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Colon cancer (CC) is one of the most common gastrointestinal malignancies. Effectiveness of the
existing therapies is limited. Inmunotherapy is a promising complementary treatment approach
for CC. Major histocompatibility complex class I-related protein A and B (MICA/B) are ligands for
NK cells. Shedding of MICA/B from the surface of tumor cells by cleavage of MICA/B at the
membrane proxial region in MICA/B a3 structural domain is one of immune evasion strategies
leading to escape of cancer cells from immunosurveillance. In this study, we generated a panel of
MICA/B monoclonal antibodies (mAbs) and identified one of mAbs, mAb RDM028, that had high
binding affinity to MICA/B and recognized a site on MICA/B a3 structural domain that is critically
important for cleavage of MICA/B. Our study has further demonstrated that RDM028 augmented
the surface expression of MICA/B on HCT-116 human CC cells by inhibiting the MICA/B shedding
resulting in the enhanced cyotoxicity of NK cells against HCT-116 human CC cells and mediated
anti-tumor activity in nude mouse model of colon cancer. These results indicate that mAb
RDMO028 could be explored for developing as an effective immuno therapy against CC by tar-
geting the MICA/B «3 domain to promot immunosurveillance mediated by MICA/B-NKG2D
interaction.

1. Introduction

Colorectal cancer (CC) is one of the most common cancers worldwide. In 2022, there were 151,030 new cases and 52,580 deaths of
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CC patients in the United States, accounting for 8.0 % and 8.6 % of the total number of cancer cases and deaths, respectively [1]. The
high rate of metastasis and low rate of 5-year survival for patients with CC indicate that the current treatments in clinical care of CC are
limited [2]. Comprehensive cancer treatments have achieved great progress, and targeted therapies have provided remarkable clinical
benefits for patients with metastatic cancer [3-6]. Immunotherapy is a promising treatment modality that harnesses the innate im-
mune system to selectively target cancer cells and holds tremendous potential for managing CC [2].

Natural killer group 2D receptor (NKG2D) is a type II transmembrane glycoprotein expressed on the surface of natural killer (NK)
cells, natural killer T (NKT) cells, and T cells. The ligands for NKG2D include major histocompatibility complex class I-related chains A
and B (MICA/B) and UL16-binding proteins (ULBPs) [7]. Interaction of NKG2D with its ligands leads to activation of antigen-specific
cytotoxic T-lymphocyte-mediated cytotoxicity, NK cell responses, and cytokine production and plays an important role in cancer
therapy by recognizing ligands on the surface of tumor cells and mediating the killing of tumor cells by NK cells [8]. MICA and MICB
are highly homologous type I transmembrane proteins with three extracellular domains including a1 and a2 domains that interact with
NKG2D, and a3 domain that is located close to the transmembrane domainin [9,10]. Expression of NKG2D ligands in healthy human
tissues is low [11]. Thus, NKG2D-based effector populations target tumor tissues without affecting surrounding non-tumor tissues [12,
13].

As an immune evasion strategy, MICA and MICB are proteolytically cleaved from the surface of tumor cells including CC cells [14]
by enzymes such as endoplasmic reticulum protein 5 (ERp5) and matrix metalloproteinases (MMPs) [15,16] leading to escape of
cancer cells from immune surveillance. Specific antibodies targeting the MICA/B a3 domain can inhibit the cleavage of MICA/B from
the surface of tumor cells, and MICA immune complexes formed with a3-specific antibodies mediate killing of tumor cells by NK cells,
indicating that MICA/B is a potential therapeutic target for cancers [9,17]. It has also been demonstrated that anti-MICA/B antibody
had antitumor potential for human colorectal cancer cells in vitro study [18]. However, no reports on treatment of colon cancer with
anti-MICA/B antibodies in vivo have been seen.

In this study, monoclonal antibodies (mAbs) that bind to the a3 structural domain of MICA and MICB were generated in BALB/c
mice immunized with MICA/B proteins and isolated from flow-sorted single B cells of the immunized mice. Anti-tumor effects of these
mADbs that bound to MICA/B were evaluated in anti-tumor cytotoxicity assays in vitro and in vivo in a nude mouse xenograft model of
CC. We identified that one of mAbs, mAb RDM028, had high binding affinity to «3 domain of both MICA and MICB, mediated tumor
killing in both in vitro and in vivo assays (Fig. 1). Thus, mAb RDM028 could be a potential antibody candidate for exploring the fesibility
to be developed as an effective immuno therapy against CC by targeting the MICA/B a3 domain.

2. Materials and methods
2.1. Cell lines and culture
HCT-116 human CC cells were purchased from the American Type Culture Collection and cultured in RPMI-1640 basic medium

(Life Technologies, USA) supplemented with 10 % fetal bovine serum (FBS) (Life Technologies), 1 % streptomycin and 1 % penicillin in
a humidified incubator with 5 % CO5 at 37 °C.
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Fig. 1. Schematic representation of screening, characterization of monoclonal antibodies targeting
major histocompatibility complex class I-related chains A and B, and the anti-tumor activity of these
antibodies in vitro and in vivo.
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2.2. Expression and purification of MICA, MICB, and respective a3 domains

Expression of gene constructs encoding MICA, MICB, MICA a3 domain or MICB a3 domain proteins containing the Avi-tag
(GLNDIFEAQKIEWHE) for biotin labeling and 6-His tag for facilitating purification at the N terminus were designed, de novo syn-
thesized and cloned into pCDNA3.1 mammalian expression plasmid (GenScript). Plasmid DNAs were purified from cultures using the
PureLink HiPure Plasmid Maxiprep Kit (Thermo Fisher Scientific) and used for production recombinant proteins in 293F cells by
transient transfection using polyethylenimine (Sigma-Aldrich). After 4 days of cell culture, recombinant proteins with His-tag were
purified form supernatant of the transfected cell cultures using Ni-Charged MagBeads (GenScript) and stored at —80 °C till used.

2.3. Animal immunization for MICA/B antibodies

Three BALB/c mice were intramuscularly injected with an immunization mixture containing 25 pg each of MICA, MICB, MICA a3
domain and MICB a3 domain using QuickAntibody-Mouse2W (Biodragon) as adjuvant in a total volume of 100 pL per injection fol-
lowed by three boost injections at 2-week intervals. Spleen and blood were harvested 7 days after the final immunization.

2.4. Detection of antibody titers in mouse serum by enzyme-linked immunosorbent assay (ELISA)

Purified MICA/B proteins were used to coat 96-well ELISA plates at 100 ng/100 pL per well in carbonate bicarbonate buffer (CBC)
buffer, pH9.6. Plates were incubated at 4 °C overnight. Aliquots of 300pL/well of phosphate-buffer saline with 0.05 % Tween-20 buffer
(PBST) containing 10 % sheep serum were added and incubated at 37 °C in humidified chamber for 2 h. The plates were washed three
times with PBST buffer. Aliquots of 100 pL/well of 12 2-fold serial dilutions of the immunized mouse sera at the starting concentration
of 1:50 in PBST buffer were added. The plates were incubated at 37 °C for 1 h followed by washing 3 times with PBST. Aliquots of 100
pL/well of horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:5,000) in PBST buffer were added. The plates were
incubated at 37 °C for 1 h. After washing the plates five times with PBST, 100 pL/well of substrate 3,3',5,5tetramethylbenzidine
(TMB) (Solarbio) were added to the plates followed by incubation at room temperature for 5-10 min. The reaction was terminated with
50 pL/well of 2 M HaSO4. Absorbance was measured at 450-640 nm in ELISA reader. Antibodies in wells with absorbance at least four-
fold greater than that of the negative control were judged as positive.

2.5. Sorting MICA/B antigen-specific B cells

A single-cell suspension of splenocytes was prepared by gently teasing of the harvested spleen from the mouse with the highest
serum binding antibody titers and filtering through a cell strainer (BD Biosciences). The suspension was used for sorting single memory
B cells by fluorescence-activated cell sorting. The splenocytes were washed once with RPMI 1640 medium (10 % FBS) and resuspended
in 200 pL of PBS with 5 % FBS. Cells were incubated with the LIVE/DEAD Fixable Aqua Stain (Thermo Fisher Scientific), fluorescein
isothiocyanate (FITC)-conjugated anti-mouse CD4 (BD Biosciences) and anti-mouse CD8a (BD Biosciences), allophycocyanin (APC)-
conjugated anti-mouse CD45R (BD Biosciences), phycoerythrin (PE)-conjugated IgD (BD Biosciences), BV650-conjugated anti-mouse
IgG (BD Biosciences), PE-Cy7-and BV421-conjugated MICA/B antigens for identifying antigen-specific memory B cells. Cells were
incubated with antibodies for 30 min at room temperature in the dark. Cells were washed twice with PBS containing 5 % FBS and
resuspended in 3 mL of PBS containing 5 % FBS. After filtered through a 200-mesh strainer to remove cell clumps, single-cell sus-
pension was subjected for sorting single memory B cells using the FACSMelody™ Cell Sorter (BD Biosciences). Lymphocytes were
gated by FSC-A/SSC-A dot plot, where FSC-A and SSC-A are the areas of the forward and side scatter pulse. Live cells were gated by
using the Aqua Stain. MICA/B antigen-specific memory B cells with CD4~/CD8a™/CD45R T /IgG™/IgD as well as PE-Cy7+ and BV421 ™+
dual positive were gated and sorted as single cells into 96-well plates containing reverse transcriptase buffer and stored at —80 °C. Data
were analyzed using FlowJo software.

2.6. Isolation of immunoglobin (Ig) variable region genes by RT/PCR

cDNAs from single B cells in the individual wells in 96-well plates were prepared using Superscript IV reverse transcriptase (Thermo
Fisher) with specific reverse transcription primers. Mouse antibody variable-region genes were amplified by two rounds of PCR using
AmpliTaq Gold 360 Master Mix DNA polymerase. As most of mouse B cell surface Ig genes have « light chains [19], light primers used
in our study only included primers for amplifying « light chains. The first round of nested PCR contained the forward primers derived
from the Ig gene leader sequences of the variable region genes of the heavy- (Vy) and light-chain (V) and the reverse primers derived
from the Ig constant regions of heavy- and « light-chain. The second round PCR used forward primers designed to overlap the sequence
tag in the first round PCR products for the new round of PCR amplification. In the second round, reverse primers were designed to
target mouse antibody constant CH1/CL1 genes tailed with the mouse antibody constant gene IgG2a (CH) or Ig k (CL). PCR products
were sequenced for Ig gene annotation and used to generate expression constructs for producing recombinant antibodies.

2.7. Constructing recombinant mouse Ig gene expression cassettes using overlapping PCR

The amplified Vi and Vi genes were used to assemble the linear expression constructs for production of recombinant antibodies by
overlapping PCR as previously described [20]. The forward overlapping DNA fragment containing CMV promoter with DNA sequence
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overlapping with the tag sequence in the 5’ end of the amplified PCR products of the isolated Vy and Vi genes. The reverse overlapping
DNA fragment comprised of a mouse IgG2a constant domain (330 aa, GenBank Accession No. V00798.1) or mouse Igk light-chain
constant domain (107 aa, GenBank Accession No. V00802.1) with DNA sequences overlapping with the tag sequence in the 3’ of
the isolated Vi or Vg PCR products. The resulting linear full-length mouse IgG2a and Igk gene expression constructs generated by the
overlapping PCR were purified using the QIAquick PCR Purification Kit (Qiagen, Valencia, CA) and used for transfection.

2.8. Production of recombinant mAbs

To produce small quantities of recombinant antibodies for initial screening, HEK 293T cells cultured at 80-90 % confluence in 12-
well tissue culture plates (Becton Dickson, Franklin Lakes, NJ) were used. Cells in 12-well tissue culture plates were co-transfected with
the purified Ig Vi3 (1 pg) and Vi gene expression cassettes using PolyFect (Qiagen, Valencia, CA). The transfected cells were cultured in
RPMI-1640 basic medium (Life Technologies, USA) supplemented with 2 % fetal bovine serum (FBS) (Life Technologies), 1 %
streptomycin and 1 % penicillin in a humidified incubator with 5 % CO2 at 37 °C for 3 days. Supernatant of the transfected cultures
were harvested and used directly for screening MICA/B- specific mAbs.

For production of purified full-length IgG antibodies, the isolated Vi and Vi genes were cloned into pCDNA3.1+ (Invitrogen)
mammalian expression vector containing either mouse IgG2a constant region gene or the mouse kappa light-chain constant region
gene using standard recombinant DNA technology. To produce chimeric antibody with human IgG1 heavy chain constant domain
region, The Ig heavy-chain expression construct with the constant region of mouse IgG2a was replaced with the constant region gene of
human IgG1. Antibodies were also produced in HEK 293T cells by transfection using polyethylenimine (Sigma-Aldrich). After 4 days of
culture, recombinant antibodies were purified form supernatant of the transfected cell cultures using Protein A beads (GenScript).

2.9. Screening for antibodies binding to a3 domain proteins by ELISA

Antibodies in the supernatant harvested from the transfected 293T cell cultures were screened for the ability to bind MICA, MICB,
and their respective a3 domain proteins by ELISA as described previously [21]. Briefly, proteins were coated to 96-well high-binding
ELISA plates (Nunc) (100 ng/well) in CBC buffer, pH 9.6. The plates were kept at 4 °C overnight, blocked with goat serum for 2 h at
room temperature followed by washing 3 times with PBST, incubated with the supernatants of the transfected 293T cell cultures at
37 °C for 1 h, and then incubated with goat anti-mouse HRP-conjugated IgG (1:10000) (Promega) diluted in blocking buffer at 37 °C
for 1 h. The plates were washed five times with PBST followed by addition of 100 pL of TMB to each well. The reaction was terminated
using 2 M HySO4 (50 ml per well). Absorbance was measured at 450-640 nm using a microplate reader. The half-maximal effective
concentrations (ECsp) of mAbs were determined by curve fitting using GraphPad Prism.

2.10. SDS-PAGE and western blotting

Produced recombinant antibodies were analyzed by SSD-PAGE and Western blots. Proteins were loaded at 1.0 pg per lane for
Coomassie blue staining and 0.2 pg per lane for Western blotting and were fractionated on 4-12 % Bis-Tris SDS-PAGE gels (GenScript)
by running under reducing and non-reducing conditions at 200 V for 30 min. For Western blots, proteins were transferred to nitro-
cellulose membranes. Membranes were probed with goat anti-mouse alkaline phosphatase-conjugated IgG [heavy and light
chain],1:3000; Promega). Immunoblots were visualized using Western Blue substrate (Promega).

2.11. Binding kinetics measured by surface plasmon resonance (SPR)

Binding kinetics were measured by SPR using Biacore 8K (GE Healthcare). Running buffer in all experiments was HBS-EP (10 mM
HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005 % surfactant P20). Anti-MICA/B antibodies were injected into channel at room
temperature and captured by protein A immobilized on a sensor chip (GE Healthcare). Subsequently, aliquots of MICA or MICB at
different concentrations were injected into the channel at flow rate of 40 pL/min for binding time of 90 s (s), and dissociation time of
5-10 min. Chip surfaces were regenerated after each cycle using 10 mM glycine pH 1.5 at a flow rate of 30 pL/min and a regeneration
time of 90 s. Predetermined concentrations of antibodies, MICA and MICB were utilized to achieve appropriate corresponding response
unit (RU) values.

2.12. Cluster of antibodies by cross competitive binding assays

Binding relationship of the isolated mAbs to MICA and MICB was assessed by SPR using a Biacore 8K instrument. MICA at con-
centration of 100 nM or MICB protein at concentration of 500 nM in HBS-EP was captured using a His-tag sensor chip (GE Healthcare)
at room temperature by injection into the chanel with flow rate of 10 pL/min for binding time of 60 s. Anti-MICA/B antibodies were
tested for cross reactivity by 2 injections. The tested antibodies were first injected and flowed over the MICA or MICB protein captured
on the chips. Binding curves (reflected as RU) of the tested antibodies to MICA or MICB protein were measured over time. The same or
different antibody was injected the second time and flowed over the surface. All antibodies were tested at a saturating concentration of
300 nM except for RDM044 at 1000 nM. The binding time was 180 s, the flow rate was 10 pL/min, and the dissociation time was 30 s.
Chip regeneration was performed using 10 mM glycine pH 1.5.
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2.13. Surface expression of MICA/B analyzed by flow cytometry

HCT-116 human CC cells were seeded in 6-well plates at a density of 1.2 x 10° cells per well and cultured in RPMI-1640 medium
supplemented with 10 % FBS, 1 % streptomycin and 1 % penicillin in a humidified incubator with 5 % CO3 at 37 °C. Anti-MICA/B
antibodies at concentrations ranging from 0.01 nM to 100 nM were added to the individual wells in duplicates for each concentra-
tion of antibodies. Cells were incubated at 37 °C for 24 h. Then, cells from the individual wells were first detached using non-tripsin
Versene Cell Dissociation Solution (Gibco), resuspended in test tubes in 100 pL per original well of cells with sterile PBS containing 2 %
FBS and incubated with 3 pL of Human TruStain FcX (Biolegend) for 10 min on ice to block the Fc receptors on the cell surface. Two
microliters of commerically available APC-conjugated anti-MICA and MICB a3 domain human antibody (Biolegend) were added and
incubated for 30 min on ice. Mean fluorescence intensity (MFI) reflecting the cell surface expression of MICA/B on cells was measured
by flow cytometry, and data were analyzed using FlowJo software version 10.8.1.

2.14. Effect of anti-MICA/B antibodies on shedding of MICA/B from cells

HCT-116 human CC cells were cultured in RPMI-1640 medium (Gibco) supplemented with 10 % FBS, 1 % streptomycin and 1 %
penicillin. Cells were seeded in 6-well plates at a density of 1.2 x 10° cells per well. Anti-MICA/B antibodies at 5 different concen-
trations ranging from 0.01 nM to 100 nM were added to individual wells (two replicates per group) to test the effect of antibodies on
the shedding of MICA/B proteoin from HCT-116 human CC cells. The plates were cultured for 48 hin a 5 % CO3 and at 37 °C incubator.
The cell cultures were subjected to centrifugation at 1000xg for 10 min to collect the culture supernatants for testing the MICA/B
protein in the medium by using the Human MICA DuoSet ELISA kit (R&D system) and cells for analyzing the surface expression of
MICA/B by flow cytometry.

2.15. Isolation of human NK cells

Peripheral blood samples were obtained from healthy volunteers, and peripheral blood mononuclear cells (PBMCs) were isolated
by Ficoll-Paque PLUS (GE Healthcare) density gradient centrifugation. Cells were washed with sterile PBS and incubated with the
LIVE/DEAD Fixable Aqua Stain (Thermo Fisher Scientific) and fluorescent dye labeled antibodies against CD3 and CD56 for 30 min in
the dark. Cells were washed with PBS and transferred to sample tubes. CD3"CD56 " cells were sorted and collected by flow cytometry.
Sorted cells were resuspended in RPMI 1640 medium supplemented with 10 % FBS, 1 % streptomycin and 1 % penicillin. Cells (1.0 x
10° per mL) were transferred to 24-well plates supplemented with recombinant human interleukin 2 (1000 U/mL) (Pepro Tech) to
activate NK cells and incubated in an incubator with 5 % CO, at 37 °C for 24 h.

2.16. Cytotoxicity assays

Cytotoxicity assays were carried out by using the CytoTox 96 non-radioactive cytotoxicity assay kit (Promega). In brief, HCT-116
cells as target cells were seeded in 6-well plates at a density of 1.2 x 10° cells per well and treated with either RDM028 antibody,
RDMO028hG1 chimeric antibody or a negative control antibody at the final concentrations of 20 pg/mL. The plates were kept in an
incubator with 5 % CO3 at 37 °C for 24 h to suppress MICA/B protein release from the cell surface. The treated cells were detached from
culture dishes using Versene (Gibco) and seeded with NK cells at a ratio of 1:10 in two 96-well round bottom plates.

To confirm that the effect of anti-tumor cytotoxicity promoted by RDM028 antibody was indeed mediated through the intereation
of MICA/B with NKG2D receptor, in addition to supplementing with anti-MICA/B antibodies (20 pg/mL), another set of cultures was
supplemented with a known MICA/B receptor blocking antibody 1D11 (BioLegend) at 20 pg/mL.

Controls, including total maximum and spontaneous lactate dehydrogenase (LDH) release from target cells, spontaneous LDH
release from NK cells, culture medium background, and volume calibration, were established to ensure the measurement accuracy. The
plates were centrifuged at 250g for 4 min and kept in a humidified incubator with 5 % CO» at 37 °C for 6 h. Then, 45 min before
supernatant collection, aliquots of 10 pL/well of lysis solution (10 x ) were added to two control wells (volume calibration and
maximum LDH release from target cells) to completely lyse the target cells. The plates were centrifuged at 250g for 4 min at room
temperature, and 50 pL of the supernatant was transferred to another 96-well plate. To each well, 50 pL of a newly configured Substrate
Mix was added and incubated for 30 min at room temperature under light-proof conditions. Finally, the reaction was interrupted using
50 pL of stop solution, and absorbance was measured at 490 nm using a microplate reader (Bio Tek, USA). Cytotoxicity was calculated
according to the following equation:

Experimental group - spontaneous LDH release from effector cells - spontaneous LDH release from target cells
maximum LDH release from target cells - spontaneous LDH release from target cells

% Cell toxicity =

Experimental group: absorbance of all experimental wells minus absorbance of control wells.

Spontaneous LDH release from effector cells: absorbance of the standard concentration of LDH released by NK cells minus
absorbance of the control medium.

Spontaneous LDH release by target cells: absorbance of the standard concentration of LDH released by target cells minus absor-
bance of the control medium.

Maximum LDH release by target cells: absorbance of the maximum concentration of LDH released by target cells minus absorbance
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of the control medium.

2.17. Anti-tumor effect of MICA/B-reactive antibody measured in nude mouse model

Five-week-old female BALB/c nude mice were purchased from the Zhuhai BesTest Bio-Tech Co. Ltd. HCT-116 cells (5.0 x 10%) in
100 pL PBS per mouse were injected subcutaneously into the right flanks of mice. At 48 h after inoculation, mice were randomly
assigned to receive either 200 pg of RDM028hG1 or the same volume of PBS on days 1, 3, 7 and 14. Tumor volume (mm?) was
measured and calculated using the formula (tumor length x tumor widthz) x 0.5. Mice were sacrificed when the tumor volume
reached 2000 mm?®.

2.18. Statistics

Comparisons of quantitative data between different groups were conducted using two-way ANOVA formula. Statistical analysis was
performed using GraphPad Prism 6.0 (GraphPad Software Inc, San Diego, CA, USA) software. P < 0.05 was considered statistically
significant.

3. Results
3.1. Isolation of anti-MICA/B antibodies by single B cell sorting

We designed and expressed soluble recombinant MICA/B and MICA/B a3 domain proteins for mouse immunization (Fig. 2A) and
characterization of the isolated mAbs. Mice were immunized four times, and spleenocytes were extracted from the spleen. A stepwise
gating strategy was employed to isolate memory B cells with high specificity for MICA/B (Fig. 2B). This approach enabled the
identification of B cells with the surface receptor bound specifically by the fluorescen-labeled MICA/B proteins. As most of mouse B cell
surface Ig have k light chains [19], we used primers for only « light chains in combination with the primers for heavy chains in reverse
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Fig. 2. Expression constructs of MIC proteins, flow sorting antigen-specific memory B cells and selected mAbs. Expression constructs of MIC A, MIC
B, MIC A a3 and MIC B a3 proteins with the N terminal tags of AVI for biotin labeling and His-6 for facilitating purification (A). Flow sorting antigen-
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transcription polymerase chain reaction (RT-PCR) to isolate Ig variable heavy- and « light-chain (Vg and Vi) gene segments from the
sorted MICA/B-specific B cells. After RT reaction, two-round nested PCRs were conducted. Total of 66 pairs of Vi and Vi genes were
isolated and used to assemble the full-length Ig heavy- and ligh-chain gene expression constructs to produce recombinant mAbs in
293T cells by transient transfection. The ability of mAbs to bind MICA and MICB proteins was first screened by ELISA. A total of 18
recombinant antibodies were identified to react with recombinant MICA/B proteins (Supplementary Table 1). Five mAbs, RDM028,
RDMO037, RDM039, RDM044 and RDMO048, with the ability to bind strongly to MICA/B proteins were selected for production of
purified mAbs for further characterization (Supplementary Table 1). The purified antibodies were evaluated in quality control by
SDS-PAGE and western blotting (Fig. 2C and D and Supplementary Fig. 1).

4. Binding specificity and affinity of mAbs to MICA/B

Binding specificity of all five purified mAbs was first tested to bind the full-length MICA/B proteins by ELISA (Fig. 3A and B;
Supplementary Table 2). We found that RDM028, RDM037, RDM039, RDM044 and RDM048) all bound MICB with ECsq of 0.002900,
0.01607, 0.01027, 0.003913 and 0.01398 pg/mlL, respectively (Fig. 3A). Except RDM039, the other 4 mAbs, RDM028, RDM037,
RDMO044 and RDMO048, also bound to MICA with ECsy values of 0.002569, 0.02642, 0.003929 and 0.01976 pg/mL, respectively
(Fig. 3B). Next, we evaluated whether these mAbs could bind to the more defined a3 domain of both MICA and MICB by ELISA (Fig. 3B
and A; Supplementary Table 2). We found that except RDM044, the other 4 mAbs, RDM028, RDM037, RDM039 and RDM048 bound
MICB o3 with ECsg of 0.003711, 0.1071, 0.009013 and 0.02371 pg/mL, respectively. However, only RDM028 bound strongly with
MICA a3 with ECsg of 0.04688, and RDM048 and RDM037 bound MICA a3 weakly with ECsg of 1.604 and 0.4681 pg/mL, respectively,
while the other 2 mAbs did not bind MICA «3.

Furthermore, we assessed the binding affinity of these mAbs to MICA and MICB by SPR. The Kp values of RDM028, RDM037,
RDMO044 and RDM048 binding to MICA were 2.14, 23.4, 62.8 and 184 nM, respectively (Fig. 3C; Supplemental Table 3). The binding
affinity of these antibodies to MICB was 2.84, 31.6, 34.6 and 212 nM, respectively. RDM039 bound to MICB (Kp of 187 nM) but not to
MICA (Fig. 3D; Supplemental Table 3). These results were also consistent with ELISA results.

4.1. Cross reactivity of MICA/B binding mAbs

Since ELISA results indicated that RDM028, RDM037 and RDM048 bound to the a3 domains of MICA and MICB, cross reactivity of
these 3 mAbs was evaluated by cross competitive binding assays by SPR (Fig. 4A). We found that RDM028 and RDM037 almost
completely blocked each other for binding to both MICA (Fig. 4B) and MICB (Fig. 4C) suggesting that these 2 antibodies recognize the
same or similar antigenic epitope located in the MICA a3 domain (Fig. 4D). In contrast, RDM044 and RDM048 did not block each other
from binding to either MICA (Supplementary Fig. 2A) and MICB (Supplementary Fig. 2B) indicating that these two antibodies targeting
distinct sites in MICA (Fig. 4D).

4.2. Ability of MICA/B-reactive antibodies to augment surface expression of MICA/B

All 5 mAbs were tested for the role in the surface expression of MICA/B protein in HCT-116 cells. We found that RDM028 among the
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5 mAbs tested had the strongest ability to augment the surface expression of MICA and MICB proteins on HCT-116 cells (Fig. 5A).
Therefore, RDM028 was selected for further studies. As the first step toward a long-term goal to humanize RDM028 in our hope that it
can eventually be developed as an anti-tumor therapeutic agent, the original mouse heavy-chian constant region of RDM028 was
replaced with the constant region of human IgG1 to produce the chimeric RDM028hG1 antibody. Compared to the original RDM028
(Supplemental Table 3), binding profiles of the chimeric RDM028hG1 to MICA and MICB as well as their respective a3 domains were
similar (Fig. 5B and C; Supplemental Tables 4 and 5).

It has been shown that MICA/B on the surface of cancer cells can be shed from the cell surface by cleavage at the membrane-
proximal region in MICA and MICB a3 domain [15,22]. We assessed whether binding of RDM028hG1 to MICA/B could inhibit
cleavage of MICA/B off from the surface of HCT-116 cells. We found that both RDM028 and chimeric RDM028hG1, similar with the
positive control antibody CLN-619 [23], markedly increased the surface expression of MICA and MICB on HCT-116 cells (Fig. 5D and
E) resulting in decreased amounts of MICA in the cell culture supernatant from the cultured HCT-116 cells (Fig. 5F). These results
suggest that RDMO028 targets the site that is critical for the cleavage of MICA/B proteins.

4.3. Anti-tumor activity mediated by MICA/B a3 domain-specific antibody

To investigate whether augmentation of MICA/B proteins on cell surface will enhance the cytotoxicity of NK cells against tumor
cells via MICA-NKG2D interactions, we conducted co-culture experiments with human HCT-116 and NK cells. For this purpose, HCT-
116 cells were first treated with anti-MICA/B antibodies to inhibit release of MICA/B from the cell surface and then co-cultured with
NK cells to evaluate the anti-tumor efficacy of NK cells. Our results demonstrated that both RDM028hG1 and CLN-619 significantly
enhanced the NK cell-mediated killing of tumor cells, while RDM28 exhibited a noticeably weaker tumor-killing effect compared to
CLN-619 (Fig. 6A). Furthermore, similar experimental results were obtained using another colon cancer cell line SW480 (Supple-
mentary Fig. 3). In addition, we also examined the changes in the levels of the cytokine IFN-y in the supernatant of HCT-116 cells co-
cultured with NK cells after treatment with anti-MICA/B antibodies. The results showed a significant increase in the levels of IFN-y in
the supernatant of the cell cultures co-incubated with NK cells following treatment with RDM028, RDM028hG1 or CLN-619 antibodies
(Supplementary Fig. 4). The increased amounts of these cytokines in the cell cutures were likely associated with the anti-tumor
cytotoxicity. To evaluate if the tumor-suppressive effect of RDM028hG1 and RDMO028 can be blunted upon blocking of the NKG2D
receptor, NK cells were treated with the known NKG2D blocking antibody 1D11 [24]. We demonstrated that NKG2D blocking antibody
1D11 inhibited this effect (Fig. 6B). These findings indicated that the increased tumor-killing activity by NK cells was through the
interaction of NKG2D with MICA as results from the increased surface expression of MICA/B.

Anti-tumor effect of MICA/B a3 domain-specific antibodies in vivo was evaluated next in a nude mouse xenograft tumor model
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Fig. 5. Role of MICA/B-reactive mAbs on cell surface expression of MICA and MICAB. Surface expression (presented as mean fluorescence intensity
analyzed by flow cytometric analysis at y axis) of MICA/B on HCT-116 cultured for 24 h in the presence of the indicated MICA/B-reactive mAbs at
concentrations ranging from 0.01 nM to 100 nM at x axis (A). Comparison of RDM028 with chemeric RDM028hG1 to bind MICA and MICAB (B).
Binding kinetics of RDM028hG1 chimeric antibody to MICA, MICB and their respective a3 structural domains measured by SPR (C). Surface
expression of MICA/B on HCT-116 cells cultured for 24 h with MPE8 antibody (control), or in the presence of the indicated concentrations of
RDMO028,chemeric RDM028hG1, or the positive control antibody CLN-619 that was analyzed by flow cytometry and presented as flow cytometric
graphs (D) or as fluorescence intensity plots (E). Soluble MICA/B proteins released in culture supernatant from the same HCT-116 cell cultures
described in D were detected by ELISA (F).

using CC HTC-116 cells. Our findings demonstrated that injection of RDM028hG1 significantly suppressed tumor growth as decrease in
tumor size (Fig. 6C and D) and tumor weight (Fig. 6E). In spite of no statistical significance in body weight change between the
RDMO028hG1-treated and control groups, mice treated with RDM028hG1 had higher body weight compared to the mice in negative
control group. The lower body weight in the control group may be caused by decreased appetite or restricted movement due to tumor
growth (Fig. 6F).

5. Discussion

Cancer immune surveillance is a vital host defense mechanism that effectively prevents the development of carcinogenesis and
maintains cellular homeostasis. In particular, the importance of the interaction of NKG2D with its ligands MICA and MICB is strongly
implicated in tumor immune surveillance [25]. Nevertheless, tumor cells have developed multiple mechanisms, such as reduction of
the surface expression of NKG2D ligands by cleavage of MICA and MICB with matrix metalloproteinase (MMP)-929, MMP143, a
disintegrin and metalloproteinase (ADAM)-9, ADAM10, ADAM17 and ERpS5 thiol oxidoreductase, to evade NKG2D-mediated immune
surveillance [26,27]. Since multiple enzymes can cleave MICA/B from the surface of tumor cells, it would not be effective for
immunotheapy to develop a strategy by targeting the individual enzymes to mitigate shedding of MICA/B. Optimal strategies entail the
utilization of antibodies to specifically target the enzymatic cleavage site on MICA/B proteins. It has been reported that inhibition of
cleavage of MICA and MICB by a3 domain-specific antibody promotes NK-directed antibody-dependent cellular cytotoxicity and
anti-tumor activity [9,17]. However, there are no reports on anti-tumor activity driven by MICA/B antibodies carried out for CC in
animal study.

MAbs are an important tool in clinical and immunological research and play important roles in diagnosis and therapeutics. Many
technologies have been developed to isolate mAbs from humans and immunized animals. Hybridoma, based on the fusion of B cells, is
the most commonly used platform [28] but is inefficient and time-consuming [29]. In recent decades, in vitro display methodologies,
including phage display [30], yeast surface display [31], ribosome display [32] and mRNA display, have been widely used for mAb
isolation. Nonetheless, these techniques rely mostly on random combinations of the Ig heavy- and light-chain genes, leading to the loss
of the original pairing information of antibodies. In recent years, there has been significant progress in developing a single B cell
technology by combining of single B cell sorting and Ig gene amplification from single cells followed by in vitro production of re-
combinant mAbs to reflect the native authentic antibodies using the isolated Ig genes to circumvent the inefficiency of hybridoma
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fusion and preserve the original heavy- and light-chain pairing and sequences. As a result, this technology has been successfully
employed in isolation of wide specitrum of functional mAbs for rational design of structure-based vaccines, exploration of interaction
of pathogens with host antibodies, mechanisms of pathogenesis, host immune responses and antibody theapeutics [33-35]. Moreover,
this fast and efficient technique has become a very powerful approach for rapid isolation and development of mAbs from different
animal species [36-40] and humans [20,41].

To explore the opportunity to use MICA/B antibodies as an anti-tumor therapeutic agent, we attempted to generate MICA/B an-
tibodies in mice immunized with recombinant MICA/B proteins as immunogens and utilized successfully the single B cell technology
for isolating a panel of MICA/B-specific mAbs. We have demonstrated that mAb RDM028 had strongest ability binding to a3 domain of
bothMICA and MICB protein among the isolated 5 antibodies and had strongest ability augmenting the surface expression of MICA/B.
The ability to increase the surface expression of MICA/B was likely due to blockage of cleavage of MICA/B since the increased surface
expression of MICA/B was associated with the reduced levels of MICA/B detected from the culture supernantant of HCT0116 cell
culture. Although the precise binding epitope and mechanism by which mAb RDM028 increased the surface expression of MICA/B
remain to be elucidated, we believe that RDM028 must bind to a site on a3 domain that is critical for cleavage of MICA and MICB by
enzymes.

Our study has confirmed that the RDM028hG1 antibody enhanced the interaction of MICA/B on the surface of colon cancer cells
with NKG2D on the membrane of NK cells, resulting in potent anti-tumor cell cytotoxicity. Blockade of the NKG2D pathway with the
1D11 antibody did not completely abolish the NK cell-mediated killing effect through RDM028hG1. The reason for that is because the
activation of NK cells to kill tumor cells involves not only the NKG2D pathway but also the activation of the CD16 Fc receptor.

10
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Additionally, efficacy of RDMO028 in killing tumor cells was not as strong as RDM028hG1, possibly due to the different effects of the
CD16 Fc receptor activation mediated by the two antibodies. Thus, the anti-tumor effect of RDM028hG1 antibody in a nude mouse
xenograft tumor model was likely through this mechanism. In spite of that HCT-116 is a human-derived cell line, these results are in
consistent with the observation that human MICA/B proteins can be recognized by mouse NKG2D receptors in mice [17]. In addition,
MICA/B antibodies could also induce ADCC to suppress tumor cells [42]. These findings offer a new avenue for study of anti-CC
antibody therapy in nude mice as an in vivo xenograft model of CC.

As the first initial step toward a long-term goal to humanize RDM028 with the hope that RDM028 can eventually be developed as an
anti-tumor therapeutic agent, RDM028 was produced as a chimeric antibody with the constant domain of human IgG1. The chimeric
RDMO028hG1 had binding profiles to MICA and MICB similar to that of RDM028. For eventual use of RDM028 as mouse-originated
antibody as therapeutic agent, further extensive studies in humanization of the antibody will be needed to minimize the potential
reactivity and immunogenicity in humans.

Taken together, this study provides additional data in supporting the role of antibodies targeting MICA/B to promote NK killing of
tumors as an important strategy in anti-cancer immunotherapy.
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