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CD30 is expressed on Hodgkin lymphomas (HL), many non-Hodgkin lymphomas (NHLs), and non-lymphoid malignancies in children and adults. Tumor expression, combined with restricted expression in healthy tissues, identifies CD30 as a promising immunotherapy target. An anti-CD30 antibody-drug conjugate (ADC) has been approved by the FDA for HL. While anti-CD30 ADCs and chimeric antigen receptors (CARs) have shown promise, their shortcomings and toxicities suggest that alternative treatments are needed. We developed novel anti-CD30 x anti-CD3 bispecific antibodies (biAbs) to coat activated patient T cells (ATCs) ex vivo prior to autologous re-infusions. Our goal is to harness the dual specificity of the biAb, the power of cellular therapy, and the safety of non-genetically modified autologous T cell infusions. We present a comprehensive characterization of the CD30 binding and tumor cell killing properties of these biAbs. Five unique murine monoclonal antibodies (mAbs) were generated against the extracellular domain of human CD30. Resultant anti-CD30 mAbs were purified and screened for binding specificity, affinity, and epitope recognition. Two lead mAb candidates with unique sequences and CD30 binding clusters that differ from the ADC in clinical use were identified. These mAbs were chemically conjugated with OKT3 (an anti-CD3 mAb). ATCs were armed and evaluated in vitro for binding, cytokine production, and cytotoxicity against tumor lines and then in vivo for tumor cell killing. Our lead mAb was subcloned to make a Master Cell Bank (MCB) and screened for binding against a library of human cell surface proteins. Only huCD30 was bound. These studies support a clinical trial in development employing ex vivo-loading of autologous T cells with this novel biAb.
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Introduction

CD30 is an excellent immunotherapy target due to its expression on multiple pediatric and adult malignancies, including Hodgkin lymphoma (HL), peripheral T cell lymphoma, cutaneous T cell lymphoma, acute myeloid leukemia, testicular germ cell tumors, and numerous other cancers (1–5). In fact, one meta-analysis reported that 24.5% of all solid tumors are CD30+ (6). Meanwhile, expression of CD30 on normal cells is restricted to a small subset of activated T and B lymphocytes (5, 7).

CD30+ malignancies are widespread. HL alone makes up ~10% of all lymphomas diagnosed in the US. HL is even more prevalent in adolescents, where it accounts for ~14% of all cancers diagnosed (8). With new therapies, the 5-year survival rate for HL has now reached ~87% (9). However, short- and long-term toxicities from conventional chemotherapy and radiation leave patients with significant morbidity and even mortality. Further, for patients with primary refractory or relapsed disease, outcomes are poor, with 5-year overall survival rates between 20%-31% (10, 11). The anti-CD30 antibody-drug conjugate (ADC) brentuximab vedotin (AC10 clone mAb) was approved by the FDA for some forms of HL in 2011 (12). Brentuximab has demonstrated clinical efficacy, with a 5-year survival of 41% in a phase 2 clinical trial of heavily pre-treated relapsed/refractory HL (13). However, only 9% of the patients remained in complete remission without requiring additional therapy (13). Brentuximab has also been used in up-front pediatric high-risk HL with promising results (14). The success of brentuximab validates CD30 as a therapeutic target for treating a variety of cancers; but the toxicities associated with brentuximab (15) and clinical limitations suggest that alternative treatment approaches/augmentations are needed.

Other immunotherapies targeting CD30 are being developed, including T cells with engineered expression of chimeric antigen receptors (CARs) (16–18) and anti-CD30 x anti-CD16A bispecific antibodies (biAbs) to engage NK cells and target tumor cells (19, 20). Both CARs and biAbs redirect effector immune cells to kill tumor-associated antigen (TAA)-expressing cancer cells in a non-MHC restricted manner. BiAbs combine specificity for T or NK cells with specificity for a TAA, resulting in an entity that can simultaneously bind both cell types (21, 22). BiAbs can be infused directly into the patient or used to coat (arm) effector cells ex vivo that are then re-infused (21, 22). BiAb therapies have been successfully applied to a range of malignancies, including breast cancer, glioma, carcinoma, and lymphoma (23–26).

We developed novel and unique anti-CD30 x anti-CD3 biAbs that trigger T cell-mediated activation and elimination of CD30-expressing tumor cells. Clones 8D10 and 10C2, which have unique amino acid sequences and bind epitopes on CD30 different from AC10 and from each other, were selected for heteroconjugation with the anti-CD3 mAb OKT3. Human activated T cells (ATCs) armed with our 8D10 biAb are effective at lysing CD30+ tumor cells and secrete an array of pro-inflammatory cytokines in response to target cell exposure. Our data support the further development and subsequent implementation of our 8D10F10-based biAb as an immunotherapy for HL and other CD30+ malignancies.





Materials and methods




Anti-CD30 monoclonal antibody (mAb) development

The cDNA for the extracellular amino acids (19-379) of the huCD30 sequence (GenScript) were fused to the glutathione S-transferase (GST) sequence in a pGex-4T-1 plasmid (GE Healthcare). The BL21 E. coli strain (NEB) was transformed and expression was induced with IPTG (Sigma). Expression was confirmed by Coomassie-stained SDS-polyacrylamide gel and Western blot analysis using an anti-GST antibody (ThermoFisher). huCD30-GST protein was purified to apparent homogeneity with Glutathione Sepharose 4B Resin (GE Healthcare) and buffer-exchanged (Millipore Amicon® Ultra-4 Centrifugal Filter Unit 50 KDa cutoff) to PBS. Mouse CD30 hybridomas (clones 8D10, 10C2, 12B1, 13H1, 15B8) (all custom generated by Genscript), were derived by fusing murine Sp2/0 myeloma cells with spleen cells from a BALB/c mouse that had been immunized with purified huCD30-GST and boosted. Hybridoma lines that grew out of the selection media were maintained in DMEM media (Gibco) + 10% FBS (Gibco).





Antibodies and reagents

Hybridoma cell lines were adapted to CD Hybridoma AGT medium (Gibco); a serum-free media (SFM), supplemented with 40 mL/L GlutaMAX (ThermoFisher). Supernatants were harvested; mAbs were purified on an rProtein A GraviTrap column (GE Healthcare). mAbs were concentrated and buffer-exchanged (Millipore) to PBS. Glycerol was added to 50% and the purified mAbs were stored at -20°C. Each mAb was quantified by densitometry using ImageJ (27) and/or by a BCA protein assay. mAb light and heavy chains were verified using a non-reducing SDS-polyacrylamide gel (Bio-Rad). mAbs were either used unlabeled or fluorescently-labelled with an Alexa Fluor 647 labeling kit (Invitrogen).

The anti-CD30 mAb clone AC10, which is the mAb component of brentuximab, was obtained from AdipoGen (unlabeled or APC-labeled). Anti-CD30 clone BerH2 (PE-labelled) was acquired from Invitrogen. Anti-CD20-PE and anti-CXCR3-Alexa Fluor 700 were purchased from BioLegend as were all isotype control antibodies. Goat anti-mouse IgG (H+L) secondary antibody labeled with Alexa Fluor 647 was purchased from ThermoFisher.





Cell lines and cell culture

The following cell lines were obtained from ATCC. SU-DHL-1 (CD30+ lymphoma), RPMI 6666 (CD30+ HL), Raji (CD30low Burkitt’s lymphoma), and HH (CD30+ lymphoma) were maintained in RPMI-1640 media (Sigma), supplemented with 10% FBS (20% for RPMI 6666) (Gibco). K562 (CD30+ CML) and 293T (CD30-) were maintained in DMEM media (Gibco), supplemented with 10% FBS (Gibco).

 OCIAML-2 (CD30− AML) are from the Ontario Cancer Institute and maintained in IMDM media (Gibco), supplemented with 10% FBS (Gibco). Karpas 299 cells (CD30+ NHLCL) are from Sigma and cultured in the same media as HH (above). L428 (CD30+ HL) are from DSMZ and cultured in X-VIVO 20 media with 5% human AB serum.

A binary CD30+ cell line (Raji LV30) was derived by transducing CD30- Raji cells with a lentiviral vector (LV) construct containing the cDNA for huCD30. The sequence for full-length, huCD30 (UniProt) was codon-optimized (Genscript) and subcloned into the pDY LV vector (28). A high-titer LV prep was used to transduce Raji cells, which were sorted by fluorescence-assisted cell sorting (FACS) to enrich for the CD30+ fraction. A clonal population was developed by limiting-dilution followed by flow cytometry (FCM)-based screening to select a CD30high Raji cell clone (data not shown).

Human donor mononuclear cells (MNCs) were isolated by density gradient centrifugation (StemCell Technologies) from de-identified and discarded leukocyte reduction system (LRS) cones or apheresis products or from peripheral blood (StemCell Technologies). MNCs were used fresh or frozen and stored in the vapor phase of liquid nitrogen (50% X-VIVO 20 media (Lonza), 40% human AB serum (Gemini Bio-Products), and 10% DMSO (Sigma)) and thawed prior to use. T cells were activated and expanded with CD3/CD28 Dynabeads (ThermoFisher) or 20 ng/mL anti-CD3 antibody (OKT3; BioXCell) and 100 IU/mL interleukin-2 (IL-2) (Sigma or NIH/NCI BRB Preclinical Repository) in complete media: X-VIVO 20 media (Lonza) with 5% human AB serum (Gemini Bio-Products).





Binding studies: ELISA and flow cytometry (FCM)

Half-area microtiter plates (Corning) were coated with huCD30-GST protein at 10 ug/mL in PBS for 1 hour at RT or ON at 4°C. After blocking: 5% bovine serum albumin (BSA) solution in PBS (1 hour, RT), purified mAbs were incubated in serial dilutions with the CD30-GST protein at RT. After 1 hour, the wells were washed with PBS-Tween (0.05%) and the bound antibodies were detected by incubating the cells with an alkaline phosphatase-linked anti-mouse IgG probe (Cell Signaling Technology) at RT for 1 hour. The excess probe was washed off and the plate was developed with 1-step pNPP solution (ThermoFisher). The reaction was terminated with the addition of 0.75M NaOH after 30 minutes. The optical density at 405 nm was determined using a Varioskan LUX plate reader (ThermoFisher).

Cell lines were stained for 30 minutes at 4°C with purified anti-CD30 mAbs (all at 5 μg/mL), followed by Alexa Fluor 647-labeled secondary antibody (1:2000) for 30 minutes. Alternatively, cell lines and T cells were stained in FACs buffer (2% FBS, 1 mM EDTA, 0.02% NaN3 in PBS) with 8D10 or 10C2 biAbs (5 μg/mL), followed by staining with Alexa Fluor 647-labeled secondary antibody as above. Cells were washed and fixed with 1% PFA. Stained cells were analyzed on a BD LSR Fortessa X-20 flow cytometer (BD Biosciences) with acquisition of least 1x104 events. Data were analyzed using FlowJo v10 software (FlowJo LLC).





mAb sequencing

The variable light (VL) and heavy (VH) chains were sequenced. RNA was extracted from each hybridoma cell line using TRIzol (Invitrogen) and chloroform (Sigma) and converted to cDNA. VL and VH chains were amplified by PCR using mouse-specific primers and subcloned into a shuttle vector (pBlueScript II SK(+)) for sequencing. Plasmids were sequenced by Sanger sequencing (Retrogen). The similarities of the predicted amino acid sequences of the five novel anti-CD30 mAbs and AC10 was determined via ClustalOmega (29). Mass spectrometry (MS) was used to perform bottom-up analysis of the mAb amino acid sequences to compare to the DNA results. The mAbs were reduced, cysteines were alkylated, and the protein was digested by Lys-C and trypsin. Peptides were analyzed by high mass accuracy mass spectrometry (LC-MS/MS, Orpitrap Fusion Lumos) by the Center for Biomedical Mass Spectrometry Research at MCW. Data was searched against the amino acid sequences determined by DNA sequencing.





Binding affinity analyses

Surface plasmon resonance (SPR) measurements were performed at 25°C using a BIAcore 3000 instrument (GE Healthcare). CM5 and Protein G chips, surfactant P20, and amine coupling kits were obtained from GE Healthcare. Recombinant huCD30 (R&D) at 10 ng/ul was immobilized on a CM5 sensor chip by amine coupling. Unreacted groups were blocked with ethanolamine. Our purified anti-CD30 mAbs and clone AC10 were prepared in running buffer (10 mM Hepes pH 7.4, 150mM NaCl, 0.005% (v/v) P20) with 0.1% BSA in serial 1:2 dilutions from 20 nM. mAbs were injected in a volume of 150 ul over the flow cells at a flow rate of 30 ul/min. After 5 min, the antibody-containing solution was replaced with running buffer containing BSA and the complexes were allowed to dissociate for 10 min. The CM5 sensor chip was regenerated with a one-minute injection of 20 mM glycine, 1M NaCl, pH 2.5, at a flow rate of 10 ul/min; the surface was allowed to re-equilibrate in running buffer for 3 min prior to subsequent injections.

The reverse analysis was also carried out. Here, mAbs 8D10, 10C2, AC10, and isotype control (each at 5 ng/ul) were immobilized to a Protein G sensor chip at an approximate density of 200 RU in running buffer (described above) at a flow rate of 10 ul/min. Recombinant huCD30 (8D10 and 10C2 flow cells: 0-2500 nM; AC10 flow cell: 0.1-25 nM) was injected in running buffer for 2 min at 40 ul/min with a dissociation time of 3 min. The Protein G chip was regenerated with a 1 min injection of 20 mM glycine pH 2.5, 150 mM NaCl.

Concentration curves were fitted to a 1:1 Langmuir binding model using the BIAevaluation software package (version 4.1.1; GE Healthcare) from which kinetic rate constants and equilibrium constants were calculated.





Epitope cluster mapping and linear epitope binding

HuCD30 epitope cluster mapping was assessed by an FCM-based competitive binding assay. SU-DHL-1 cells were first blocked with unlabeled anti-CD30 mAbs (2.5 ug per 100 uL) for 1 hour at 4°C. The cells were washed and then incubated with Alexa Fluor 647-labeled 8D10, 10C2, 12B1, 13H1, or 15B8, APC-labeled AC10, or PE-labeled BerH2 for 30 minutes at 4°C. Excess antibody was washed from the cells, and fluorescence was determined using a BD LSR Fortessa X-20 flow cytometer (BD Biosciences) with acquisition of least 2x104 events. Data were analyzed using FlowJo v10 software (FlowJo LLC).

Actual anti-huCD30 linear epitope binding was assessed by PEPperPRINT, GmbH (Heidelberg). The huCD30-GST sequence was converted into linear 15 amino acid peptides with a peptide-peptide overlap of 14 amino acids. The resulting CD30 peptide microarrays contained 586 different peptides printed in duplicate (1172 spots) and were framed by additional HA (YPYDVPDYAG, 86 spots) control peptides. MAbs 8D10F10 (see below) and AC10 were analyzed at 1 ug/mL, 10 ug/mL, and 100 ug/mL in incubation buffer (PBS, pH 7.4 with 0.05% Tween 20 and 10% Rockland blocking buffer MB-070). Microarray read-outs were obtained with an Innopsys InnoScan 710-IR Microarray scanner. Microarray image analysis was done with PepSlide® Analyzer.





Generation of biAbs and arming of T cells

BiAbs with OKT3 and either 8D10, 10C2, or AC10 were prepared by chemical heteroconjugation as previously described (30). OKT3 was cross-linked with Traut’s reagent (2-iminothiolane HCl; Pierce) and the anti-CD30 mAbs were cross-linked with sulphosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulpho-SMCC). Cross-linked mAbs were desalted on PD-10 columns (Pharmacia) to remove unbound cross-linker. The cross-linked OKT3 and anti-CD30 Abs were then heteroconjugated overnight. Heteroconjugated product was analyzed by non-reducing SDS–PAGE (4–20% gradient; Lonza). Bands were quantified by densitometry using Quantity One software (Bio-Rad Laboratories).

T cells were cultured as described above for at least 5 days prior to arming. The activated T cells were armed with 8D10, 10C2, or AC10 biAb at 100 ng per 1x106 cells, unless otherwise specified, for 1 hour in complete media at 4°C prior to use or they were armed and cryopreserved as described above.





Cell conjugation assay

8D10 or 10C2 biAb-armed T cells were labelled with Alexa Fluor 700 using an anti-CXCR3 antibody. Target cells (Raji and Raji LV30) were labelled with phycoerythrin (PE) using an anti-CD20 antibody. All cells were washed, resuspended in FACS buffer, and mixed at a 1:1 ratio of tumor cells to target cells. Unarmed T cells were included as a control. Cells were co-incubated for 1 hour at 4°C and analyzed immediately on a BD LSR Fortessa X-20 flow cytometer. At least 2x104 events were collected for each sample. Data were analyzed using FlowJo v10 software. Two-colored particles were scored as positive cell conjugations.





Cytokine profiling of biAb-armed T cell and tumor cell co-cultures

BiAb-armed T cells were incubated at a 2:1 effector-to-target ratio with tumor cells (2x105 cells per condition). Samples were diluted 1:2, and cytokine concentrations determined using standard curves. For unarmed T cells, 8D10 biAb-armed T cells, and 10C2 biAb-armed T cells incubated with Raji, Raji LV30, SU-DHL-1, RPMI 6666, and OCIAML2 cells the multiplex panel included CD40L, EGF, Eotaxin, FGF-β, Flt-3 ligand, Fractalkine, G-CSF, GM-CSF, Granzyme B, GRO-α, GRO-β, IFN-α, IFN-β,  IFN-γ, IL-10, IL-12 p70,  IL-13, IL-15, IL-17A, IL-17E, IL-1α, IL-1β, IL-2, IL-3, IL-33, IL-4, IL-5, IL-6, IL-7, IL-8, IL-1ra, IP-10, MCP-1, MIP-1α, MIP-1β, MIP-3α, MIP-3β, PD-L1, PDGF-AA, PDGF-AB/BB, RANTES, TGF-α, TNF-α, TRAIL, and VEGF (Magnetic Luminex Performance Assay XL Kit, R&D Systems). For unarmed T cells and 8D10 biAb-armed T cells incubated with Raji and HH cells the multiplex panel included GM-CSF, IFN-α2, IFN-γ, IL-2, IL-6, IL-10, IL-12 (p40), IL-12 (p70), and TNF-α (custom MILLIPLEX Human Cytokine/Chemokine/Growth Factor Panel A-Immunology Multiplex Assay, Sigma).





BiAb-dependent cytotoxicity

Tumor cell lines were labeled with 51Cr (Perkin Elmer) for 2 hours at 37°C; then washed twice with 2% FBS in PBS and once with X-VIVO 20 media containing 5% human AB serum. T cells were plated with the target cells in triplicate at varying effector-to-target (E:T) ratios and incubated for 4 hours at 37°C. Following incubation, 30 uL aliquots of supernatant were collected into 96-well LumaPlates (Perkin Elmer) and read using a TopCount NXT Scintillation Counter (Packard) or Microbeta A2450-0020 Plate Reader (Perkin Elmer). Spontaneous release was measured by incubation of target cells with media alone. Maximum release was achieved by lysis of target cells with a 0.05% Triton-X solution. Specific lysis was calculated using the formula: % specific lysis = [(experimental release - spontaneous release)/(maximum release - spontaneous release)] x 100. Triplicate values were averaged prior to calculation of the specific lysis; data from multiple experiments were averaged.





Subcloning hybridoma 8D10

Hybridoma 8D10 was subcloned by limiting dilution into a 96-well plate at a cell density that predicted only 1 hybridoma per every 3-4 wells. Wells were scanned the same day for those containing more than 1 cell, which were eliminated. Five single cell-derived subclones of 8D10 were isolated and examined for mAb production. Clone 8D10F10 was selected for further study. Anti-CD30 mAb 8D10F10 was purified on an rProtein A GraviTrap column. Clone 8D10F10 was sent to IDEXX BioAnalytics, Inc., for analyses and was found to be negative by PCR testing for all 25 mouse viruses examined by their IMPACT I array (data not shown).





mAb specificity analyses

Antibody 8D10F10 was tested in a Membrane Proteome Array analysis (Integral Molecular) against a library of over 6000 human membrane proteins including 94% of all single-pass, multi-pass, and GPI-anchored proteins. Membrane proteins were expressed from plasmids transfected into HEK-293T cells. The cells were matrixed by pooling individual columns and rows of each plate. Ten percent goat serum was added in the blocking buffer. The primary antibody (8D10F10) was incubated with cells for 60 minutes at RT. Binding was determined by FCM using an Intellicyt iQue and a fluorescently labeled secondary antibody incubated for 30 minutes at RT. The optimal 8D10F10 antibody screening concentration was found to be 1.25 ug/mL; this concentration was chosen based on a joint assessment of binding strength and background signals (data not shown). Targets were identified by detecting ligand binding to overlapping column and row pools. Each individual membrane protein target was assigned values corresponding to the binding values of their unique row and column pools, and targets demonstrating binding signal >3 standard deviations above background in both wells were selected for downstream validation experiments. The resulting paired binding values were subsequently normalized and transformed to give a single numerical value for binding of the test ligand against each target protein. Non-specific fluorescence was determined to be any value below 3 standard deviations of the mean background value. Identified targets were validated in secondary screens that involved transfections with plasmids encoding the specific test cDNAs and serial dilutions of 8D10F10 followed by FCM analyses as above.





In vivo analyses

Under a protocol approved by the Animal Use Committee of MCW (#AUA00005801), NSG mice (Jackson Labs) were injected intradermally with 4x106 HH cells. Beginning on day 10, when tumor volume reached ~100mm3, the mice received 6 intravenous injections of either PBS, 20x106 unarmed T cells, or 20x106 8D10 biAb-armed T cells (armed as above, cryopreserved and thawed) every 3 to 4 days. Tumor size (length x width2/2) and ulceration status were determined every 3 to 4 days. Mice with ulcerated tumors were euthanized per the protocol requirement. All mice were euthanized at day 28 when most control mice had ulcerated tumors.





Statistical analysis

All statistical analyses were done using Graph-Pad Prism version 8 for Mac (GraphPad Software, San Diego). Results from conjugation assays were compared by one-way ANOVA with Tukey’s multiple comparison test. Luminex cytokine data and T cell cytokine release data were compared by two-way ANOVA with Dunnett’s multiple comparisons test. Cytotoxicity data were compared by two-way ANOVA with Tukey’s multiple comparison test. In vivo data were compared by a log-rank (Mantel-Cox) test. Further statistical tests are described in figure legends. P values of ≤ 0.05 were considered statistically significant; Non-significant, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.






Results




Production and analysis of novel mAbs against the huCD30 extracellular domain

Five hybridoma cell lines were produced following inoculation of mice with huCD30-GST. Hybridomas 8D10, 10C2, and 13H1 were found to secrete human immunoglobulin G2a (IgG2a) with kappa light chains, while hybridomas 12B1 and 15B8 were found to produce IgG2b with kappa light chains (as assessed by Genscript). MAbs were purified from hybridoma supernatants by protein A chromatography. Figure 1A shows the Coomassie-stained results of non-reducing SDS-PAGE with mAb 8D10 compared to an isotype control mAb.




Figure 1 | Purification of novel anti-CD30 mAbs and binding to huCD30. (A) Coomassie Blue-stained gel following non-reducing PAGE of purified 8D10 and 8D10F10 (subclone for preparation of a clinical trial MCB). (B) Binding of various dilutions of our novel mAbs to huCD30-GST protein was assessed by ELISA. (C) FCM analyses were carried out for all five novel CD30 mAbs and AC10. Representative FCM histograms are shown.



Binding of each mAb from the five hybridoma cell lines (8D10, 10C2, 12B1, 13H1, 15B8) to huCD30 was first assessed by ELISA (Figure 1B). AC10 (the antibody component of brentuximab) was also included in these analyses. All 6 anti-CD30 mAbs demonstrated dose-dependent binding to CD30-GST. As expected, an isotype control mAb did not bind. Our 5 mAbs against CD30-GST produced a stronger signal in this ELISA than AC10 at the same concentration (Figure 1B). This may be due to differences in affinity or concentration or the fact that CD30-GST was the exact immunogen used for development of our mAbs whereas AC10 was raised by immunization of mice with YT cells (a CD30+ lymphoma cell line) (31).

An assessment by FCM was carried out to analyze binding of our anti-CD30 mAbs to their ligand in its native context (Figure 1C). SU-DHL-1 and RPMI 6666 are CD30+ lymphoma cell lines. K562, a CML cell line, also expresses CD30. 8D10, 10C2, 12B1, 13H1, and 15B8 all bound to the three CD30+ cell lines with a similar mean fluorescence intensity (MFI) for each cell line. AC10 also stained these cell lines with a similar MFI. Only 12B1 showed appreciable binding to CD30- 293T cells. To further prove antigen-specific binding, the huCD30 cDNA sequence was transduced into the Raji cell line using a recombinant LV we constructed, and a clonal CD30+ population was derived (Raji LV30). Staining of non-transduced (NT) Raji cells with our 5 mAbs and AC10 revealed a low to moderate intensity of binding (Supplemental Figure 1). This is consistent with at least one previous report that Raji cells express low levels of CD30, despite the fact that it is often cited and used as a CD30 negative cell line (32). For all the mAbs tested, binding to Raji LV30 cells was significantly higher than to NT Raji cells, demonstrating specificity of all 5 novel mAbs (and AC10) for the expressed CD30 protein (Supplemental Figure 1).





mAb binding affinities

Affinity for huCD30 was assessed by SPR analyses. Our mAbs all bound to rhCD30 protein immobilized as the ligand on a CM5 sensor chip with affinities in the nM range, as expected for antibody-antigen interactions (Table 1). These results were comparable to the binding affinity determined for AC10 (Table 1). This data is consistent with previous studies of the binding affinity of brentuximab, which have reported a Kd between 0.2 - 2 nM (33–35). Binding curves and Langmuir fits are shown in Supplemental Figure 2.


Table 1 | Affinity constants for the interaction of CD30 mAbs with immobilized huCD30 protein.



To assess any differences when the mAbs were used as the ligand rather than as the analyte, 8D10, 10C2, and AC10 were also tested by immobilization on a Protein G sensor chip. Here, rhCD30 was the analyte (Supplemental Table 1). Somewhat surprisingly, in this context 8D10 and 10C2 binding affinity values were reduced to the μM range. AC10 still bound rhCD30 with nM affinity, though the off-rate was significantly increased indicating that immobilization of anti-CD30 antibodies themselves may not be the best method for assessment.





Sequence analysis and epitope studies

To confirm the uniqueness of our novel anti-CD30 mAbs, the VL and VH chain antibody sequences were determined (Supplemental Table 2; with a distance-based sequence similarity tree in Supplemental Figure 3). The sequence of AC10 has been previously reported (36). Comparisons revealed that each mAb is unique (Figure 2A). Predicted amino acid sequences ranged from 50%-94% similar for the VL chains, and 68%-90% similar for the VH chains. No VL or VH chain in our cadre of novel anti-CD30 mAbs was found to be >73% similar to the AC10 sequence. Subsequently, MS-based protein sequencing matched the predicted amino acid sequences (data not shown).




Figure 2 | Categorization of mAbs by sequence and cluster binding. (A) VL and VH protein sequences were compared across all 5 novel mAbs and AC10. Levels of sequence similarity range from white (low) to blue (high). Numbering indicates the sequence identity as a percentage. (B) Cluster mapping via competitive binding. Fluorescently labelled mAbs were incubated with CD30+ SU-DHL-1 cells blocked with excess unlabeled mAbs. FCM analysis was then performed. High inhibition (red) indicates a shared cluster and low inhibition (blue) indicates distinct clusters. Results represent the means of 3 independent experiments (n=3). (C) A depiction of the three known clusters of mAb binding to CD30.



Currently characterized anti-CD30 mAbs recognize one of three serologically defined clusters (A, B, or C) (37). AC10 binds to cluster C, while a second commercially available antibody, BerH2, binds to cluster A (37). We examined the ability of unlabeled mAbs to inhibit the binding of fluorescently-labelled mAbs to CD30+ SU-DHL-1 cells in order to assign cluster groups (Figure 2B; Supplemental Figure 4). A known cluster group B antibody could not be identified from this analysis. Binding of AC10 was not inhibited by any of our mAbs, indicating that none of our mAbs bind to cluster C. Binding of 8D10, 12B1, 13H1, 15B8 and BerH2 was inhibited by unlabeled 8D10, 12B1, 13H1, and 15B8, indicating that these antibodies share a common cluster. Since BerH2 is known to belong to cluster A, we assigned these 4 of our 5 antibodies to this cluster. Our fifth antibody, 10C2, did not inhibit binding of any other antibody tested, thus we conclude that it binds to cluster B, or to a novel cluster (Figure 2C). For further studies, we selected one antibody from each cluster group: 8D10, which had the highest affinity of all our cluster A antibodies, and 10C2, which is unique in both sequence and epitope cluster.

To define the epitopes on human CD30 that our lead antibody (subclone 8D10F10; see below) recognizes, and to compare this to results with AC10, we tested binding to linear CD30 peptide microarrays. Incubations were performed at different concentrations of input mouse antibodies. For 8D10F10, moderate-to-very strong antibody responses against epitope-like spot patterns formed by adjacent peptides with the consensus motifs EEKYEE, DFMLYD, and CEPDYYLDE were found at high signal-to-noise ratios. In fact, the proposed epitope CEPDYYLDE was found twice in the antigen (Supplemental Figure 5). In contrast for AC10, moderate-to-strong antibody responses against epitope-like spot patterns formed by adjacent peptides with the consensus motifs YWKIKGLVQPTR, LYERDEGDKWRNK, TQQCPQRPTDCR, GTRLAQEAASK, and FKKRIEAIPQIDKYL were observed at high signal-to-noise ratios (Supplemental Figure 5). These response profiles were both observed at similar intensity levels; no common antibody responses were found. This further confirms that mAbs 8D10F10 and AC10 bind to different regions of human CD30.





Human T cell-to-tumor cell conjugation

Heteroconjugation of equimolar concentrations OKT3 and either 8D10 or 10C2 mAb was carried out (Figure 3A; Supplemental Figure 6). To establish that the ability to bind to both CD3 and CD30 was maintained in the biAb products, CD3+ T cells, CD30+ SU-DHL-1, and RPMI 6666 cells were stained with 8D10 or 10C2 mAb and biAbs and analyzed by FCM. Strong binding to T cells, SU-DHL-1, and RPMI 6666 cells was observed by both biAbs (Figure 3B). Both biAbs bound with a similar MFI as the original mAbs, confirming their ability to bind to both proteins of interest even after heteroconjugation.




Figure 3 | Assessment of biAb binding capabilities. (A) BiAbs capable of binding to CD3 and CD30 were developed by heteroconjugation of mAb 8D10 or 10C2 with OKT3. (B) The ability of biAbs 8D10 and 10C2 to bind to both CD3 and CD30 post-conjugation was determined by FCM. Binding of unconjugated 8D10, 10C2, and OKT3 mAbs and an isotype control is shown for reference. (C) A two-color FCM assay was developed to determine T cell-Raji LV30 conjugate formation in the presence of biAbs. (D) Assessment of percent conjugation of Raji and Raji LV30 cells with unarmed or biAb-armed T cells was measured by detection of two-color events and plotted as a percentage of all events. Results represent means ± SD of 3 independent experiments (n = 3). Representative FCM plots from this assay are shown in (E). n.s, not significant, ** = p < 0.01 between the indicated groups, calculated using a one-way ANOVA with Tukey’s multiple comparisons test.



An essential component of biAb function is the capacity to bind both target proteins simultaneously. We assessed T cell-to-tumor cell conjugation using a two-color FCM approach (Figure 3C). Tumor cells and armed T cells, each stained with different fluorophores, were co-cultured prior to analysis. Two-color conjugates were scored (Figures 3D, E). As expected, there was little conjugation between non-CD30 expressing (NT) Raji cells and unarmed or armed T cells. In comparison, T cells armed with the 8D10 biAb showed significantly greater levels of conjugation to Raji LV30 cells. Unexpectedly, 10C2 biAb-armed T cells demonstrated no significant conjugation with Raji LV30 cells (Figures 3D, E). This indicates a weaker ability of the 10C2 biAb to mediate cellular heteroconjugations due to spatial restrictions or formation of less stable pairings that were too fragile to be evaluated by FCM.





In vitro cytokine production

We evaluated the ability of our biAb-armed human T cells to produce cytokines when challenged with CD30-expressing tumor cell lines at an E:T ratio of 2:1. T cells from three independent donors were used. Significant increases in production of GM-CSF, Granzyme B, IFN-γ, IL-2, IL-4, IL-5, IL-10, IL-13, MIP-1α, MIP-1β, and TNF-α were observed in supernatants collected from 8D10 or 10C2 biAb-armed T cells co-cultured with CD30-expressing tumor cells (Raji LV30 and RPMI 6666) in comparison to co-culture with unarmed T cells (Figure 4A; Supplemental Figure 7). Much lower levels of cytokines were detected when armed T cells were incubated with CD30− cell lines (Raji and OCIAML2). Production of other cytokines was low across all samples; often below the limit of detection (data not shown). Interestingly, despite the negligible increase of T-cell-to-tumor cell conjugation in the presence of 10C2 biAb in the FCM assay (Figure 3), this biAb triggered production of some cytokines in vitro. However, in comparison to cell conjugation with 8D10 biAb-armed T cells, 10C2 biAb-armed T cells trend towards less IFN-γ, GM-CSF, IL-5, IL-10, MIP-1β, and Granzyme B.




Figure 4 | Cytokine production by biAb-armed T cells after co-culture with tumor cells. (A) Co-culture conditions included no target (0), a CD30low cell line (Raji), CD30+ cell lines (Raji LV30 and RPMI 6666), and a CD30− cell line (OCIAML2). Production of IFN-γ, TNF-α, IL-2, GM-CSF, and IL-4 was assessed. (B) Co-culture conditions included no target (0), a CD30low cell line (Raji), and a CD30+ cell line (HH). Results represent means ± SD of 3 independent experiments (n = 3). * = p < 0.05, ** = p < 0.01, *** = p < 0.001 between the indicated groups, calculated using a two-way ANOVA with Dunnett’s multiple comparisons test.







In vitro cytotoxicity

To evaluate the in vitro cytotoxicity of 8D10 and 10C2 biAb-armed T cells against multiple CD30+ tumor cells of different origins, biAb-armed T cells were co-cultured with 51Cr-loaded tumor cells. An arming dose of 100 ng biAb per 1x106 cells was found to be optimal (data not shown). Specific lysis at E:T ratios from 32:1 to 0.25:1 was determined by evaluation of the 51Cr signal in the cell culture supernatants. Significantly higher lysis was observed against the CD30+ cell lines SU-DHL-1, RPMI 6666, and Raji LV30 by biAb-armed T cells compared to that obtained with the unarmed T cells (Figures 5A, B, E). Little to no cytotoxicity by either 8D10 or 10C2 biAb-armed T cells was observed against the CD30− cell line OCIAML2 or NT Raji cells (Figures 5C, D). The 10C2 biAb-armed T cells had equal activity as the 8D10 biAb-armed T cells against SU-DHL-1 cells; however, consistent with the heteroconjugation assays above, the 10C2 biAb was significantly outperformed by the 8D10 biAb-armed T cells against RPMI 6666 and Raji LV30 cells. Based on the 8D10 biAb engendering the highest cytolytic activity against the widest range of CD30+ target cells it was selected for future preclinical development assessments.




Figure 5 | Cytotoxicity of CD30/CD3 biAb-armed T cells. (A–F) Cytotoxicity of 8D10 & 10C2 biAb-armed T cells against CD30− and CD30+ tumor cells was assessed using a standard 4-hour 51Cr release assay. Lysis of two tumor cell lines with endogenous CD30 expression, (A) SU-DHL-1 and (B) RPMI 6666, was measured, in addition to (C) OCIAML2, a CD30− cell line, (D) NT Raji, a CD30low cell line, and (E) Raji LV30 cells, which are CD30high. (F) Activated T cells, which express low levels of CD30, were also assessed for lysis. Cytotoxicity of unarmed, 8D10, and AC10 biAb-armed T cells was compared at 24 hours against Raji LV30 cells (G) after T cells were armed with varying levels (50-500ng/million cells) of biAb. Cytotoxicity of 8D10 and 8D10F10 biAb-armed human T cells used fresh or after cryopreservation against CD30+ cell lines: (H) HH, (I) Karpas, and (J) L428 was ascertained. Results represent means ± SD of 3-4 independent experiments per cell line (n = 3-4). * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 between biAb-armed T cells and unarmed T cells. # = p < 0.05, ## = p < 0.01, #### = p < 0.0001 between 8D10 and 10C2 biAb-armed T cells (A–F) and between 8D10 and AC10 biAb-armed T cells (G). Statistical significance was calculated using a two-way ANOVA with Tukey’s multiple comparisons test.



Activated T cells can express CD30 on their cell surface. This could result in fratricide, causing elimination of the immunotherapeutic product. To test the cytotoxicity of our 8D10 and 10C2 biAb-armed T cells against T cells themselves, activated T cells were loaded with 51Cr and used as target cells in the cytotoxicity assay. These cells were assessed by FCM and found to express low levels of CD30 on a sub-population of T cells (data not shown). Neither 8D10 nor 10C2 biAb-armed T cells displayed cytotoxicity against activated T cells with CD30 expression (Figure 5F).

For an in vitro cytotoxicity comparison, we also heteroconjugated OKT3 with AC10 and armed ATCs with doses of 50–500 ng biAb per 1x106 cells. In parallel, T cells were also armed with 100 and 250 ng 8D10 biAb per 1x106 cells. Cytotoxicity was compared against target Raji LV30 cells at various E:T ratios (Figure 5G). Somewhat surprisingly, the AC10 biAb-loaded T cells were not more cytotoxic than unarmed cells to target cells in this assay even at the highest level of arming. The 8D10 biAb-armed T cells. were significantly more cytotoxic. The lack of AC10 biAb cytotoxicity could be due to the heteroconjugation process with OKT3. These results demonstrate that the incorporation of AC10 into an anti-CD30 bispecific product produced by heteroconjugation may not be warranted.





Preclinical development assays

Hybridoma 8D10 was subcloned by limiting dilution to facilitate analyses and in preparation for formation of a Master Cell Bank (MCB). Single cell-derived subclones were isolated, expanded, and examined for mAb production. Out of 5 candidates, subclone 8D10F10 was found to secrete 10-15 mg/L anti-CD30 mAb versus 3-5 mg/L anti-CD30 mAb for the 8D10 hybridoma pool. After purification, mAb 8D10F10 migrated as expected in non-reducing SDS-PAGE (Figure 1A) and was found to consist of predicted heavy and light chain components (Supplemental Figure 8A). Next, mAbs 8D10 and 8D10F10 were conjugated to OKT3 as above (Supplemental Figure 8B) and activated human T cells were loaded. Cytotoxicity of these loaded human T cells against HH cells, Karpas cells, and L428 cells was confirmed to be consistent (Figures 5H–J). Lastly, the efficiency of CD30+ tumor cell cytotoxicity was compared for freshly biAb-coated activated T cells versus biAb-coated, cryopreserved and then thawed activated T cells, consistent with anticipated clinical utilization. Both freshly loaded activated T cells and loaded cryopreserved/thawed activated T cells killed a variety of CD30+ tumor cells with the same efficiency (Figures 5H–J).

To assess for potential off-target binding, the mAb 8D10F10 was subjected to human Membrane Proteome Array screens (Integral Molecular). The cDNAs from over 6000 human surface proteins were transfected into HEK-293T cells and represented by a unique combination of two different wells of the matrix plate. Results were determined by FCM; targets demonstrating binding signals >3 standard deviations above background in both test wells were selected for downstream secondary validation experiments. In the primary screen, 8D10F10 was found to bind strongly to TNFRSF8 (CD30) and weakly to RNF121 (ubiquitous cytoplasmic and nuclear expression), HTR3B (neuronal intracellular membrane expression), and LMF1 (endocrine and neural expression in endoplasmic reticulum) (Human Protein Atlas; www.proteinatlas.org) (Figure 6A) (38). In the secondary screen, cells were transfected with plasmids encoding the cDNAs from those target proteins. Antibody 8D10F10 was then added in serial dilutions. Here a target was validated if it demonstrated a binding signal in the FCM assay that was 2-fold above background at the two highest antibody concentrations tested. Only TNFRSF8 (CD30) was found to be bound by antibody 8D10F10 in the secondary screen (Figure 6B). Binding was also tested to TNFRSF8 (CD30), RNF121, HTR3B, and LMF1 in permeabilized cells - as some antigens may not fully track to the cell surface. As above, only TNFRSF8 (CD30) was bound here as well (data not shown).




Figure 6 | Membrane Proteome Array (MPA) analysis and in vivo tumor inhibition in NSG mice. (A) Purified 8D10F10 was tested for binding to the MPA from Integral Molecular at a previously determined optimal concentration. (B) Validation results. Serial ligand dilutions were incubated with newly identified targets and binding was measured by FCM. (C) In vivo survival studies. NSG mice (8 per group from 2 independent experiments) were injected with HH tumor cells (day 0) and then with PBS, unarmed, or 8D10 biAb-armed human T cells twice per week for 3 weeks from day 10. *p < 0.05 calculated using log-rank (Mantel-Cox) test.



Given the fact that HH tumor cells have been used previously in pre-clinical xenotransplant anti-cancer studies targeting huCD30 (39), and the efficiency of our 8D10 biAb-loaded T human loaded human T cells to kill HH cells in vitro (Figure 5H), we selected that cell line for our in vivo studies. When challenged with HH cells, 8D10 bi-Ab-loaded human T cells produced significantly more TNFα and GM-CSF (and tended to produce more IFNγ) in comparison to unarmed T cells (Figure 4B). Comparison of survival curves (Figure 6C) shows that human T cells armed with our 8D10-based bispecific significantly prolonged the lifespans of NSG mice as compared to unarmed T cells (p=0.0087) or PBS (p=0.0317). No significant difference in survival was noted between PBS and unarmed T cell treatment (p=0.6911). Actual tumor sizes are shown in Supplemental Table 3. No signs of metastatic disease in any of the mice were noted. Further analyses demonstrated that the unarmed T cells persisted in the blood of mice, but the 8D10 loaded cells had limited persistence in peripheral circulation (data not shown). This may be due to recognition of the immunoglobulin portion of these cells by the FcγR that we determined is present on CD45+ cells from the spleens of NSG mice (data not shown). Use of FcγR deficient mice or FcγR blockage could extend the persistence of 8D10 biAb-loaded T cells. and further improve outcomes in in vivo studies.






Discussion

We report here the development of novel anti-CD30 biAbs that demonstrate T cell activation and cytotoxicity against CD30+ human tumor cell lines in vitro and in vivo. Binding constants were determined by SPR studies. Two antibodies that recognize CD30 clusters and linear epitopes, distinct from AC10, were selected for biAb development. BiAb 8D10 effectively engages the T cell receptor on T cells; both biAb 8D10 and biAb 10C2 stimulate production of T cell cytokines upon engagement of tumor cells. Furthermore, both biAbs are capable of mediating cell lysis specifically against CD30+ cells, while sparing CD30− and CD30low cells, such as activated T cells. As a result of the superior activity against multiple tumor lines, biAb 8D10 was selected as a lead candidate for in vivo assessment and subcloned (subclone 8D10F10) for further pre-clinical development. An MCB was prepared. A subsequent MPA analysis, screening against over 6000 human cell surface proteins, demonstrated that mAb 8D10F10 only bound to huCD30. This aligns with low off-target binding by brentuximab and should help allay safety concerns for this immunotherapy. Lastly, human T cells armed with our 8D10-based bispecific significantly prolonged the lifespans of NSG mice when they were challenged with HH tumor cells. Efficacy in vivo was limited due to the mouse CD45+ cell FcγR, however, and is a general weakness of this type of assessment.

While brentuximab has shown significant efficacy against some CD30+ malignancies such as HL (40, 41), the 5-year survival rate still remains unacceptable in relapsed/refractory patients (13), there are significant short- and long-term toxicities, and efficacy in CD30+ solid malignancies has been limited. Further, relapses/progressions following brentuximab treatment can retain CD30 expression (42). This points to a need for new therapies. As our biAbs are directed against different CD30 epitopes, they may also permit retreatment of CD30+ malignancies that are no longer sensitive to brentuximab due to mutations or alternative splicing; a problem that has been observed with anti-CD19 therapies (43). Two other aspects of brentuximab therapy that could be improved are short-term persistence and limited tumor penetration. Soluble biAbs and mAbs are both rapidly cleared from circulation, but pre-coating of biAbs onto activated T cells is expected to protect them from clearance, thus extending their persistence and therapeutic impact (21, 44). While many factors impact tumor penetration, including antibody affinity and antigen density, very large doses (hundreds of milligrams to grams) are routinely required in infusions for full tumor saturation, with the majority of the antibody remaining in the blood (45, 46). Ex vivo coating onto T cells permits our therapeutic approach to rely instead on the infiltrating abilities of T cells. BiAb-armed T cells have been shown to traffic effectively to tumors and demonstrate preferential tumor uptake and decreased clearance in comparison to unarmed T cells (47–50).

A third aspect of brentuximab therapy that may benefit from improvement is the potential for linker instability and bystander killing. Especially as, in our hands anyhow, AC10 was not a suitable heteroconjugation partner with OKT3. Brentuximab uses a cathepsin B-sensitive linker that, upon internalization by a tumor cell, is degraded to release the cytotoxic compound monomethyl auristatin E (MMAE) (51). This linker is widely used in ADC therapies because it balances plasma stability and intracellular cleavage, consequently allowing for a balance between tolerability and efficacy of the therapy (52). However, extracellular cleavage of cathepsin B has been reported, and off-target toxicities attributable to the free cytotoxic payload have been observed (53–55). Brentuximab is also thought to exert bystander killing, in which MMAE released inside a tumor cell diffuses through the cell membrane into surrounding cells regardless of their CD30 expression (56, 57). While this can be beneficial, and indeed is thought to contribute to high response rates to brentuximab even in patients whose tumors express very low levels of CD30, it can also contribute to off-target toxicity of nearby normal cells (58–60). In contrast, our biAb therapy does not include a cytotoxic compound. Furthermore, as a T cell-based therapy, biAb-armed cells have the potential to mediate effects similar to bystander killing but by a much more targeted mechanism, through antigen spreading (61). Not only were endogenous cellular, innate, and humoral responses directed against patient tumors observed when biAb-armed activated T cells were used to target multiple tumor antigens (49, 62–66), but there was also evidence for tumor antigen epitope spreading and generalized antigen spread (64).

Pre-coating T cells with biAb offers several other advantages over direct infusion of soluble biAb. Direct infusions require that the biAb independently finds both the tumor and the effector cell, which cannot then be exhausted despite residence in the tumor microenvironment (TME). The biAb surface density on immune effector cells must also reach high enough concentration to elicit anti-tumor function. In contrast, we can coat the biAb directly on a patient’s effector cells at optimal dosing. This also provides the future opportunity to maximize efficacy pre-infusion by selecting specific T cell subsets, by modifying the T cells, or by applying additional biAbs directed to other targets to both overcome tumor heterogeneity or an immunosuppressive TME. This pre-arming strategy may also decrease the risk of dose-limiting toxicities, since any unconjugated CD3 present in the biAb product will be washed away after arming and will not be freely available to bind to Fc-expressing cells in vivo, cause CRS, or mediate off-target effects (21, 67, 68). Additionally, the absolute amount of biAb required for an ex vivo arming approach is much lower (<1/30,000 of the dose given IV) than that required for direct injection, dramatically reducing production needs per patient. Lastly, our intermittent outpatient infusions of biAb-coated autologous T cells demonstrate extended persistence in circulation in contrast to small bispecifics like blinatumomab, which are rapidly cleared (62, 69). The transient nature of such bispecifics such as blinatumomab requires patients be tethered to continuous IV infusions for 28 days at a time. Continuous IV infusions can negatively impact quality of life (QOL), which is an essential component of high-quality oncology care and influences patient/family medical decision making (70, 71). Additionally, interruption of these infusions often requires inpatient readmission for monitoring of cytokine release syndrome (CRS) or immune effector cell–associated neurotoxicity syndrome (ICANS) upon reinitiating. These frequent readmissions not only reflect significant toxicity risk but also can negatively impact health-related QOL.

Previous work in the development of CD30 biAbs also includes a CD30-CD16 biAb, which targets NK cells rather than T cells (72, 73). This biAb has been studied in various forms preclinically and clinically with promising results (72, 73). Yet, isolated engagement and activation of NK cells remains a relatively unproven approach for the treatment of malignancies. For example, CD56bright NK cells are the predominant tissue resident NK cell and, while excellent at production of cytokines, have poor direct cytotoxic effects. This can be augmented by IL-15 or other cytokine activation but introduces an additional hurdle not found in utilization of T cells (74). Further, while CD16 (low affinity IgG Fc receptor III) is the most potent and most studied activating receptor for NK cells for antibody-mediated activation, CD16 is easily cleaved from NK cell surface by ADAM17 (75) and attempts to inhibit this to augment NK cell activation have not yet been clinically successful (NCT02141451). NK cells also have a wide array of inhibitory receptors such as KIRs or CD94 that counteract the effects of the activation receptor repertoire (76). These remain far less investigated than activation counterparts on T cells and consequently how to prevent their regulation of anticancer augmentation attempts is limited. Interestingly, ablation or blockade of this complex inhibitory system paradoxically leads to hyporesponsive NK cells instead of increased potency (77). Unfortunately, clinical attempts to augment NK cell anti-tumor cytotoxicity through KIR inhibition have been discouraging as there was a marked lack of efficacy and hyporesponsive NK cells (78, 79).

NK cells are also susceptible to TME immunosuppressive soluble and receptor-based inhibition (IL-10, TGF-β, PD-L1) but their ability to be rescued or to blockade these inhibitory signals is far less studied or understood than their T cell counterparts (80). NK cells have shown to be sensitive to hypoxia in the TME as well (81). In addition, large numbers of NK cells have also been required for therapeutic implementation and the collection and culture is not only expensive but time consuming, particularly with traditional cytokine-based expansion methods. The K562 feeder cell lines that have been established have improved the cost and speed of NK cell expansion but it remains a complex process to ensure safety for subsequent human administration. Lastly, NK cells are not clonotypically directed like their adaptive immune cell partners (T- or B cells) and are stereotypically shorter-lived. While longer-lived and memory capable NK cell populations have been identified, they remain a limited subset, requiring additional complexity to subculture, and require additional study before their clinical potential can be fully harnessed (82–84).

We have chosen to develop an autologous T cell-based product, more in line with other groups focused on CD30 CARs. A few clinical trials studying CD30 CAR-T cells have been published to date (16, 17, 85, 86); other studies are ongoing (87). While the results seen with CD30 CAR-Ts has been promising thus far, biAbs offer benefits as an alternative approach. Large quantities of mAbs can be produced, conjugated, and stored long-term until needed. Additionally, biAb therapies are produced without genetic engineering of patient T cells, thus reducing the complexity and costs of therapy production and patient monitoring. CAR-T therapies also come with significant side effects, including the potential for life-long ablation of normal cells expressing the TAA being targeted (such as the B cell aplasia seen in patients treated with CD19 CAR-Ts) (88). Similarly, biAb therapy is a more transient treatment option, as the infused armed T cells lose biAb coating density over time as they replicate in the process of repeated killing (88). Multiple doses of the biAb product can be cryopreserved and administered over time in order to maximize the anti-tumor effect. This approach has been successfully applied in clinical trials of other biAb-armed T cell products, and no dose-limiting toxicities have been observed (49, 62, 63, 89, 90).

In conclusion, CD30 biAb-armed T cell therapy may improve the safety and efficacy of CD30 therapies already in use or currently under development. We have demonstrated that our 8D10 biAb-armed T cells are effective at binding to CD30+ tumor cells and mediating cytotoxicity specifically to CD30high cells. These biAb-armed T cells also produce proinflammatory cytokines, indicating strong effector activity and the potential to mediate additional anti-tumor activity localized at the tumor site. Our results suggest that this is a viable immunotherapy strategy for the treatment of CD30+ malignancies.
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Supplementary Figure 1 | Binding of novel mAbs to Raji and Raji LV30 cells as assessed by FCM. AC10 and our anti-CD30 mAbs were assessed. Isotype controls to NT Raji (light grey) and Raji LV30 (dark grey) were included for reference. Binding of each antibody to NT Raji cells (black lines) compared to Raji LV30 cells (colored lines) is shown.

Supplementary Figure 2 | SPR assays to assess the binding kinetics of CD30 mAbs. (A) rhCD30 protein was immobilized on the flow cell of a CM5 sensor chip with a final coupling level of 1000 response units (RU). Shown are sensorgrams for 8D10, 10C2, 12B1, and 15B8 at mAb concentrations of 1.25nM, 2.5nM, 5nM, 10nM and 20nM, and 13H1 and AC10 at mAb concentrations of 0.625nM, 1.25nM, 2.5nM, 5nM and 10nM. No binding was observed to the reference flow cell (data not shown). (B) The mAbs 8D10, 10C2, and AC10 were immobilized to 3 separate flow cells of a Protein G sensor chip to an approximate density of 200 RU. RhCD30 protein was injected at concentrations of 2500nM, 1000nM, 500nM, 250nM, and 100nM for the 8D10 and 10C2 flow cells, and 25nM, 10nM, and 5nM for the AC10 flow cell. No binding was observed to a reference isotype control antibody flow cell (data not shown).

Supplementary Figure 3 | Distance-based amino acid sequence similarity trees. Similarities between the amino acid sequences of the light chains and heavy chains of our five novel anti-CD30 antibodies and AC10 are illustrated.

Supplementary Figure 4 | Representative data for epitope cluster mapping via competitive binding. Fluorescently labelled AC10, 8D10, 10C2, 12B1, 13H1, or 15B8 were incubated with CD30+ SU-DHL-1 cells that had been blocked with excess unlabeled AC10, 8D10, 10C2, 12B1, 13H1, 15B8, or BerH2 antibody. FCM analysis revealed the extent of binding inhibition associated with each antibody pair. High inhibition (lower MFI) indicates a shared epitope and low inhibition (higher MFI) indicates distinct epitopes.

Supplementary Figure 5 | Linear epitope mapping. Comparison of the responses of the mAbs 8D10F10 and AC10 assayed against linear huCD30 peptides at concentrations of 100 µg/ml. Microarray read-outs were obtained with a scanner and image analysis was done with PepSlide® Analyzer.

Supplementary Figure 6 | BiAb chemical heteroconjugation. (A) Coomassie-stained gel following non-reducing PAGE. OKT3/8D10 and OKT3/10C2 dimers are indicated by red arrows. (B) The percentage of monomer, dimer, and multimer present in each preparation of biAb, and the dimer:monomer ratio, determined by densitometry.

Supplementary Figure 7 | Cytokine production by biAb-armed T cells. Cytokine production by unarmed and biAb-armed T cells after co-culture with tumor cells for 24 hours. Co-culture conditions included no target (0), a CD30low cell line (Raji), CD30+ cell lines (Raji LV30 and RPMI 6666), and a CD30− cell line (OCIAML2). Production of IL-5, IL-10, IL-13, MIP-1α, MIP-1β, and Granzyme B was assessed. Results represent means ± SD of 3 independent experiments (n = 3). * = p < 0.05, ** = p < 0.01, *** = p < 0.001) between the indicated groups, calculated using a two-way ANOVA with Dunnett’s multiple comparisons test.

Supplementary Figure 8 | 8D10 mAb subclone characterization and conjugation. (A) Coomassie-stained gel following non-reducing PAGE of purified 8D10 and 8D10F10 followed by (B) conjugation to OKT3. OKT3/8D10 and OKT3/8D10F10 dimers are indicated by red arrowheads.
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