduction was done in 6-well plates (Cellstar,
Greiner Bio-One Vacuette Switzerland GmbH, St. Gallen,
Switzerland) with 1.5×108 cells per plate and in Eppendorf
centrifuges. Following transduction, cells were transferred in
Erlenmeyer flasks (3×106 cells/ml) and allowed to expand for 24 h.

Flow cytometry. CA12 binding antibodies were identified by flow-
cytometric analysis of the Retrocyte Display® cellular antibody
libraries using the following antibodies; Fc-block 1:200, IgLambda-
PE 1:80, CA12-biotin 1:1000 & SAV-APC 1:1000.

Fluorescence-activated cell sorting (FACS) was performed using
BD FACS Aria I or II with FACS Diva software (Becton-Dickinson
Switzerland Sàrl, Eysins, Switzerland). Each round of FACS
enrichment was performed using labeled CA12 for 30 min at 4˚C.
Streptavidin (SAV) coupled to PE or APC was added for 15 min at
4˚C for detection of biotinylated antigen. Bound non-specific cells
were gated out during FACS. In addition, anti-human IgL antibody
was used to visualize antibody expression levels. All washes
between labelling reactions were done by centrifuging cells for 10
min at 300 rpm at 4˚C in PBS with 2% FCS. Single cell clones were
analyzed in 96-well plates on a BD FACS Calibur. All flow
cytometry data were analyzed using FlowJo software (Treestar Inc.,
Ashland, OR, USA).

ELISA. Immuno™ Nunc 96-well plate was coated with 100 μl of 2
μg/ml CA9 or CA12 in PBS buffer per well. The plate was sealed
and incubated overnight at 4˚C. After incubation, the plate was
washed twice with PBS buffer and blocked with 1% Bovine gelatin
in PBS for 1 h at RT (room temperature). Gelatin was washed twice
with PBS and then incubated with primary antibody at a
concentration of 5 μg/ml for about 1.5 h at 37˚C. Unbound primary
antibody was removed by washing thrice with PBS. Secondary-HRP
(Horse Radish Peroxidase) conjugated antibody (anti-human
1:20,000 and anti-rat 1:10,000) was incubated for about 1 h at RT
and washed thrice with PBS. HRP substrate, freshly prepared TMB-
solution pre-warmed to RT was added and incubated for 30 min at
RT in the dark place. The HRP reaction (color formation) is stopped
by adding 2 N H2SO4, which turns the TMB substrate into a stable
yellow color and then absorbance is read at 450 nm in a 96-well
plate reader, Synergy™ H1 multi-mode microplate reader from
BioTek, Luzern, Switzerland.

Antibody production. CA9 antibodies MSC8 (25) & MSC12 (25)
and CA12 antibody 6A10 (28) with specific binding and blocking
activity, published by us and other groups, were re-cloned and
produced at 4-Antibody AG (Agenus Inc., Lexington, MA, USA)
and designated as 4AG1, 4AG2 and 4AG3, respectively. In brief,
transient transfection of both heavy and light chain expression
vectors into FS-CHO cells was performed for the production of IgG.
Transfected cells were grown in FreeStyle CHO-S/BD-Select CHO
medium. Antibodies were purified by chromatography on protein-
A columns.

Esterase activity assay (31). The reaction to assay for the esterase
activity included the following components: 5 μg/ml of CA12 (114
nM), 1 mM of substrate, pNPA, in 100 μl of assay buffer (12.5 mM
Tris, 75 mM NaCl and pH 7.5). The final concentration of CA12 was
determined by titrating the enzyme at a fixed concentration (1 mM) of
4-nitrophenyl acetate (4-NPA/pNPA) substrate. For inhibition studies,
CA12 enzyme was pre-incubated with antibodies at 37˚C for 1 h. In all
cases, the reaction was initiated by adding the substrate, and the
enzyme activity was measured by monitoring the production of colored
product, 4-nitrophenol (4-NP/pNP), at 400 nm every 3 min for about
2 h at 37˚C. In all cases, the background absorbance of spontaneous
hydrolysis of the substrate alone or in the presence of negative/isotype
control antibodies was subtracted from the absorbance of CA12
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mediated hydrolysis. Slope of the initial velocity of enzymatic activity
was calculated by plotting absorbance (400 nm) on Y-axis and time
(min) on X-axis. The slope of the initial rate of reaction was converted
to the percentage of enzyme activity. Percentage of inhibition of
antibodies was calculated by considering the enzyme activity in the
absence of antibodies as 100%. The IC50 values were obtained by the
non-linear least-squares method using PRISM 6 (Graphpad Prism
Software Inc., La Jolla, CA, USA).

Cell lines and culture conditions. A549 lung adenocarcinoma cells
were cultured (1-5×105 cells) in 75 mm2 flasks (15 ml
DMEM/flask) for 3 days under normoxic (5% CO2) and hypoxic
(1% O2 and 5% CO2) conditions at 37˚C. Bicarbonate free DMEM
medium (D2902, Sigma-Aldrich, St Louis, MO, USA)
supplemented with glucose to 4 g/l, buffered with 20 mM HEPES,
adjusted to pH 7.4 with NaOH and filter sterilized.

CA12-gene knock-out in A549-cells. The human CA12-specific
CRISPR Cas9 gene knock-out plasmid and corresponding control
plasmid with 20 nucleotide non-specific guide RNA (gRNA) were
purchased from Santa Cruz Biotechnology, Inc., Heidelberg,
Germany. Human CA12-specific CRISPR Cas9 plasmid consisting
of a pool of 3 plasmids, each having a wildtype Cas9 nuclease,
human CA12-specific 20 nt gRNA for maximal knockout efficiency
and the sequence encoding green fluorescence protein. At 70-80%
confluency, A549 cells were transfected in a 6-well plate, separately,
with CA12-specific CRISPR Cas9 plasmids and with control
plasmids of non-specific gRNA (mock-transfection) using 2 μg of
plasmid and 10 μl of lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA, USA). After overnight incubation, cells were
detached by trypsinization and sorted for transfection positive cells
with green fluorescence. Transfection positive cells were expanded
and three CA12-negative cells were sorted per well in a 96-well
plate. Four of the sorted CA12-negative poly clones were further
expanded and CA12-knockout was confirmed at the genetic level
by DNA sequencing and at protein level by flow cytometry of cells
cultured under normoxic and hypoxic conditions. The mock-
transfected (plasmid with non-specific gRNA) A549 cells were
treated in the same way as the CA12-negative cells and used as a
mock/control for the functional assays.

Expression of CA9 and CA12 in cancer cell lines by FACS analysis.
Adherent cells were detached by Trypsin EDTA, re-suspended in
FACS buffer (2% FSC in PBS), incubated with primary antibody
specific for CA9 and CA12 for 30 min on ice and washed twice
with FACS buffer. Fluorochrome conjugated secondary antibodies
specific for the primary antibodies were added for 30 min on ice
and cells were washed twice with FACS buffer and stained with
Sytox green for differentiating live dead cells. The expression levels
of CA9 and CA12 were determined by gating on the live cells
compared with proper isotype controls. FACS was performed by BD
Accuri C6 and the data were analyzed by using FlowJo software
(Treestar Inc., Ashland, OR, USA).

Cell-Tire Fluor protease assay for spheroid viability. We have
established an in vitro functional assay “Cell-Titer-Fluor assay” to
quantify cell viability of cells cultured in the form of spheroids in a
hanging drop. The “Cell-Titer-Fluor assay” measures the protease
activity of living cells (Promega AG, Dübendorf, Switzerland).
Adherent cells were detached by 0.05% Trypsin-EDTA solution (Life

technologies, Carlsbad, CA, USA) and cell clumps were removed by
100 μm cell strainer. Cells were re-suspended in a bicarbonate free
DMEM medium (20 mM HEPES & pH 7.2) containing 0.2%
methylcellulose and 8% FCS. 10,000 cells in 40 μl of medium with
and without 50 μg/ml antibodies were placed in 8-replicates in a 96-
well plate designed for spheroid formation in a hanging drop
(Insphero AG, Zurich, Switzerland). After 4-days of incubation in
hypoxic (1% O2 & 5% CO2) or normoxic (21% O2 & 5% CO2)
incubators, spheroids in the hanging drops were collected in clear-
bottom 96-well black-walled plates (3340, Corning Inc., Corning,
NY, USA) containing 30 μl of cell-titer-fluor mix per well. The plate
was briefly centrifuged (2 min at 1,500 rpm) and incubated at 37˚C
for 3 h in hypoxic or normoxic incubators. The fluorescent signal in
the spheroids measured every 30 min at 380 nm excitation and 505
nm emission is directly proportional to the protease activity of the
living cells in the spheroid. After the incubation, images of spheroids
were taken under a light microscope. 

Results

Strategy for generating fully-human and humanized CA12
antibodies. The only known CA12-blocking antibody to date
is the rat 6A10 antibody (28, 31), which was successfully re-
cloned and produced as 4AG3. In our efforts to obtain the
first fully-human CA12 antibody that can specifically bind
to CA12 and block its enzymatic activity, guided-selection
was first used to screen for CA12 binding antibodies. In the
second approach, a humanized version of 4AG3 was
generated by CDR grafting on a human antibody backbone. 

Guided selection for fully human novel CA12 antibodies. We
used the Retrocyte display® technology (29) for the
construction of three human antibody libraries (Sy11,
Sy7,8,9 and CB3), each with a theoretical diversity of 1-
5×108 antibodies using random human heavy and light chain
combinations as described earlier (29). In the first round of
guided selection strategy, the complex library of human
heavy chains was randomly aligned with the light chain of
our reference CA12 antibody, 4AG3, and the complex library
of human light chains was randomly aligned with the heavy
chain of our reference CA12 antibody, 4AG3, respectively.
The newly identified human heavy and light chains of CA12
binding antibodies of the first round of guided selection were
then combined to generate completely new CA12 specific
fully human antibodies. Unexpectedly and to our surprise,
flow-cytometric screening (Figure 1A) did not reveal any
CA12 binding antibodies from the first round of guided
selection, neither with the complex human heavy chain nor
with the human light chain libraries combined with the
counterpart of the reference rat antibody 4AG3. 

Humanization of rat CA12 antibody, 4AG3. We then decided
to humanize the existing CA12 rat-antibody, 4AG3, in a
two-step process. First, the CDR’s of rat antibody were
grafted onto a human antibody backbone and in the second
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step, the light chain was completely replaced with a novel
human light chain by de novo screening of a human light
chain library.

In the first step of humanization, in addition to grafting of
rat CDR heavy and light chain regions on human heavy and
light chain backbones, simultaneous random mutations were
introduced generating novel antibody sequences.
Consequently, 16 humanized antibodies were identified, that
could bind to human CA12, and inhibit CA12 enzymatic
activity with various degrees of efficacy (Figure 1B) as
determined by using CA12 esterase enzymatic activity as a
surrogate assay for CA12 hydratase activity (31). In a dose-

depended titration of all 16 humanized antibodies against
CA12 enzymatic activity four antibodies demonstrated IC50
concentrations similar to that of the IC50 of the original rat
antibody, 4AG3 (Figure 2 and Table I).

In the second step, we further evolved the humanized
CA12 antibodies by using Retrocyte Display®. The newly
identified humanized heavy chain from the first step of
humanization was used in a guided selection screen as
described above, to identify novel light chains by combining
the humanized heavy chain with a complex primary “naïve”
light chain library with a theoretical diversity of 108 light
chains. Finally, a novel CA12 antibody was identified that
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Figure 1. Screening of antibodies for CA12 binding and blocking CA12 esterase activity. (A) Identification of CA12-binding human antibodies from
guided selection. Flow-cytometric analysis of Retrocyte Display® cellular antibody libraries. Gating strategy of library 1624-5, clone 1984
HD3BVL+Vh, left FACS plot shows typical forward and side scattering of cells, middle FACS-plot was gated on live cells and right FACS-plot has
cells displaying antibody with Ig lambda light chain stained with PE (Phycoerythrin) on the y-axis and on the x-axis cells displaying CA12 binding
antibody stained with APC (Allophycocyanin). (B) Identification of humanized antibodies blocking esterase activity. Antibodies 1930, 1931 & Hum-
k-IT (20 μg/ml) are negative controls for CA12 inhibition and antibody 4AG3 (20 μg/ml) is the positive control for CA12 inhibition. The final
concentration of all other antibodies tested, varied between 0.3 μg/ml and 20 μg/ml. Enzymatic activity after 1.5 h at 37˚C, was normalized to
100% using the condition in the absence of any antibody. The measurements are representative of two independent experiments. 



combined a fully human light chain and a humanized heavy
chain. This antibody showed specific binding to CA12 and
blocking against CA12 enzymatic activity. Six humanized
CA12 antibodies with a novel light chain showed relatively
better IC50 values than 4AG3, (Figure 3 and Table II). 

One of the above six novel antibodies, 4AG4, was selected
and produced at large-scale (>100 mg) for further functional
characterization in vitro. We validated the antibody 4AG4 for
its stability at 4˚C for one week and two freeze-thaw cycles
using its CA12 binding and blocking efficiency in two different
buffers (Figure 4). 4AG4 antibody in comparison with 4AG3
has the same efficiency of CA12 binding (Figure 4A and B)
and CA12 blocking (Figure 4C and D) in these two different
buffers (PBS and Tris). Storage at 4˚C for a week and two
freeze-thaw cycles of 4AG4 antibody had no significant effect
on its CA12 binding and blocking capability (Figure 4). 

Antibody specificity. The newly identified 4AG4 antibody
was tested for cross reactivity with CA9 in comparison with
the existing CA9 binding (4AG2), blocking (4AG1) and
CA12-blocking (4AG3) antibodies previously published by
us and other groups (25, 28, 31). 4AG4 antibody
demonstrated no cross reactivity to CA9, neither in binding
(Figure 5A) nor in blocking the CA9 enzymatic activity
(Figure 5B). 4AG1 antibody is a CA9 blocking antibody and
hence displayed specific binding and blocking of CA9,
whereas 4AG2 is only a CA9 binding antibody and did not

block enzymatic activity (Figure 5). The newly developed
humanized antibody, 4AG4, showed a specific binding and
blocking of CA12 in a manner very similar to the existing
rat antibody of CA12, 4AG3 (Figure 5).

Humanized antibody, 4AG4, reduced spheroid growth. The
A549 lung adenocarcinoma cell line was used to quantify the
functional efficacy of our CA12 blocking antibodies. A549-cells
were cultured in the form of spheroids in hanging drops with
and without antibodies. The newly humanized CA12 antibody
4AG4 significantly reduced spheroid viability, both in normoxic
(Figure 6A) and hypoxic (Figure 6B) conditions similar to the
rat 4AG3CA12 antibody. The reduced viability of A549-cells
treated with 4AG4 was evident by the reduced size of the
spheroid under hypoxic conditions (Figure 7). Cells treated with
other control antibodies such as CA9 binding (4AG2) and CA9
blocking (4AG1) antibodies did not show any inhibitory effect
on the viability (Figure 6) and also on spheroid formation
(Figure 7). Spheroid growth was affected only by the CA12
blocking antibody 4AG4, but not with the CA9 blocking
antibody, 4AG1, which is in agreement with the physiological
expression pattern of CA9 and CA12 in A549-cells. A549-cells
have no CA9 expression under normoxic conditions and a very
slight inducible-expression under hypoxic conditions, which is
in contrast to the very high CA12 expression under normoxia
with further over-expression under hypoxia (Table III).

Humanized CA12-antibody is as efficient as CA12-gene
knockout. Further, a CA12-gene knockout variant of A549-
cells was constructed using CRISPR-Cas9 technology to
confirm that the reduced spheroid growth by 4AG4 antibody
is through blocking the cellular CA12-enzymatic activity.
Survival of CA12-gene knockout A549-cells cultured in the
absence of antibody was similar to the reduced cell survival
of wildtype-A549-cells and mock-A549-cells treated with
4AG4 antibody (Figure 8). In addition, upon 4AG4 antibody
treatment, CA12-gene knockout A549-cells did not show any
further reduction in the cell survival. The results remained
the same both under normoxic and hypoxic conditions,
suggesting that CA12 enzymatic inhibition in wildtype or
CA12 genetic knockout may not be compensated by slight
over-expression of CA9 in hypoxic condition.

Discussion

Hypoxia has been one of the major obstacles in the treatment
of solid cancers and specific targeting of hypoxia responsive
genes is still a major area of research in the development of
new cancer treatments. Hypoxia-induced CA12 expression
has been shown to promote metastasis in various cancers
(32, 33) through regulation of intracellular pH (8). High
levels of CA12 have been associated with several cancers,
thyroid cancer (34), squamous lung cancer (27) gastric
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Table I. Comparison of IC50 values of humanized antibodies.

Humanized CA12 blocking antibodies                         IC50 (μg/ml)

4AG3 (rat antibody)                                                      27 μg/ml ±7
3B01 (humanized)                                                         14 μg/ml ±4
3B07 (humanized)                                                         17 μg/ml ±4
3D03 (humanized)                                                         21 μg/ml ±6
3F02 (humanized)                                                          25 μg/ml ±7

Table II. Comparison of IC50 values of humanized antibodies with novel
human light chain.

CA12 blocking humanized antibodies                         IC50 (μg/ml)
with novel human light chain

4AG3  (rat antibody)                                                     27 μg/ml ±7
4AG4  (humanized antibody)                                        08 μg/ml ±2
4AG6  (humanized antibody)                                        10 μg/ml ±4
4AG8  (humanized antibody)                                        13 μg/ml ±4
4AG11 (humanized antibody)                                       13 μg/ml ±4
4AG12 (humanized antibody)                                       09 μg/ml ±2
4AG13 (humanized antibody)                                       16 μg/ml ±7



tumors (35), colorectal cancers (36) and breast cancer (37).
Several CA12 expressing cancers including gliomas (38),
oral (39) and esophageal (40) squamous cell cancer show
poor prognosis. 

Despite extensive preclinical research, so far only two
molecules have entered clinical trials targeting CA9 (18), but
none targeting CA12. This is likely due to the potential off-
target effects of inhibiting 10 other active CA isoforms.
Therefore, the use of CA9 and CA12 blocking monoclonal
antibodies is a novel anti-cancer therapeutic approach to
avoid off-target effects of blocking other CA isoforms and to
discriminate healthy cells from cancer cells expressing CA9
& CA12 (26, 27, 41, 42). The above studies indicate the

importance of therapeutic potential of antibody-mediated
CA12 targeted therapies, particularly in CA12 expressing
cancers. 

In the current study, our efforts to generate fully human
antibody against CA12 through guided selection were
unsuccessful, despite using three complex libraries of human
heavy and light chains to randomize with the counterparts of
our reference rat CA12 antibody, 4AG3. The recombinant
CA12 protein used for screening for CA12-binding
antibodies was biotinylated and contained 17 additional N-
terminal amino acids (including 6His-tag), which to some
extent might have hindered binding of newly randomized
antibodies generated through guided selection. It is also
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Figure 2. Dose dependent inhibition of CA12 enzymatic activity by humanized antibodies. The measurements are representative of two independent
experiments performed in triplicates. 4AG3 is our reference antibody for the inhibition of CA12 enzymatic activity. Enzymatic activity was normalized
to 100% using the condition without any antibody. IC50 values of the antibodies (Table I) were calculated using Graphpad Prism Software.

Figure 3. Dose-dependent inhibition of CA12 enzymatic activity by humanized antibodies with novel light chain. The measurements are representative
of two independent experiments performed in triplicates. 4AG3 is our reference antibody for the inhibition of CA12 enzymatic activity. Enzymatic
activity was normalized to 100% using the condition without any antibody. IC50 values of the antibodies (Table II) were calculated using Graphpad
Prism Software.



possible that the specific binding to CA12 may require a
very specific sequence and confirmation of antibody CDRs,
which might be less frequent in nature.

In a second attempt, a humanized CA12-antibody was
successfully generated by grafting the CDR’s of rat antibody
on a human antibody backbone followed by replacement of
humanized light chain with a completely new human light
chain. The newly humanized CA12 antibody, 4AG4, showed
specific binding to human CA12 and also inhibited CA12
enzymatic activity. In addition, 4AG4 antibody significantly
reduced spheroid growth of human lung-adenocarcinoma
cells, A549, confirming its anti-tumor properties. 

Similar reduction in spheroid growth in both normoxic
and hypoxic conditions suggested that 4AG4 antibody is

Uda et al: Humanized CA12 Antibody With Anti-cancer Properties

4123

Figure 4. Stability of 4AG4. Antibodies showing their CA12 binding ability in Tris (A) and PBS (B) buffers in ELISA and CA12 blocking ability in
Tris (C) and PBS (D) buffers in esterase enzymatic assay. The measurements shown here are averages and standard deviation of quadruplicates.
4AG3 is our reference antibody for the inhibition of CA12 enzymatic activity. All antibodies were tested at 40 μg/ml concentration for the inhibition
of enzymatic reaction. Enzymatic activity after 1.5 h at 37˚C was normalized to 100% using the condition without any antibody. Std.: Standard
antibody stored at –80˚C for long term storage, 4˚C storage for a week and FT: two Freeze Thawing cycles.

Table III. Expression of cancer-associated carbonic anhydrases (CA9
& CA12) in A549 cell line.

Cell line                      CA9 in         CA9 in        CA12 in          CA12 
                                   21% O2         1% O2          21% O2        in 1% O2

A549
Lung carcinoma             –/+                ++              +++++         +++++/+

GMFI values; 0-1K is no expression (–), 1K-2K is very low expression
(–/+), 2K-10K is low expression (+), 10K-25K is moderate expression
(++), 25K-50K is high expression (+++), 50K-150K is very high
expression (++++) and >150K is extremely high expression (+++++).
Only single stainings were performed in each sample for each surface-
expressed carbonic anhydrase in order to avoid any steric hindrance
between the antibodies of different CA’s.



efficient in blocking the CA12 enzymatic activity even under
hypoxia-mediated over expression of CA12. In addition,
CA12-gene knockout cells cultured in the presence or
absence of 4AG4 antibody showed reduced viability similar
to wildtype and mock-A549-cells treated with 4AG4
antibody. This confirmed that the reduced cell viability is
likely due to 4AG4-mediated blocking of CA12-enzymatic
activity and also suggested that our 4AG4 antibody is as
efficient as complete CA12-gene knockout construct in
blocking the CA12 enzymatic activity. Our data emphasizes
that CA12 catalytic activity is critical for cancer cell
physiology and thereby for tumor growth.

Our data of reduced spheroid growth by humanized CA12
antibody treatment and by CA12-gene knockout are in
agreement with previous publications of CA12 targeting,
where CA12 knockdown xenograft mouse model showed
85% reduction in tumor growth (8) and sensitized tumor cells
for radiotherapy by increasing the intracellular acidosis (43).
Another study has shown that pharmacological inhibition of
CA12 could induce apoptosis in T-cell lymphomas (44).
Several small-molecule inhibitors designed against CA9 have
shown promising anti-cancer effects by blocking the CA12
enzymatic activity (17, 18). In spite of a having significant
number of patent protected small-molecule inhibitors against
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Figure 5. Specificity of 4AG4 antibody. Binding activity of antibodies was assayed by ELISA (A) and blocking ability by esterase enzymatic activity
assay (B). The data shown is a representative of two independent experiments performed in triplicates. All the antibodies were tested at 40 μg/ml
concentration for the inhibition of enzymatic activity. Enzymatic activity after 1.5 h at 37˚C was normalized to 100% using the condition without
any antibody.

Figure 6. Quantification of living cells by Cell-Titer-Flour assay. Cells were cultured in bicarbonate free DMEM medium (cat. no. D5648, Sigma-
Aldrich), buffered with 20 mM Hepes and supplemented with 10% FCS. A549 cell spheroids incubated in InSphero hanging drop plates with different
antibodies, each at 40 μg/ml, for 3 days under normoxic (A) and hypoxic (B) conditions. Significance was calculated using Ordinary one-way
ANOVA Multiple comparisons with Prism 6. The data shown here is an average of 2-3 independent experiments performed in 6 replicates.
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Figure 7. Size of A549 spheroids after 3 days of incubation with different antibodies under hypoxia. The concentration of each antibody was 40 μg/ml.
Spheroid images were taken using light microscope at 10× magnification.

Figure 8. Spheroid growth of wild-type and CA12-knockout A549 cells. Cell viability of spheroids with or without 4AG4 at 50 μg/ml, was assayed after 4
days under normoxic (A) and hypoxic (B) conditions. Significance was calculated using Ordinary one-way ANOVA Multiple comparisons with Prism 6.



carbonic anhydrase enzymatic activity, isoform specific
antibodies are superior due to their CA12-specificity in
blocking tumor CA12 enzymatic activity and also in
delivering drug conjugates specifically to the tumor site. 

It has recently been discovered that CA12 is also co-
expressed with a known drug-resistant surface protein, P-
glycoprotein, on cancer cells and blocking CA12 enzymatic
activity re-sensitized drug resistant cancers (26, 45, 46).
Treatment of triple-negative breast cancer with CA12 antibody
and doxorubicin significantly reduced metastatic events in a
xenograft mouse model (26). These studies indicate that
blocking CA12 enzymatic activity as a monotherapy or in
combination with other chemotherapeutic agents could be a
promising approach to treat drug resistant cancers. Our study
on the newly developed humanized antibody against CA12
enzymatic activity will promote CA12 targeted anti-cancer
therapeutic studies to the next level of preclinical and clinical
studies which may establish antibody-mediated CA12
inhibition as a successful anticancer therapeutic approach.
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