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Abstract
Background Cancer is the leading cause of death in the geriatric dog population. Currently, the use of
immune checkpoint inhibitors (ICIs) such as anti-CTLA4 antibodies has markedly improved the prognosis
of several cancers in their advanced stages. However, ICIs targeting CTLA4 blockade to treat canine
cancer patients are yet to de�ne. In this study, we sought to develop, characterize and assess whether
chimeric heavy chain only antibodies (cHcAbs) against CTLA4 are viable therapeutic candidates for the
treatment of canine cancers.

Methods Anti-CTLA4 nanobodies (Nbs) were identi�ed from a yeast nanobody (Nb) library using
magnetic-assisted cell sorting (MACS) and �ow cytometry. cHcAbs were engineered by genetically fusing
the DNA sequences coding for anti-CTLA4 Nbs with the Fc domain of the subclass B of canine IgG.
Recombinant cHcAbs were puri�ed from ExpiCHO-S cells. Stable cell lines expressing canine CTLA4 and
FcγRI were used to elucidate the binding ability and speci�city of cHcAbs. PBMCs isolated from healthy
dogs were used to evaluate the ability of cHcAbs to activate canine PBMCs.

Results Novel Nbs were identi�ed using the extracellular domain of canine CTLA4 protein to screen a fully
synthetic yeast nanobody library. Puri�ed Nbs bind speci�cally to natïve canine CTLA4. We report that
chimeric HcAbs, which were engineered by fusing the anti-CTLA4 Nbs and Fc region of subclass B of
canine IgG, were half the size of a conventional mAb and formed dimers. The chimeric HcAbs speci�cally
binds both with canine CTLA4 and Fc  receptors. As the binding of Nbs overlapped with the MYPPPY
motif of canine CTLA4, these Nbs were expected to sterically disrupt the interaction of canine CTLA4 to B-
7s. Like their human counterpart, canine CTLA4 was expressed on helper T cells and a small subset of
cytotoxic T cells. Canine Tregs also constitutively expressed CTLA4, and stimulation with
PMA/Ionomycin dramatically increased expression of CTLA4 on the cell surface. Stimulation of canine
PBMCs in the presence of agonistic anti-CD3 Ab and cHcAb6 signi�cantly increased the expression of
IFN-γ as compared to the isotype control.

Conclusions This study identi�es a novel nanobody-based CTLA4 inhibitor for the treatment of canine
cancer patients. Furthermore, this approach provides a critical proof-of-concept for developing nanobody-
based humanized anti-CTLA4 therapy for advanced stages of cancers.

Introduction
The development of immune checkpoint inhibitors (ICIs) has revolutionized the �eld of cancer
immunotherapy. Recently, several ICIs have been approved by the US Food and Drug Administration
(FDA) for the treatment of a wide array of cancer types (1–7). Since ICIs provide sustained therapeutic
responses over time, and they are now considered as the standard line of treatment and care for several
malignancies. In normal physiological conditions, immune checkpoint molecules provide a balance
between pro-in�ammatory and anti-in�ammatory signaling. In addition, immune checkpoint molecules
are critical for maintaining self-tolerance, minimizing collateral tissue damage, and developing immunity



Page 4/22

against pathogens (8). Tumor cells disrupt this balance by activating inhibitory immune checkpoints to
create an immunosuppressive milieu, which favors immune evasion and tumor growth (8). To date,
antagonistic antibodies targeting three different molecules, including cytotoxic T lymphocyte-associated
protein-4 (CTLA-4; ipilimumab), programmed cell death protein-1 (PD-1; nivolumab), or programmed cell
death ligand 1 (PD-L1; atezolizumab) have been approved for use in humans (1–7).

CTLA4 is a critical immunoregulatory molecule, which downregulates T-cell activation and promotes
clonal anergy (9, 10). Naïve T cells require two important signals during their initial priming for optimum
activation and clonal expansion (11). The �rst signal is provided by the binding of T cell receptor (TCR) to
peptide-major histocompatibility complexes (MHCs) on antigen-presenting cells (APCs). The engagement
of CD28 to B7-1 (CD80) or B7-2 (CD86) gives the “second” stimulatory signal (11). The CD28-mediated
positive costimulatory signal is essential for T-cell activation, proliferation, and IL-2 production and thus
is critical to induce an antigen-speci�c T cell response. Conversely, CTLA4, also expressed on T cells,
competitively inhibits the binding of B7-1 or B7-2 to CD28 and blocks the positive costimulatory signal
(11, 12). Blocking of CD28-B7 interaction by CTLA4 prevents TCR downstream phosphorylation cascade,
attenuating T cell activation, thereby, induces T cell tolerance (6–8). In addition, tumor-in�ltrating
regulatory T cells (Tregs) express CTLA4 at high levels and utilize it to establish an immunosuppressive
milieu in the tumor microenvironment (TME) (12–15). Therefore, blockade of CTLA4 with antagonistic
mAbs (ipilimumab) increases the survival time and causes remission in subsets of human melanoma
patients (2, 5). The blockade of CTLA4-B7 interaction by ipilimumab allows unrestrained CD28-mediated
positive stimulation and activation of cytotoxic T cell responses (16–18).

However, the therapeutic bene�ts of ipilimumab are often limited to a small subset of cancer patients,
and cancer patients who initially respond usually develop acquired resistance. Multiple approaches,
including combinatorial immunotherapy with ICIs targeting divergent signaling pathways, could augment
positive outcomes and extend these bene�ts for several tumor types (6, 7). However, the development and
optimization of different combinations of immune checkpoint blockade (ICB) drugs are hampered by the
lack of an excellent preclinical animal model. Although mouse models of human cancer are invaluable to
understand the mechanistic concepts of immunotherapy; however, they often fail to recapitulate the
complexity of the tumor stages manifested in human disease. This caveat with the absence of
spontaneous cancers in mouse models creates another layer of complexities and challenges for clinical
translation studies.

Naturally occurring cancer in pet dogs is the leading cause of death in the geriatric canine population (19,
20). Pet dogs develop several cancers, including malignant melanoma, lymphoma, mammary carcinoma,
gliomas, and osteosarcoma, which closely resemble the clinical manifestation, metastasis, recurrence,
genetic predisposition, and response patterns or resistance-to-treatment seen in human cancer patients
(21–26). Pet dogs also share our environment and thus are exposed to the same environmental risk
factors. The tumor initiation, progression, metastasis, and development of immune response in dogs
closely resemble human disease. Therefore, naturally occurring cancer in pet dogs is an ideal animal
model for studying complex immune interactions during cancer treatment (27–29). Various studies have
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shown that the CTLA-4 plays a similar role in canine cancer (30). However, ICIs for CTLA4 blockade are
not commercially available for canine cancer patients due to the lack of species-speci�c mAbs.

Here, we developed nanobody (Nb)-based ICIs to elicit CTLA4 blockade and treat canine cancer patients.
Nanobodies (Nbs), representing the variable fragments (VHH) of camelid heavy-chain-only antibodies
(HcAbs), bind to antigens in the absence of a light chain (14). Nbs are small in size (~ 15kDa) and bind to
antigens with high speci�city and a�nity like conventional mAbs (30, 31, 33). Nbs or Nb-based molecules
are in different stages of development for cancer diagnosis and therapy (31–34). In this study, we have
identi�ed several canine-speci�c anti-CTLA4 Nbs from a fully synthetic yeast Nb library using magnetic-
assisted cell sorting (MACS) and assessed their activity and therapeutic potential. Taken together, we
believe our report is the �rst of its kind to develop and characterize nanobody-based canine-speci�c ICIs
to overcome the primary perceived limitation of understating canine cancer. Furthermore, our report
provides a critical proof-of-concept for developing anti-human CTLA4 Nbs in future clinical studies.

Methods
Identi�cation of anti-canine CTLA4 Nbs

Nbs targeting canine CTLA4 were identi�ed using a yeast surface display platform following the
published protocol (35). The recombinant canine CTLA4 protein (Sino Biologicals) was labeled either with
Alexa �uor-647 (AF 647) or biotin using microscale protein labeling kits (ThermoFisher). The labeled
canine CTLA4 protein was used for biopanning, and CTLA4 binders were enriched by magnetic-assisted
cell sorting (MACS) using anti-AF647 or anti-biotin microbeads (Miltenyi). For each round of MACS
selection, yeast was grown for 48–72 hours in galactose supplemented tryptophan dropout media
(Sigma) to induce Nb expression. Initially, 2.5 × 109 induced yeast cells were washed, resuspended, and
incubated at 4°C for 30 min with anti-Alexa Fluor 647 microbeads in selection buffer (20 mM HEPES, pH
7.5, 150 mM sodium chloride, 0.1% (w/v) ovalbumin, 1 mM EDTA). The yeast cells were then passed
through the LD column (Miltenyi) to remove yeast-expressing Nbs that bound nonspeci�cally to magnetic
beads. After pre-clearing, yeast cells were incubated with labeled canine CTLA-4 protein (1 µM �nal
concentration) at 4°C for 30 min. Yeast cells were then incubated with anti-AF647 microbeads at 4°C for
30 min and passed through the LS column to enrich for yeast-expressing Nbs speci�c to canine CTLA4
protein. The enriched yeast was collected, grown, induced, and used for the second round of MACS
selection using biotin-labeled canine CTLA4 protein. A total of three rounds of MACS selection were
performed. We also used successively lower concentrations (1 µM for 1st round; 500 nM for 2nd round;
and 75 nM for 3rd round) of CTLA4 protein to enrich high-a�nity binders. After the 3rd round of MACS
selection, yeast cells were grown, induced, and labeled with AF647-labeled canine CTLA4 protein, anti-HA
AF488 antibody, and propidium iodide. Yeast cells positive for AF647, AF488, and negative for propidium
iodide were sorted into single clones in 96-well plates using a �ow sorter (Daiko).

Puri�cation of Nbs. Three yeast clones (cNb6, cNb13 & cNb17) with a strong a�nity for canine CTLA-4
protein were selected for in-depth characterization (35). The DNA sequences coding for Nbs were
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ampli�ed by polymerase chain reaction (PCR) and cloned into a periplasmic expression vector pET22b.
The Nb genes were tagged with 6xHis and Strep Tag II on the C-terminus and expressed in BL21 (DE3) E.
coli. For each puri�cation, E. coli were cultured in 500 ml of terri�c broth (MP Biosciences) and induced
after reaching OD600 0.6–0.8 with 1 mM Isopropyl β- d-1-thiogalactopyranoside (IPTG, Zymo research) at
25°C for 16–18 hours. Induced cells were pelleted and resuspended in 25 mL of TSE buffer (0.2 M Tris-
HCL, pH 8, 200 g/L sucrose, 0.5 mM EDTA). 50 mL of cold, sterile water was added to the cells and stirred
for 45 minutes @ 4°C to provide an osmotic shock to release periplasmic Nbs. The periplasmic fraction
containing the tagged Nbs was centrifuged at 16,000 x g for 10 minutes @ 4°C. The supernatant was
collected and dialyzed against 2X PBS buffer overnight @ 4°C using a 3 kDa cutoff dialysis cassette
(ThermoFisher). The dialyzed proteins were centrifuged at 10,000 x g for 15 minutes @ 4°C, and the
supernatant was loaded onto a 5 mL StrepTrap column (GE Healthcare) using an AKTA Explorer (GE
Healthcare). The column was washed with 10 column volumes (CV) of 2X PBS buffer and bound Nbs
were eluted with 2X PBS buffer containing 2.5 mM desthiobiotin. The eluted Nbs were concentrated using
a protein concentrator (Cytiva) with a molecular weight cutoff (MWCO) of 5kDa. The concentrated Nbs
were applied to a superdex 200 10/300 GL column to further purify Nbs using size exclusion
chromatography. The recombinant protein was concentrated to 1.0 mg/ml using 3 kDa protein
concentrators (Pierce™), �lter sterilized (0.2 µM), snap-frozen in liquid nitrogen, and stored at -80oC.
Puri�ed Nbs were analyzed by SDS-PAGE to con�rm purity.

Expression and puri�cation of chimeric heavy chain only antibodies (cHcAbs): The nucleotide sequences
coding for cNb6 were fused in silico with the hinge and Fc domain of subclass B of canine IgG (36). A
secretion signal from the V-J2-C region of the mouse Ig Kappa-chain followed by a Strep II Tag were also
cloned at the N-terminus for e�cient secretion and puri�cation, respectively. The fused sequence was
synthesized (Gene Universal) and cloned into a mammalian expression vector pCDNA3.1/Hygro (+). The
recombinant plasmid was transiently transfected into ExpiCHO-S cells using ExpiFectamine™ CHO
transfection kit (ThermoFisher). The ExpiCHO-S cells and conditioned media were harvested after 7 days.
Following harvest, the supernatant containing the cHcAbs was clari�ed by centrifugation at 4000 x g for
30 minutes. The conditioned media was diluted (1:2) with binding buffer (20mM sodium phosphate) and
applied to HiTrap protein A HP column (Cytiva) using AKTA explorer. The resin was washed with 10
column volumes of wash buffer (10mM sodium phosphate [pH 7.0]). Proteins were eluted with 100 mM
sodium citrate (pH 3.0) directly into 1M Tris-Hcl (pH 8; 0.25 ml/ml elution). The puri�ed cHcAbs were
buffer exchanged into 1X PBS and applied to Superdex200 inrease10/300 GL column for size exclusion
chromatography. The puri�ed cHcAbs were concentrated using 10kDa protein concentrators (Pierce™) to
a �nal concentration of 1.0 mg/ml, �lter-sterilized (0.2 µM), snap-frozen in liquid nitrogen, and stored at
-80°C. Endotoxin levels were measured using the ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit
(Genscript), and all cHcAbs contained less than �ve endotoxin units per milligram of protein.

Puri�cation of canine peripheral blood mononuclear cells: 30 ml of peripheral blood was collected from
three healthy dogs in heparinized tubes. The blood sample was diluted 1:1 with Dulbecco's phosphate
buffer saline (DPBS). Two Sepmate™ PBMC isolation tubes were �lled with 15 ml of histopaque. The
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diluted blood sample was carefully layered over the Sepmate™ insert. The layered blood was centrifuged
at 800 x g for 10 minutes. The PBMCs layer was carefully collected and diluted with DPBS in a new 15ml
conical tube. The cell suspension was mixed well and centrifuged at 800 x g for 10 minutes. The
supernatant was discarded, and the cell pellet was resuspended and washed again with DPBS. After the
supernatant was discarded, the cells were resuspended in complete RPMI-1640 media containing 10%
fetal bovine serum (FBS) plus penicillin (200U/ml) and streptomycin (100 µg/ml).

SDS-PAGE and Western blotting

The expression and purity of eluted Nbs and chimeric HcAbs were determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). For western blotting, conditioned media containing
cHcAbs was separated under reducing (beta-mercaptoethanol) and non-reducing conditions and
transferred to the nitrocellulose membrane. The cHcAb6 band was detected with anti-Strep Tag II and
rabbit anti-canine IgG Fc antibodies (Novus Biologicals). Secondary antibodies conjugated with
IRDye680RD (LI-COR Biosciences) were used to detect the primary antibodies. Blots were scanned on LI-
COR Odyssey 9120 digital scanning system.

Cell Culture and in vitro cell line generation

Stable cell lines were generated to assess the binding of anti-CTLA4 Nbs and cHcAbs. Brie�y, MDCK cells
were transfected with recombinant plasmids expressing canine FcγRI or CTLA4 using Lipofectamine
3000 (Life Technologies) according to the manufacturer’s directions. Cells were selected with hygromycin
and �ow-sorted to obtain single-cell clones. Clones expressing a high level of CTLA4 and FcγRI were used
for �ow cytometry. MDCK, MDCK cell expressing FcγRI (MDCK-FcγRI) or CTLA4 (MDCK-CTLA4) were
maintained in DMEM media supplemented with 10% fetal bovine serum (FBS) at 37°C in 5% CO2.

Flow cytometry

MDCK, MDCK-FcγRI and MDCK-CTLA4 cells were trypsinized and washed with FACS buffer (1X PBS
containing 1% bovine serum albumin (BSA), 2mM EDTA, 0.02% sodium azide, and HEPES). Cells were
incubated in blocking buffer (PBS containing 4% goat or rabbit serum, 1% BSA, 0.02% sodium azide) and
stained with anti-CTLA4 Nbs and cHcAbs. Bound Nbs or cHcAbs were detected by using anti-His 647 or
anti-canine IgG Fc 647 or 750 secondary antibodies and analyzed by �ow cytometry. Canine PBMC were
cultured overnight in RPMI media. PBMCs were stimulated with various concentrations (50, 100 & 150
ng/ml) of PMA and Ionomycin (1µM/ml �nal concentration) for 6 hours. Stimulated PBMCs were blocked
and stained with anti-CTLA4 Nbs and cHcAbs. Cells were also stained with anti-CD3FITC (clone
CA17.2A12), anti-CD4RPE (clone YKIX 302.9), and anti-CD8 647 (clone YCATE55.9) antibodies to
characterize subpopulations expressing canine CTLA4. For intracellular FOXP3 staining, cells were �xed
and permeabilized using the �x & perm cell �xation and cell permeabilization kit from Life Technologies
and stained with FOXP3 monoclonal antibody (FJK-16s [ThermoFisher]).

In vitro functional assays
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Canine PBMCs isolated from three healthy dogs were stimulated with anti-CD3 antibody (1µg/ml) in the
presence or absence of cHcAb6 (100 nM). After three days, total RNA was isolated, reverse-transcribed,
and quanti�ed for IFN-γ mRNA levels using TaqMan assays (Cf02623316_m1). All assays were
performed in triplicates, and HPRT1 (Cf02690456_g1) was used as endogenous control. Canine IgG was
used as isotype control.

Protein structure modeling

The complementarity determining regions (CDRs) of the nanobodies cNb6, cNb13, and cNb17 were
determined from their genetic sequences using the multiple sequence alignment tool Clustal Omega(37),
EMBL-EBI (38). The structures of the three anti-CTLA4 Nbs, the extracellular domain of canine CTLA4,
and the entirety of canine CTLA4 were predicted from their genetic sequences using I-Tasser (39), Robetta
(40), and trRosetta (41) (15 total predicted structures). As the computational methods are predictions,
multiple methods were utilized to provide insight into whether there was consensus or differences among
varying approaches. The ZDOCK server (42) was used to globally dock the individual Nbs predicted by
each method with the corresponding canine CTLA4 extracellular domains. 30 results were generated for
each of the protein prediction methods (10 per Nb per method, 90 total predicted complexes). These
complexes were observed using the molecular visualization tool UCSF Chimera (43).

Statistical Analysis

All experiments were performed in triplicates. The quantitative PCR data was analysed using a two-
samples t-test. All statistical analysis was performed with SAS. All statistical tests were two-sided, and a
P-value of < 0.05 was regarded as statically signi�cant.

Results
Selection of anti-canine CTLA4 Nbs from the library

We were able to screen Nbs targeting canine CTLA4 from a fully synthetic nanobody library (35). Nbs
with high a�nity were identi�ed using a successive lower concentration of recombinant CTLA4 protein
and three rounds of MACS selection. The percentage of CTLA4 binding yeast cells progressively
increased from < 1% to ~ 50% after three rounds of MACS. To isolate single yeast clones, AF647+, HA488+

& Propidium Iodide  yeast cells were sorted from an enriched Nb library using �uorescence-activated cell
sorting (FACS). As expected, most single yeast clones showed excellent binding to the canine CTLA4
protein (Fig. 1A). Based on maximum binding to AF647 labeled CTLA4 protein, we selected three yeast
clones (cNb6, cNb13, and cNb17) for further in-depth characterization. DNA sequences coding for these
clones were ampli�ed and cloned into a periplasmic expression pET-22b(+) vector for puri�cation. Nbs
were expressed in E. coli (DE3) and puri�ed from the periplasmic fraction using a�nity and size-exclusion
chromatography. We found high levels of Nbs expression both in the periplasm as well as in the media.
As shown in Fig. 1B, we con�rmed the purity of Nbs by SDS-PAGE. A recombinant plasmid was
constructed to transfect and transiently express canine CTLA4 protein. Madin-Derby canine kidney
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(MDCK) cells expressing CTLA4 protein were stained with anti-CTLA4 Nbs. The anti-CTLA4 Nbs (cNb6,
cNb13, and cNb17) bind speci�cally to MDCK cells expressing canine CTLA4 protein, while binding was
absent on untransfected MDCK cells (Fig. 1C). Taken together, these results suggests an effective
approach of identifying canine-speci�c anti-CTLA4 Nbs (cNb6, cNb13, and cNb17) from a fully synthetic
Nb library.

Anti-CTLA4 Nbs bind to a conserved MYPPPY motif of canine CTLA4:>

All structure prediction methods (i.e., I-Tasser, Robetta, and trRosetta) showed poor-quality predictions for
the full canine CTLA4 sequence (Fig. 2A); however, they elicit high-con�dence predictions for the
extracellular domain. Since Nbs interact only with the extracellular domain, these structures were further
used for docking calculations. Each structure prediction method also generated Nb structures with very
high con�dence scores. Of the 90 Nb/CTLA4 complexes predicted by the ZDOCK server, 85 showed Nb
CDRs interacting with an MYPPPY epitope in CTLA4 (Fig. 2B-C) that is conserved among humans (44),
mice (45), and dogs. The remaining �ve complexes each showed Nb/CTLA4 interactions that are
unrealistic (i.e., interactions not mediated through the CDRs). All predicted complexes were provided as
Supplemental Information. As shown in Fig. 2C, the intermolecular amino acid interactions for cNb6 were
within the distance of 5Å from the MYPPPY epitope. The epitope residues of each were predicted to
participate in hydrophobic packing and hydrogen bond interactions with residues from CDRs 2 and 3 of
cNb6. In addition to the conserved epitope, Tyr103 (the next amino acid in the C-terminal direction) were
also predicted to form a hydrogen bond with the backbone of Nb CDR3. Collectively, these data show the
binding ability of anti-CTLA4 Nbs to a conserved region of canine CTLA4.

Engineering chimeric anti-CTLA4 canine heavy-chain-only antibodies (cHcAb)

Although the small size of Nbs allows for a better biodistribution and tissue penetration, this can be seen
as a disadvantage for therapy due to rapid clearance from the bloodstream by renal elimination (46, 47).
To overcome this limitation, we successfully engineered a chimeric cHcAb6 by genetically fusing the Fc
domain of canine IgG (subclass B) with cNb6. cHcAb6 was actively secreted by ExpiCHO-S cells into the
conditioned media due to the presence of the secretion signal of the V-J2-C region of the mouse Ig
Kappa-chain at its N-terminus. cHcAb6 was successfully puri�ed from the conditioned media by a�nity
chromatography using the protein A/G column (Fig. 3). Two peaks representing the monomeric and
dimeric forms of the recombinant protein were eluted from these columns. The presence of the Fc
domain was further con�rmed by immunoblots using an anti-canine IgG Fc antibody. As shown in
(Fig. 3B), cHcAb6 forms dimers under non-reducing conditions. The reduced form of the cHcAb6 migrates
at the predicated monomeric molecular weight (MW) of 46 kDa, while the dimeric form was ~ 75kDa. We
also replaced the cNb6 sequence in the cHcAb6 with the DNA sequences coding for cNb13 to construct
cHcAb13. cHcAb13 was similarly expressed and puri�ed from transiently transfected ExpiCHO-S cells.
Both cHcAb6 and cHcAb13 showed excellent binding to MDCK cells expressing canine CTLA4, while no
binding was observed on untransfected MDCK cells (Fig. 3D).

Chimeric HcAbs bind to cognate CTLA4
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Discussion
There are numerous bene�ts to the integration of pet dogs with naturally occurring cancers into immune-
oncology research. Using this naturally occurring model, we can develop better therapeutics, explore
pharmacokinetic/pharmacodynamics relationships, and carefully examine the clinical toxicity and
bioactivity of novel immunotherapeutics (28, 29). Canine cancers arise spontaneously in the presence of
an intact immune response and have similar pathological/molecular characteristics,
transcriptome/immune pro�les, and clinical presentation (22, 23, 27). Like their human counterparts,
canine patients also succumb to metastatic disease even after surgical amputation and adjuvant
chemotherapy (24, 25, 29). Moreover, immune cell populations in dogs and their role in tumor progression
and metastasis are very similar to humans. In this study, we developed Nb-based CTLA4 inhibitors to
treat canine cancer patients.

The anti-CTLA4 Nbs were identi�ed from a yeast Nb library. The majority of the Nbs described to date are
generated by immunizing camelids. However, this process is slow and highly expensive, posing a
signi�cant barrier to develop Nb-based immunotherapeutics for animal use. We were able to identify Nb
clones with e�cient biologic activity by using only 300 µg of recombinant canine CTLA4 protein. The
selected Nb clones (cNb6, cNb13, and cNb17) bind to the MYPPPY motif of canine CTLA4 protein (48).

To further characterize the cHcAb6 and HcAb13 Nbs, studies were next performed for speci�c binding to
native CTLA4 expressed on canine T cells. We puri�ed canine peripheral blood mononuclear cells
(PBMCs) from the blood collected from three healthy dogs. Both cHcAb6 & HcAb13 showed excellent
binding to native CTLA4 expressed on canine T cells. CTLA4 was predominantly expressed on helper T
cells (CD3+, CD4+) (Fig. 4A); however, its expression was also detected in a small percentage of cytotoxic
(CD3+, CD8+) T cells. The expression of CTLA4 on the cell surface was markedly increased after
PMA/Ionomycin stimulation (Fig. 5) as compared to unstimulated T cells. The CTLA4 was constitutively
expressed on regulatory (CD3+, CD4+ & Foxp3+) T cells (Fig. 4B).

Chimeric HcAbs bind to canine FcγRI receptor and activate canine PBMCs

As binding of mAbs to Fc receptor is required for antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC), we next evaluated the ability of cHcAbs to engage canine Fc
receptor. The proper folding of the Fc domain was already con�rmed as it binds to protein A/G. To ensure
the binding of the Fc domain to the Fc receptor, we successfully cloned and expressed the canine FcγRI
receptor (data not shown). Both cHcAb6 & cHcAb13 showed excellent binding to MDCK cells expressing
canine FcγRI, while no binding was observed in untransfected MDCK cells (Fig. 6A). To further examine
the functional activity of cHcAb6, canine PBMCs were puri�ed from three healthy dogs and stimulated
sub-optimally with anti-CD3 mAb (1µg/ml) in the presence or absence of cHcAb6. The IFN-γ expression
levels were signi�cantly increased in the presence of cHcAb6 compared to PBMCs treated with canine IgG
(Fig. 6B). Taken together, these results con�rmed that cHcAb6 was biologically functional and activates
canine PBMCs.
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This motif is conserved between dog, mouse, and human and is essential for interaction with the B7-1
(CD80) and B7-2 (CD86) ligands (18). Thus, we expect these Nbs to sterically interfere and block the
interaction of CD80 and CD86 to canine CTLA4. We were able to de�ne the CTLA4 expression using our
anti-CTLA4 Nbs in different subsets of T lymphocytes. Like their human counterparts, canine Tregs (CD4+,

Foxp3+ T cells) also express CTLA4. CTLA4 is expressed at low levels on resting canine CD4+ T cells,
which is rapidly upregulated after PMA/ionomycin stimulation.

Nb-based biologics inherently have a short plasma half-life due to their small size (15kDa). Additionally,
Nbs cannot trigger antibody-dependent cellular cytotoxicity (ADCC) or complement-dependent
cytotoxicity (CDC) due to the lack of the Fc domain (48). Fc-Fc R interaction plays a central role in several
murine models of CTLA4 blockade (35, 48). H11, an anti-mouse CTLA4 Nb, has minimal e�cacy in vivo.
The effectiveness of H11-based anti–CTLA-4 therapy can be restored via conjugating it to the Fc portion
of murine IgG2a (48). The role of the Fc-Fc R interaction for the therapeutic e�cacy of anti-CTLA4
therapy in human cancer patients is still not clear. The anti-CTLA4 antibody ipilimumab can deplete
human Tregs in vitro; however, patients treated with ipilimumab do not de�nitively show Treg depletion.
Thus, the Nb-based chimeric anti-CTLA4 HcAbs for this study were engineered via genetically fusing the
Fc domain of the subclass B (functional analog to human IgG1) of canine IgG (36). This subclass of
canine IgG binds most tightly to C1q, Fc RI, and Fc RIII receptors (36). We expect our chimeric HcAbs to
block CTLA4 interaction with CD80 and CD80 via anti-CLTA4 Nbs while also provoking ADCC and CDC
through the Fc domain. Consistent with this, we show that chimeric HcAb6 was able to disrupt CTLA4
interactions with B-7s and facilitate Fc-dependent functions inducing IFN-γ expressions in CD3 + PBMCs
in vitro.

The Nb-based ICIs approach in the canine model described in this report has several bene�ts. First, the
novel CTLA4 inhibitors developed in this study have potential to treat canine cancer patients and to
integrate them in immuno-oncology research. Secondly, pet dogs with naturally occurring cancer can be
used to select novel immunotherapeutics with the most promising preclinical activity to treat human
cancers. Third, we can optimize the dose/regimens of potential treatments, predict their activity and/or
potential toxicities before human trials. This approach can bene�t both humans and pets, as it will
provide dogs with access to cutting-edge cancer treatments while ensuring that people are given
treatments that are more likely to succeed.

Conclusions
In summary, we successfully identi�ed anti-CTLA4 Nbs that bind to the conserved MYPPPY motif and
sterically disrupt the interaction of canine CTLA4 protein to B-7s. The chimeric HcAbs containing the Fc
region of the canine IgG were able to interact with Fc  receptors. These chimeric HcAbs were half the size
of mAbs, bind speci�cally to canine Tregs and CD4+ helper T cells expressing CTLA4, and were able to
induce expression of IFN-γ. Future studies employing pet dogs with various types and cancer stages are
warranted to assess the therapeutic e�cacy of chimeric HcAbs.
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Magnetic-assisted cell sorting
MHC
Major histocompatibility complex
Nb
Nanobody
Nbs
Nanobodies
PD-L1
Programmed cell death ligand-1
PD-1
Programmed cell death protein-1
RNA
Ribonucleic acid
TCR
T-cell receptors
TME
Tumor microenvironment



Page 13/22

Declarations
Ethics approval and consent to participate: Not applicable.

Consent for publication: Not applicable.

Availability of data and materials: All data generated or analyzed during this study are included in this
published article.

Competing interests: The authors declare that they have no competing interests.

Funding: This work was funded by the Auburn University Research Intitative in cancer (AURIC).

Authors’ contributions: The study conception and design was performed by MS. Data collection and
analysis were performed by JM, DR, AJ, RB, RP, PA, AS, DB, AM and BS. The �rst draft of the manuscript
was written by DR, JM, and MS, and all authors commented on previous versions of the manuscript. All
authors read and approved the �nal manuscript.

Acknowledgements: The authors thanks Allison C. Bird (Department of Pathobiology, College of
Veterinary Medicine, Auburn University) for performing FACS to isolate single yeast clones.

 

References
1. Kaufman HL, Russell J, Hamid O, Bhatia S, Terheyden P, D'Angelo SP, et al. Avelumab in patients with

chemotherapy-refractory metastatic Merkel cell carcinoma: a multicentre, single-group, open-label,
phase 2 trial. Lancet Oncol. 2016;17(10):1374–85.

2. McDermott D, Haanen J, Chen TT, Lorigan P, O'Day S. E�cacy and safety of ipilimumab in metastatic
melanoma patients surviving more than 2 years following treatment in a phase III trial (MDX010-20).
Ann Oncol. 2013;24(10):2694–8.

3. Weber JS, D'Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns B, et al. Nivolumab versus chemotherapy
in patients with advanced melanoma who progressed after anti-CTLA-4 treatment (CheckMate 037):
a randomised, controlled, open-label, phase 3 trial. Lancet Oncol. 2015;16(4):375–84.

4. Brahmer J, Reckamp KL, Baas P, Crinò L, Eberhardt WE, Poddubskaya E, et al. Nivolumab versus
Docetaxel in Advanced Squamous-Cell Non-Small-Cell Lung Cancer. N Engl J Med. 2015;373(2):123–
35.

5. Eggermont AM, Chiarion-Sileni V, Grob JJ, Dummer R, Wolchok JD, Schmidt H, et al. Prolonged
Survival in Stage III Melanoma with Ipilimumab Adjuvant Therapy. N Engl J Med.
2016;375(19):1845–55.

�. Massard C, Gordon MS, Sharma S, Ra�i S, Wainberg ZA, Luke J, et al. Safety and E�cacy of
Durvalumab (MEDI4736), an Anti-Programmed Cell Death Ligand-1 Immune Checkpoint Inhibitor, in



Page 14/22

Patients With Advanced Urothelial Bladder Cancer. J Clin Oncol. 2016;34(26):3119–25.

7. Hammers HJ, Plimack ER, Infante JR, Rini BI, McDermott DF, Lewis LD, et al. Safety and E�cacy of
Nivolumab in Combination With Ipilimumab in Metastatic Renal Cell Carcinoma: The CheckMate 016
Study. J Clin Oncol. 2017;35(34):3851–8.

�. Wei SC, Levine JH, Cogdill AP, Zhao Y, Anang NAS, Andrews MC, et al. Distinct Cellular Mechanisms
Underlie Anti-CTLA-4 and Anti-PD-1 Checkpoint Blockade. Cell. 2017;170(6):1120-33.e17.

9. Krummel MF, Allison JP. CD28 and CTLA-4 have opposing effects on the response of T cells to
stimulation. The Journal of experimental medicine. 1995;182(2):459–65.

10. Greenwald RJ, Boussiotis VA, Lorsbach RB, Abbas AK, Sharpe AH. CTLA-4 regulates induction of
anergy in vivo. Immunity. 2001;14(2):145–55.

11. Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt EM, et al. Trans-endocytosis of
CD80 and CD86: a molecular basis for the cell-extrinsic function of CTLA-4. Science (New York, NY).
2011;332(6029):600–3.

12. Walker LS, Sansom DM. The emerging role of CTLA4 as a cell-extrinsic regulator of T cell responses.
Nat Rev Immunol. 2011;11(12):852–63.

13. Read S, Greenwald R, Izcue A, Robinson N, Mandelbrot D, Francisco L, et al. Blockade of CTLA-4 on
CD4 + CD25 + regulatory T cells abrogates their function in vivo. J Immunol. 2006;177(7):4376–83.

14. Friedline RH, Brown DS, Nguyen H, Kornfeld H, Lee J, Zhang Y, et al. CD4 + regulatory T cells require
CTLA-4 for the maintenance of systemic tolerance. The Journal of experimental medicine.
2009;206(2):421–34.

15. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, et al. CTLA-4 control over
Foxp3 + regulatory T cell function. Science (New York, NY). 2008;322(5899):271–5.

1�. Chen H, Liakou CI, Kamat A, Pettaway C, Ward JF, Tang DN, et al. Anti-CTLA-4 therapy results in
higher CD4 + ICOShi T cell frequency and IFN-gamma levels in both nonmalignant and malignant
prostate tissues. Proc Natl Acad Sci U S A. 2009;106(8):2729–34.

17. Peggs KS, Quezada SA, Chambers CA, Korman AJ, Allison JP. Blockade of CTLA-4 on both effector
and regulatory T cell compartments contributes to the antitumor activity of anti-CTLA-4 antibodies.
The Journal of experimental medicine. 2009;206(8):1717–25.

1�. Ramagopal UA, Liu W, Garrett-Thomson SC, Bonanno JB, Yan Q, Srinivasan M, et al. Structural basis
for cancer immunotherapy by the �rst-in-class checkpoint inhibitor ipilimumab. Proc Natl Acad Sci U
S A. 2017;114(21):E4223-e32.

19. Fleming JM, Creevy KE, Promislow DE. Mortality in north american dogs from 1984 to 2004: an
investigation into age-, size-, and breed-related causes of death. J Vet Intern Med. 2011;25(2):187–
98.

20. Kent MS, Burton JH, Dank G, Bannasch DL, Rebhun RB. Association of cancer-related mortality, age
and gonadectomy in golden retriever dogs at a veterinary academic center (1989–2016). PLoS One.
2018;13(2):e0192578.



Page 15/22

21. Gardner HL, Fenger JM, London CA. Dogs as a Model for Cancer. Annu Rev Anim Biosci.
2016;4:199–222.

22. Hubbard ME, Arnold S, Bin Zahid A, McPheeters M, Gerard O'Sullivan M, Tabaran AF, et al. Naturally
Occurring Canine Glioma as a Model for Novel Therapeutics. Cancer Invest. 2018;36(8):415–23.

23. Marconato L, Gelain ME, Comazzi S. The dog as a possible animal model for human non-Hodgkin
lymphoma: a review. Hematol Oncol. 2013;31(1):1–9.

24. Pinho SS, Carvalho S, Cabral J, Reis CA, Gärtner F. Canine tumors: a spontaneous animal model of
human carcinogenesis. Transl Res. 2012;159(3):165–72.

25. Prouteau A, André C. Canine Melanomas as Models for Human Melanomas: Clinical, Histological,
and Genetic Comparison. Genes (Basel). 2019;10(7).

2�. Simpson RM, Bastian BC, Michael HT, Webster JD, Prasad ML, Conway CM, et al. Sporadic naturally
occurring melanoma in dogs as a preclinical model for human melanoma. Pigment Cell Melanoma
Res. 2014;27(1):37–47.

27. Dow S. A Role for Dogs in Advancing Cancer Immunotherapy Research. Front Immunol.
2019;10:2935.

2�. Overgaard NH, Fan TM, Schachtschneider KM, Principe DR, Schook LB, Jungersen G. Of Mice, Dogs,
Pigs, and Men: Choosing the Appropriate Model for Immuno-Oncology Research. Ilar j.
2018;59(3):247–62.

29. Tarone L, Barutello G, Iussich S, Giacobino D, Quaglino E, Buracco P, et al. Naturally occurring cancers
in pet dogs as preclinical models for cancer immunotherapy. Cancer Immunol Immunother.
2019;68(11):1839–53.

30. Porcellato I, Brachelente C, Cappelli K, Menchetti L, Silvestri S, Sforna M, et al. FoxP3, CTLA-4, and
IDO in Canine Melanocytic Tumors. Vet Pathol. 2021;58(1):42–52.

31. Ingram JR, Blomberg OS, Rashidian M, Ali L, Garforth S, Fedorov E, et al. Anti–CTLA-4 therapy
requires an Fc domain for e�cacy. Proc Natl Acad Sci U S A. 2018;115(15):3912–7.

32. Roovers RC, Vosjan MJ, Laeremans T, el Khoulati R, de Bruin RC, Ferguson KM, et al. A biparatopic
anti-EGFR nanobody e�ciently inhibits solid tumour growth. International journal of cancer.
2011;129(8):2013–24.

33. Duggan S. Caplacizumab: First Global Approval. Drugs. 2018;78(15):1639–42.

34. Wan R, Liu A, Hou X, Lai Z, Li J, Yang N, et al. Screening and antitumor effect of an antiCTLA4
nanobody. Oncology reports. 2018;39(2):511–8.

35. McMahon C, Baier AS, Pascolutti R, Wegrecki M, Zheng S, Ong JX, et al. Yeast surface display
platform for rapid discovery of conformationally selective nanobodies. Nat Struct Mol Biol.
2018;25(3):289–96.

3�. Bergeron LM, McCandless EE, Dunham S, Dunkle B, Zhu Y, Shelly J, et al. Comparative functional
characterization of canine IgG subclasses. Vet Immunol Immunopathol. 2014;157(1–2):31–41.



Page 16/22

37. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-quality
protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. 2011;7:539.

3�. Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, et al. The EMBL-EBI search and
sequence analysis tools APIs in 2019. Nucleic Acids Res. 2019;47(W1):W636-w41.

39. Yang J, Zhang Y. Protein Structure and Function Prediction Using I-TASSER. Curr Protoc
Bioinformatics. 2015;52:5.8.1–5.8.15.

40. Kim DE, Chivian D, Baker D. Protein structure prediction and analysis using the Robetta server.
Nucleic Acids Res. 2004;32(Web Server issue):W526-31.

41. Yang J, Anishchenko I, Park H, Peng Z, Ovchinnikov S, Baker D. Improved protein structure prediction
using predicted interresidue orientations. Proc Natl Acad Sci U S A. 2020;117(3):1496–503.

42. Pierce BG, Wiehe K, Hwang H, Kim BH, Vreven T, Weng Z. ZDOCK server: interactive docking
prediction of protein-protein complexes and symmetric multimers. Bioinformatics.
2014;30(12):1771–3.

43. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera–a
visualization system for exploratory research and analysis. J Comput Chem. 2004;25(13):1605–12.

44. Metzler WJ, Bajorath J, Fenderson W, Shaw SY, Constantine KL, Naemura J, et al. Solution structure
of human CTLA-4 and delineation of a CD80/CD86 binding site conserved in CD28. Nat Struct Biol.
1997;4(7):527–31.

45. Ostrov DA, Shi W, Schwartz JC, Almo SC, Nathenson SG. Structure of murine CTLA-4 and its role in
modulating T cell responsiveness. Science (New York, NY). 2000;290(5492):816–9.

4�. Bannas P, Hambach J, Koch-Nolte F. Nanobodies and Nanobody-Based Human Heavy Chain
Antibodies As Antitumor Therapeutics. Frontiers in immunology. 2017;8:1603.

47. Van Audenhove I, Gettemans J. Nanobodies as Versatile Tools to Understand, Diagnose, Visualize
and Treat Cancer. EBioMedicine. 2016;8:40–8.

4�. Ingram JR, Blomberg OS, Rashidian M, Ali L, Garforth S, Fedorov E, et al. Anti-CTLA-4 therapy requires
an Fc domain for e�cacy. Proc Natl Acad Sci U S A. 2018;115(15):3912–7.

Figures



Page 17/22

Figure 1

Discovery of nanobodies targeting canine CTLA4. (A) Single yeast clones bind to canine CTLA4. After
three rounds of MACS selection, the enriched yeast nanobody library was sorted by FACS to obtain single
yeast clones. Three yeast clones (cNb6, cNb13 & cNb17) showed excellent binding to AF647-labeled
canine CTLA4 protein. (B) Purity of nanobodies assessed by SDS-PAGE. DNA sequences coding cNb6,
cNb13 & cNb17 were ampli�ed and cloned into a pET22b vector. Nbs were expressed and puri�ed in E.
coli BL21 (DE3) cells by a�nity (StrepTrap) and size-exclusion chromatography (Superdex 10/300 GL).
(C) Binding of cNb6 to cells expressing canine CTLA4 demonstrated by �ow cytometry. MDCK cells
transiently expressing CTLA4 were stained with cNb6, washed, and bound cNb6 was detected with anti-
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His-647 by �ow cytometry. M – protein ladder, 1 – unpuri�ed protein, 2 & 3 – puri�ed Nbs. A non-speci�c
Nb was used as an isotype control.

Figure 2

Anti-CTLA4 nanobodies binding to the MYPPPY epitope of canine CTLA4. (A) The FASTA sequence of
canine CTLA4, where the conserved modeled domain has been highlighted in black and the rest in light
gray. (B) A globally docked complex of anti-CTLA4 nanobody cNb6 (black) and canine CTLA4 (dim gray)
with the MYPPPY epitope (dark gray) interacting with the nanobody CDRs. (C) A detailed view of the
interacting molecules in (B) with intermolecular hydrogen bonds (�ne gray straight lines) between Ser-
Pro/Ser-Tyr/Tyr-Pro residues near the center of the image. Additionally, there are several intermolecular
aromatic residue interactions around the target epitope, which represents hydrophobic interactions.
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Figure 3

Development of Nb-based anti-CTLA4 heavy chain only antibody (HcAb). (A) Predicted structure of
cHcAb6. The DNA sequence coding for the cNb6 was genetically fused to the hinge and Fc domains of
canine IgG (subclass B). (B) The cHcAb6 form dimers as demonstrated by western blotting. The cHcAb6
was expected to form dimers via hinge and Fc domains of canine IgG. The cHcAb6 protein, expressed in
ExpiCHO-S cells, was resolved under reducing and non-reducing conditions and detected by anti-IgG Fc
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antibody. The cHcAb6, as expected, forms dimers of ~ 83 kDa under non-reducing conditions. (R-
reducing condition, NR-non reducing). (C) Purity of cHcAb6 assessed by SDS-PAGE. The cHcAb6 was
expressed and puri�ed from the ExpiCHO-S cells by a�nity (Protein A) and size-exclusion
chromatography. (D) Binding of cHcAb6 to cells expressing canine CTLA4 demonstrated by �ow
cytometry. MDCK cells transiently expressing CTLA4 were stained with cNb6, washed, and bound cHcAb6
was detected using anti-Fc-750 antibody by �ow cytometry.

Figure 4

Canine Tregs constitutively express CTLA4. Activated canine PBMCs were �rst stained with cHcAb6. The
cHcAb6 stained PBMCs were �xed, permeabilized, and treated with anti-CD3, CD4, CD8, and FoxP3
antibodies. The bound cHcAb6 was detected using anti-canine IgG Fc-750 Ab. Canine IgG was used as an
isotype control. (A) The CTLA4 was predominantly expressed on helper T cells. (B) CTLA4 was
constitutively expressed on Tregs. MFI-Mean �uorescence intensity.
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Figure 5

cHcAb6 binds to native CTLA4 on canine PBMCs. Canine PBMCs were stimulated with PMA & Ionomycin
for 8 hours. Activated and control PBMCs were stained with cHcAb6 and analyzed by �ow cytometry
using anti-canine IgG Fc-750 Ab. Canine IgG was used as an isotype control. The CTLA4 expression was
markedly increased after PMA/Ionomycin stimulation.

Figure 6

(A) cHcAb6 binds to cells expressing the canine Fc RI receptor. MDCK cells transiently expressing CTLA4
were stained with cNb6, and bound cHcAb6 was detected using anti-Fc-750 antibody by �ow cytometry.
Canine IgG and cells stained with secondary Ab only were used as controls. (B) cHcAb6 induces IFN-γ
expression from PBMCs after CD3 stimulation. Canine PBMCs were stimulated with 1 μg/ml of anti-CD3
antibody in the presence or absence of 100 nM of cHcAb6. After 72 hours, IFN-γ expression was
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quanti�ed using TaqMan assays. HRPT1 was used as endogenous control, and expression levels of IFN-γ
were normalized to CD3 stimulated PBMCs. All experiments were performed in triplicates.
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