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Abstract

Purpose: New therapies have changed the outlook for patients with multiple myeloma, but novel 

agents are needed for patients who are refractory or relapsed on currently approved drug classes. 

Novel targets other than CD38 and BCMA are needed for new immunotherapy development, as 

resistance to daratumumab and emerging anti-BCMA approaches appears inevitable. One potential 

target of interest in myeloma is ICAM1. Naked anti-ICAM1 antibodies were active in preclinical 

models of myeloma and safe in patients, but showed limited clinical efficacy. Here, we sought to 

achieve improved targeting of multiple myeloma with an anti-ICAM1 antibody-drug conjugate.

Experimental Design: Our anti-ICAM1 human monoclonal antibody was conjugated to an 

auristatin derivative, and tested against multiple myeloma cell lines in vitro, orthotopic xenografts 

in vivo and patient samples ex vivo. The expression of ICAM1 was also measured by quantitative 

flow cytometry in patients spanning from diagnosis to the daratumumab-refractory state.

Results: The anti-ICAM1 antibody-drug conjugate displayed potent anti-myeloma cytotoxicity 

in vitro and in vivo. In addition, we have verified that ICAM1 is highly expressed on myeloma 

cells and shown that its expression is further accentuated by the presence of bone marrow 

microenvironmental factors. In primary samples, ICAM1 is differentially overexpressed on 

multiple myeloma cells compared to normal cells, including daratumumab refractory patients with 

decreased CD38. In addition, ICAM1-ADC showed selective cytotoxicity in multiple myeloma 

primary samples.
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Conclusion: We propose that anti-ICAM1 antibody-drug conjugate should be further studied for 

toxicity, and if safe, tested for clinical efficacy in patients with relapsed or refractory multiple 

myeloma.

Keywords

ICAM-1; multiple myeloma; antibody-drug conjugate; targeted cancer therapy; auristatin; 
immunotherapy

INTRODUCTION

Multiple myeloma is a neoplastic clonal expansion of antibody producing plasma cells. 

Within the last 20 years, IMiDs (immunomodulatory drugs) and proteasome inhibitors have 

proven to be efficacious in myeloma and have extended overall survival to a median of 10 

years for patients that receive autologous stem cell transplant and lenalidomide maintenance 

(1). In addition, monoclonal antibodies, especially daratumumab, have greatly contributed to 

the ability to control relapsed disease (2). However, myeloma remains incurable for most 

patients and inevitably the disease becomes refractory to all available agents. When 

proteasome inhibitor, IMiD and daratumumab resistance develops, the average survival 

becomes 9 months and novel therapies are still desperately needed (3). Importantly, the 

CD38 target is rapidly downregulated from myeloma cell surface following daratumumab 

treatment (4), leading to resistance (5). In fact, daratumumab-refractory patients have 

become the major challenge for myeloma therapy development. Of particular promise in 

early phase clinical trials are next-generation immunotherapies targeting BCMA including 

chimeric antigen receptor T-cells, bispecific T-cell engaging antibodies and antibody-drug 

conjugates, but preliminary data suggest that patients eventually relapse with disease 

resistant to these as well (6–10).

The most direct way to bypass resistance is to develop therapies against other potential 

targets. In the case of antibody therapy, cell surface antigens beyond CD38 and BCMA are 

needed. Several antigens have been characterized as highly expressed on myeloma cells, one 

of which is ICAM1 (Intercellular Cell Adhesion Molecule 1, aka CD54) (11). ICAM1 

expression is absent on most normal hematopoietic cells, except for progenitor cells, 

activated immune cells and mature plasma cells (12–14). In most hematologic malignancies, 

ICAM1 is expressed on a subset of cases, but it is present in the vast majority of multiple 

myeloma and certain types of non-Hodgkin lymphoma (11,14). In myeloma, the constitutive 

activation of nuclear factor κB (NF-κB) may be responsible for ICAM1 overexpression 

through binding sites in the ICAM1 promoter (15–17). ICAM1 itself may also play a role in 

the pathogenesis of multiple myeloma through regulation of contacts between myeloma cells 

and stromal cells (18,19). Cell adhesion has a protective effect for myeloma cells and may 

be a mechanism of drug resistance (20). Thus, targeting ICAM1 with an antibody-based 

therapy may block these protective cell-cell interactions in the bone marrow (BM) 

microenvironment.

Multiple reports have found that anti-ICAM1 antibodies are effective against myeloma in 

small animal models (21–23). The mechanism of anti-myeloma activity observed for these 
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anti-ICAM1 antibodies is diverse, including the induction of macrophage-mediated 

cytotoxicity (23) and antibody-dependent cellular cytotoxicity (ADCC) (22). Fab (fragment 

antigen binding) antibody fragments also have anti-myeloma activity in mice, demonstrating 

that ADCC does not completely account for mechanism of ICAM1 antibody activity and a 

direct functional effect is also present (21). A human anti-ICAM1 naked antibody has 

recently been evaluated in phase I-II clinical trials. The agent was well tolerated but little 

activity was observed (best response reported was stable disease) in a small number of 

patients treated at target-saturating dose levels (24). In addition, a small trial in smoldering 

myeloma (n=4) did not demonstrate efficacy (25). Thus, to exploit ICAM1 on myeloma 

cells, it is imperative improve on the naked antibody approach, such as next-generation 

modalities like “armed” antibodies termed antibody-drug conjugates (ADCs), the focus of 

this report.

Finding a subgroup of myeloma patients most likely to benefit from ICAM-targeted 

therapies based on the ICAM1 surface expression levels is also an important objective. In 

patients with newly diagnosed myeloma, ICAM-1 mRNA expression correlated with higher 

International Staging System (ISS) scores (26). This suggests that ICAM1 is more highly 

expressed in patients with poor prognosis that more rapidly progress to the multi-drug 

resistant state. Furthermore, it has been found that ICAM1 expression increased after 

chemotherapy, and this directly correlated to the number of prior lines of therapy (27). 

Consistent with this, another group found melphalan resistance to be partially mediated by 

the interaction of ICAM1 on myeloma cells with its ligand leukocyte function-associated 

antigen-1 (CD11a/CD18) on activated macrophages (28). These reports imply that myeloma 

patients with advanced, drug resistant disease may be especially sensitive to anti-ICAM1 

antibody-based therapies due to higher target expression levels. Importantly, these are the 

patients represent the current unmet medical need and new treatments are paramount to 

improving survival.

We developed a patient specimen-based phage library selection approach to identify human 

antibodies against novel surface antigens overexpressed by cancer cells (29). This approach 

was specifically designed to identify antibodies that are rapidly internalized by malignant 

cells, making them ideal for the ADC format. Through this, we have identified a panel of 

novel human antibodies and furthermore identified ICAM1 as one of the target antigens 

highly overexpressed in metastatic hormone-refractory prostate cancer (30). We hereby 

report that ICAM1 is also a promising target in multiple myeloma, particularly for patients 

with advanced disease. We conjugated our fully human anti-ICAM1 antibodies to 

monomethyl auristatin F (MMAF), which has been described to impart selective and potent 

cytotoxicity through targeted delivery and ultimately microtubular catastrophe (31,32). We 

studied the anti-myeloma activity of this anti-ICAM1 ADC (ICAM1-ADC) in vitro using 

cell proliferation assays, ex vivo with patient samples and in vivo using a xenograft model. 

The ICAM1-ADC improved upon the naked antibody in these preclinical experiments, 

including a striking, long lasting anti-tumor effect in vivo.
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MATERIALS AND METHODS

Patient Samples

Bone marrow aspirate specimens were collected after informed consent through the 

hematologic malignancies tissue bank with approval of the Investigational Review Boards at 

University of California at San Francisco (UCSF) and the University of Colorado Anschutz 

Medical Campus (CU) after informed consent and in accordance with the Declaration of 

Helsinki. In compliance with HIPAA (Health Insurance Portability and Accountability Act), 

identifying patient information was replaced with sequential numbers. In the UCSF sample 

cohort, myeloma cells were separated with the EasySep CD138 Positive Selection Kit (Stem 

Cell Technologies). In the CU sample cohort, unselected mononuclear cell (MNC) samples 

were used. Samples were cultured in RPMI1640 media with 100 units/ml penicillin, 100 

μg/ml streptomycin, 10% fetal bovine serum and 2 ng/ml IL-6.

Cell lines

The myeloma cell lines bearing the reporter gene (firefly luciferase) were obtained from Dr. 

Constantine Mitsiades of Dana-Farber Cancer Institute (33) and cultured as previously 

described (34). The non-reporter bearing lines RPMI8226, MM1.S, MM1.R, and HS27 cell 

lines were obtained from American Type Culture Collection (ATCC), and maintained in in 

the lab according to vendor’s instructions. Cells were used within approximately 4–8 

passages and were not authenticated by short tandem repeat profiling. Cells were tested 

negative (last test was performed in August 2020) for Mycoplasma using PCR Mycoplasma 

detection kit (abm, Canada).

Flow Cytometry

Flow cytometry analysis for ICAM1 was performed using M10A12 (30) biotin labeled 

human IgG1 antibody followed by detection with Alexa-Fluor® 647-conjugated 

streptavidin. The non-binding YSC10 human IgG1 (34,35) was used as the isotype control. 

Antibodies used to identify myeloma cells included anti-CD38-FITC, (clone AT1, Stemcell 

Technologies), anti-CD19-BV786 (BD), anti-CD138-BV421 (BD) and anti-CD45-BV510 

(BD). Samples previously treated with daratumumab were stained for CD38 expression with 

multi-epitope anti-CD38-FITC (ALPCO) to prevent antigen masking. Nonspecific Fc 

binding was blocked with Clear Back reagent (MBL). Flow cytometry was performed on an 

Accuri C6 with a 96-well auto sampler (BD Biosciences) for the UCSF samples, or a 

FACSCelesta with a 96-well auto sampler (BD Biosciences) for the CU samples.

Cell surface Antigen Density Determination

Quantitative flow cytometry was performed to determine cell surface antigen copy number 

as we described previously (34). M10A12 anti-ICAM1 and AT1 anti-CD38 antibodies were 

labeled with Alexa-Fluor® 647 (Life Technologies/Thermo Fisher Scientific) according to 

manufacturer’s recommendations. Median fluorescence intensity (MFI) conversion to 

molecules of equivalent soluble fluorochrome (MESF) was done by generating a standard 

curve with Quantum™ fluorescent beads (Bangs Labs) (34,36). The fluorophore-to-antibody 

ratio of the labeled antibodies was determined using Simply Cellular® anti-Human (for 
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ICAM1) or anti-mouse (for CD38) IgG beads (Bangs Labs). Finally, conversion of MESF to 

cell surface antigen copy number was done by division of the fluorophore-to-antibody ratio 

(34).

Confocal Microscopy

Alexa-Fluor® 647-labeled anti-ICAM1 antibody M10A12 was incubated with myeloma cell 

lines at 37 °C for 18h, washed with PBS, fixed with 4% PFA, permeabilized with PBS with 

0.1% Triton X-100 and 1% bovine serum albumin (BSA), and analyzed by confocal 

microscopy (Olympus FluoView). A nonbinding isotype control antibody was studied in 

parallel. For internalization by patient samples ex vivo, mononuclear cells were incubated 

with Alexa Fluor® 647-labeled anti-ICAM1 or nonbinding isotype control antibodies for 18 

h, processed and analyzed as described above. Myeloma cells were identified by positive 

ICAM1 staining and by morphology. Subcellular localization to lysosomes was assessed by 

co-staining with LAMP1 antibody (Cell Signaling).

Antibody-Drug Conjugate Generation

MMAF was conjugated to the anti-ICAM1 IgG1 M10A12 via the mcvcpab linker as 

described (34,35). Briefly, ICAM1 IgG1 was reduced by tris(2-carboxyethyl)phosphine 

(TCEP) at 37 °C for 2 h, purified by Zeba spin column (Pierce/Fisher), buffer-exchanged 

into PBS with 5mM EDTA and incubated with linker-conjugated MMAF (34) at room 

temperature for 1 h. Conjugation products were purified by running twice though the spin 

column to remove free MMAF and analyzed by HPLC using HIC with Infinity 1220 LC 

System (Agilent). The drug to antibody ratio (DAR) was estimated from area integration 

using the OpenLab CDS software (Agilent) (34,35).

ADC Potency and Specificity in vitro

For initial ADC potency assessment, we used myeloma cell lines expressing the luc reporter, 

and cell viability was assessed by luciferase signal post treatment using the Synergy HT 

microplate reader following incubation at 37 °C for 72 h as described (34). To further 

evaluate potency and specificity, we used non-reporter bearing the myeloma cell line 

RPMI8226 and a panel of normal human cell lines. Normal human CD3+ T-cells (Astarte) 

were also tested as a control. Cells were plated into 96-well plates at 2,000 per well and 

incubated with varying concentrations of ICAM1 ADC at 37 °C for 96 h, washed and further 

incubated with Calcein AM (1 μM) (Invitrogen) at RT for 40 min. Plates were then read on a 

multi-detection microplate reader (Synergy HT, Biotek) at excitation wavelength of 485 nm 

and emission wavelength of 530 nm. Percent cell survival was normalized against mock-

treated cells. EC50 was determined by curve fitting with Prism (GraphPad).

Anti-Myeloma Activity in Primary Samples Ex Vivo

To assess ICAM1-ADC effect on myeloma patient samples, unselected MNC samples were 

plated in 96 well plates and treated with ICAM1-ADC or nonbinding control ADC at 37 °C 

for 48 h, then washed and stained for flow cytometry as described (34,37). The number of 

CD138-positive, CD38-positive myeloma cells and CD138-negative, CD38-negative 
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nonplasma cells (non-PCs) were gated and counted. Treatments were performed in triplicate 

and normalized to untreated controls.

Conditioned Media

Bone marrow stromal cell-conditioned media containing IL-6 was collected from HS5 cells 

cultured under serum free conditions for 48 h as described (35,38,39). MM1.S and MM1.R 

cell line cell surface antigen density of ICAM1 and CD38 were measured with or without 

the addition of HS5 conditioned media for 72 h.

Mouse Xenograft Model of Multiple Myeloma

Mouse studies were approved by the UCSF Animal Care and Use Committee (AN142193). 

For in vivo assessment of ICAM1-ADC, 5 × 105 myeloma RPIM8226-Luc cells expressing 

firefly luciferase were injected intravenously (i.v.) into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ-

(NSG) mice (4–6 weeks of age, male and female, Jackson Laboratory) to create 

orthometastatic myeloma xenograft models (34). Bioluminescence imaging (BLI) was used 

to monitor graft status. Four mouse groups were treated with either ICAM1-ADC, 

nonbinding control ADC (MMAF-conjugated to a non-binding human IgG1), naked anti-

ICAM1 antibody, or vehicle control (PBS). The doses and schedules are described in the 

text. Disease status was assessed by BLI and results analyzed by Living Image 

(PerkinElma). Following treatment, mice were continuously monitored until death or study 

cessation.

Statistics

All data were presented as mean and Standard Error of Measurement (SEM) unless noted. 

Significance was determined using GraphPad Prism. Two-tailed Student’s t-test was used 

when comparing 2 means. For survival (Kaplan-Meier) analysis, log-rank (Mantel-Cox) test 

was used (GraphPad Prism). When comparing more than 2 means, ANOVA was used with 

Tukey’s correction for multiple comparisons. Levels of significance are categorized as * p < 

0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Mouse model sample sizes were 

determined by preliminary in vivo experience with ICAM1-ADC and other ADCs published 

in the literature, rather than power calculation (34,40), and statistically significant results 

were observed.

RESULTS

ICAM1 Expression in Multiple Myeloma Cell Lines

To characterize ICAM1 cell surface protein expression in multiple myeloma, we first 

examined a panel of commonly used myeloma cell lines. By flow cytometry using the anti-

ICAM1 M10A12 human IgG1 that we discovered previously (30), all myeloma cell lines 

tested expressed ICAM1, when M10A12 binding was compared to a nonbinding isotype 

control (Fig 1A). Variability in the level of expression was present, with several lines 

exhibiting high levels of ICAM1 (e.g. RPMI8226), and others relatively low expression (e.g. 

OPM1) (Supplementary Fig S1). We next quantified the cell surface antigen density (surface 

antigen number per cell) on a subset of myeloma cell lines using quantitative flow cytometry 

(34,36). The antigen density on a high ICAM1 expressing cell line RPMI8226 was 887,835, 
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whereas the antigen density on the medium ICAM1 expressing cell lines, MM1.S and 

MM1.R, was 75,341 and 133,607, respectively (Fig 1B). Interestingly, the level of ICAM1 

expression on RPMI8226 was significantly higher than the clinically targetable CD38 

antigen (p = 0.042). Thus, all myeloma cell lines tested in monoculture express ICAM1, 

with some exhibiting exceptionally high levels.

We next examined the potential role of the BM microenvironmental factors on the level of 

ICAM1 expression. This was done by measuring the effect of HS5 BM stromal cell line 

conditioned media, containing IL-6 (38,39), on ICAM1 expression on myeloma cell lines 

MM1.R and MM1.S. For both lines, the addition of conditioned media further increased the 

level of ICAM1 expression by 2–4 fold (Fig 1C–D). Thus, although the HS5 cells are 

limited in their approximation of myeloma patient BM microenvironment, it does appear 

that ICAM1 expression is further upregulated in the presence of factors secreted from the 

BM microenvironment where myeloma cells typically reside.

ICAM1 Expression in Multiple Myeloma Patient Samples

Myeloma patients who have been previously treated with daratumumab downregulate CD38 

expression (5), and therefore may benefit from therapies against alternative targets. Thus, we 

compared ICAM1 and CD38 on myeloma cells from patient BM aspirate samples spanning 

from diagnosis, to relapsed, to daratumumab-refractory clinical settings. Flow cytometric 

analysis of BM MNCs showed that ICAM1 was co-expressed with CD38 and another classic 

plasma cell/myeloma cell marker CD138. Representative examples of the expression of 

ICAM1 on MM cells compared to the background expression on the remaining normal non-

plasma cells (non-PCs) are shown from a patient at diagnosis and another patient with 

relapsed, daratumumab naïve disease (Fig 2A–B). In samples from patients that were 

daratumumab-refractory, ICAM1 remained high and differentially identified myeloma cells 

from non-PCs, whereas CD38 was downregulated, and no longer clearly separated MM cells 

from non-PCs (Fig 2C). In a series of myeloma patient samples, we calculated the fold-

overexpression of ICAM1 and CD38 on myeloma cells relative to non-PCs using the 

dividing the MFI of myeloma cells by the MFI of non-PCs. The mean ICAM1 fold 

overexpression was 27.2 for newly diagnosed patients, 102.6 for relapsed, daratumumab 

naïve patients, and 234.5 for daratumumab-relapsed/refractory patients (Fig 2D, 

Supplementary Table S1). By comparison, the mean CD38 fold overexpression was 64.8 in 

newly diagnosed patients, 50.7 in relapsed, daratumumab naïve patients, and only 6.2 in 

daratumumab-relapsed/refractory patients. As activated immune populations such as T-cells, 

express ICAM1 (14), we also compared MM cells to the normal BM T-cells in four patients, 

and found little to no overlap in the expression between these populations (Supplementary 

Fig S2). Overall, these data suggest ICAM1 is a particularly attractive target in patients with 

relapsed, daratumumab-refractory myeloma.

Next, to measure the cell surface antigen density levels of ICAM1 on myeloma cells from 

patient samples, a second cohort of 10 patients was evaluated by quantitative flow cytometry 

(Table 1). The ICAM1 mean antigen density on primary myeloma cells was 1,037,571, 

whereas it was 561,974 for CD38. The ICAM1 levels were significantly higher on myeloma 

cells compared to non-PCs (p = 0.003). Notably, as for myeloma cell lines, certain patients’ 
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myeloma cells exhibited extraordinarily high antigen densities > 1,000,000 (Table 1, 3/10 

patients). Thus, the antigen densities of ICAM1 are high on MM cells and comparable to 

CD38, the gold-standard antibody therapy target for multiple myeloma.

ICAM1 Antibody Internalization

To evaluate the potential of ICAM1 as a target for ADC, we evaluated internalization of our 

ICAM1 antibody into myeloma cells. MM1.R and RPMI8226 cells were cultured in the 

presence of M10A12 IgG1, fixed, permeabilized and visualized by confocal microscopy. To 

evaluate for lysosomal trafficking, cells were co-stained with anti-LAMP1 antibody. ICAM1 

antibody was observed to be internalized and present in lysosomes after 18 h incubation (Fig 

3A, Supplemental Fig S3). We next studied ICAM1 antibody internalization ex vivo using 

patient samples. As shown in Fig 3B, myeloma patient cells incubated with anti-ICAM1 

antibody for 18 h were also visualized to internalize and traffic the antibody to lysosomes. 

These data support the approach of myeloma targeting with ICAM1-ADC.

ICAM1-ADC has Potent and Specific Anti-Myeloma Cytotoxicity

We constructed an anti-ICAM1 ADC using methods that we have employed for developing 

our other ADCs (34). The M10A12 IgG1 was conjugated to the microtubule polymerization 

inhibitor monomethyl auristatin F (MMAF) via the lysosomal protease cleavable valine-

citrulline linker that was utilized in Brentuximab vedotin (41). The conjugate is henceforth 

referred to as ICAM1-ADC. High Performance Liquid Chromatography (HPLC) analysis 

with Hydrophobic Interaction Chromatography (HIC) of the ICAM1-ADC showed an 

average drug-to-antibody ratio of 3.9 (Supplemental Figure S4). A nonbinding human IgG1 

was conjugated using the same method to create the isotype control ADC (34) to MMAF as 

a control. The ICAM1-ADC was first studied multiple myeloma cell lines by analyzing 

cytotoxicity after a 72 h incubation. RPMI8226, JJN3, INA6 and AMO1 were the most 

sensitive, with potent cytotoxicity observed of EC50 of 1.9 – 4.2 nM. By contrast, the control 

ADC showed minimal cytotoxicity (typically EC50 > 100 nM) (Fig 4A–D). MM cell lines 

expressing low levels of ICAM1 (H929, OPM1 and LP1) showed little or no therapeutic 

window compared to the control ADC (Supplementary Fig 5A–C). Overall, the EC50 after 

ICAM1-ADC treatment was lower in cell lines with a higher ICAM1 expression (r = −0.59, 

P = 0.045) (Figure 4E). In RPMI8226 cells, the unconjugated MMAF-Hydrochloride 

without antibody showed nearly identical cytotoxicity to the ICAM1-ADC, showing that 

potency is not sacrificed through ICAM1-mediated targeting (Supplementary Fig S5D). To 

further study specificity, we measured the ICAM1-ADC effect on a panel of non-

tumorigenic cell lines following 96 h incubation. As shown in Fig 4E, while the ICAM1 

ADC is potently cytotoxic against the MM line RPMI8226 (EC50 = 0.60 nM), it showed 

minimal cytotoxicity against the non-tumorigenic ICAM1-expressing HS27 and normal 

donor T-cells and low-negative ICAM1-expressing HUVEC cells (Fig 4F, Supplementary 

Fig S6).

Going beyond cell lines, we next evaluated the effect on ICAM1-ADC in primary samples 

from patients with multiple myeloma. ICAM1-ADC was incubated with unfractionated BM 

aspirate MNCs from myeloma patients ex vivo, selective decrease in myeloma cells, but not 

normal non-PCs was observed by flow cytometry (Fig 5A). When treated with graded 

Sherbenou et al. Page 8

Clin Cancer Res. Author manuscript; available in PMC 2021 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations, primary myeloma cells showed reduced viability in the presence of ICAM1-

ADC starting at 0.1 nM, whereas no anti-myeloma effect was observed for control ADC up 

to 100 nM (Fig 5B). To investigate the ex vivo response frequency to ICAM1-ADC, we 

screened patients at the single concentration of 10 nM (Supplementary Table S2). From this, 

3/5 patients displayed a significant decrease in viable myeloma cells, with no effect in non-

PCs (Fig 5C). To investigate if ICAM1-ADC retained activity in daratumumab-refractory 

patients, we tested additional samples from this population and 2/4 showed significant 

decrease in the viable myeloma cell population in a manner that was partially accounted for 

by target antigen expression levels, and accentuated over naked ICAM1 antibody effect (Fig 

5D, Supplementary Fig S7). Thus, ICAM1-ADC has broad anti-myeloma activity at low 

concentrations in primary samples from myeloma patients, including those that are 

daratumumab refractory, with relatively little effect on normal cells.

ICAM1-ADC Eliminates Multiple Myeloma Cell Line Xenografts In Vivo.

We next studied anti-myeloma activity of ICAM1-ADC in vivo using an orthometastatic 

myeloma mouse xenograft model. The study design is shown in Fig 6A. RPMI8226-Luc 

cells expressing the firefly luciferase were administered i.v. by tail vein injection. After a 10-

day period of tumor cell engraftment, 5 mg/kg ICAM1-ADC was given twice a week for a 

total of 4 doses. For comparison, vehicle (PBS), naked ICAM1 antibody and nonbinding 

ADC were administered at the same dose and schedule. As shown in Fig 6B, disease activity 

steadily progressed in vehicle and control ADC groups as measured by BLI. Mice in the 

naked ICAM1 antibody treated group showed inhibition of myeloma progression (Fig 6B). 

Mice in the ICAM1-ADC treated group had complete elimination of detectable disease by 

day 14 that was maintained throughout the study period (Fig 6B). Kaplan-Meier analysis 

was performed and the result is shown in Fig 6C. All animals in the ICAM1-ADC treated 

group survived until sacrifice at day 200 (200 days post implant). In contrast, mice in the 

vehicle control group died by day 47 (median survival = 43 days), control ADC-treated 

group died by day 53 (median survival = 48 days), and naked anti-ICAM1 antibody 

improved survival, but all died by day 125 (median survival = 84 days) (Fig 6C). The hazard 

ratio was 22.87 for ICAM1-ADC vs. control ADC (p = 0.0019), and 21.79 for ICAM1-ADC 

vs ICAM1-mAb (p = 0.0018). Of note, we have previously found that the M10A12 antibody 

blocks ICAM1 interaction with the extracellular matrix and does not bind murine ICAM1 

(30). Thus, the naked antibody may have anti-myeloma efficacy in NSG mice through 

disruption of myeloma cell interaction with the bone marrow microenvironment, but this 

experiment does not provide information about toxicity due to lack of binding to murine 

ICAM1.

DISCUSSION

Here, we have shown that ICAM1 is overexpressed in a similar degree to CD38 in multiple 

myeloma cell lines and primary myeloma cells derived from patients at diagnosis and at 

advanced stages. In addition, ICAM1 may be a potential target in the daratumumab-

refractory setting when resistant cells demonstrate CD38 expression. We developed a novel 

anti-ICAM1-ADC and showed that it has potent anti-myeloma activity in vitro, ex vivo and 

in vivo. In an orthometastatic myeloma xenograft model, ICAM1-ADC completely 
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eliminated disease cells and resulted in 100% survival for the duration of the experiment 

(~200 days), a striking activity not seen for the anti-ICAM1 naked antibody studied in the 

same experiment.

Currently, several myeloma therapies are effective to control disease at diagnosis and for 

years thereafter. However, no treatment appears curative and virtually all patients’ disease 

eventually becomes resistant to the available agents. These patients with multi-drug resistant 

disease are in dire need of novel therapies. Immunotherapies with potential in advanced 

disease are thus particularly attractive. Although daratumumab has seen great success in the 

clinic, all patients eventually develop resistance (5). The anti-BCMA-based 

immunotherapies including a novel ADC, bispecific T-cell engaging antibodies and CAR-T 

cells have shown very promising results in clinical trials (8–10,42–44). The CAR-T 

approach is particularly effective with complete response observed for a high percentage of 

treated patients (7,45,46). Nonetheless, resistance to CAR-T has been observed for CD19 

CAR-T following initial response, as tumor develops evasion mechanisms including down-

regulation of the target antigen on the cell surface (47). It appears that BCMA CAR-T will 

also encounter the same issue, as patients are relapsing even after deep initial response (48). 

Generally speaking, a way to overcome resistance to current treatment is to explore 

additional tumor-associated cell surface targets that are functionally important to tumor 

growth and survival so that they cannot be easily down-regulated. Our study confirms that 

ICAM1 is highly expressed in multiple myeloma patients at diagnosis and advanced stages 

(11,14), therefore is an attractive target for new therapy development that has potential to 

overcome resistance to current therapies.

Previous studies have shown that ICAM1 is a potential target for multiple myeloma and 

there have been reports of preclinical anti-myeloma activity of naked anti-ICAM1 antibodies 

(21–23). A naked anti-ICAM1 human antibody (BI-505) has entered into multiple clinical 

trials (24,25). A phase I study in multiple myeloma patients showed that the agent is well 

tolerated at a dose (10 mg/kg) that saturates the ICAM1 binding site in humans, but has 

limited clinical activity with the best response being stable disease (24). A single-arm, open-

label, phase 2 clinical trial in smoldering multiple myeloma found BI-505 to be safe, but 

showed no clinically relevant efficacy (25). Another phase 2 trial was conducted to explore 

the addition of BI-505 to high dose melphalan and autologous stem cell transplantation, but 

it has encountered safety issues and was terminated (www.clinicaltrials.gov Identifier: 

NCT02756728). Overall, this particular naked anti-ICAM1 antibody has not demonstrated 

efficacy in clinical trials. Nonetheless, ICAM1 remains an important target to consider for 

the development of next-generation immunotherapies in multiple myeloma due to its nearly 

ubiquitous high-level expression and demonstrated safety profile as a single agent in human 

trials. Our finding that high ICAM1 expression is seen in patients in the daratumumab-

refractory setting supports the continued exploration of ICAM1 targeting for relapsed/

refractory multiple myeloma.

Given the limited efficacy of naked anti-ICAM1 antibody as a single agent in clinical trials, 

therapeutic targeting of ICAM1 may require arming naked mAbs with more potent anti-

tumor functions. In one example, an Fc modified ICAM1 antibody has shown enhanced 

ADCC and anti-tumor activity in preclinical studies (22). In another example, ICAM1 has 
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been pursued as a target of viral-based immunotherapy in preclinical models of myeloma, by 

way of its function as a receptor for the oncolytic coxsackievirus A21 (49). An ICAM1-

targeted CAR-T showed potent anti-tumor activity against thyroid cancer in preclinical 

studies (50). In this study, we created an ICAM1-ADC by conjugating MMAF to our novel 

ICAM1 antibody and evaluated its preclinical anti-tumor activity. We found that our anti-

ICAM1 ADC showed significantly enhanced anti-myeloma activity compared to naked anti-

ICAM1 antibody and completely eliminated myeloma cells in vivo in xenograft models.

Antibodies that block interaction of ICAM1 with its ligand may interfere with various 

immune functions that depend on that interaction (18). Potential on-target side effects could 

come from ICAM1 expression in activated vascular endothelium, type 1 alveolar epithelial 

cells, hematopoietic progenitors and activated immune cells including macrophages, T-cells 

and B-cells (12–14,51). Of note, the naked anti-ICAM1 antibody as a single agent was well 

tolerated in clinical trials (24,25). Recently, an anti-ICAM1 antibody-based chimeric antigen 

receptor T cells have been developed and evaluated for efficacy and toxicity in preclinical 

models of thyroid cancer (50,52). The agent was found to be efficacious against malignant 

cells without significant toxicity, and is being advanced into clinical trials (52). On the other 

hand, ADCs are an attractive treatment modality for multiple myeloma, as most disease is 

localized in BM and the large molecule drugs can readily diffuse through sinusoids with 

relatively limited access to other tissues (53,54). Ultimately, toxicities of the ICAM1-ADC 

will need to be evaluated in a nonhuman primate model study before advancing to clinical 

trials in multiple myeloma patients who have progressed beyond current therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Multiple myeloma is incurable, and although treatment advances have prolonged life 

expectancy, patients inevitably develop resistance. Thus, development of new drugs and 

immunotherapies remains a critical need. Targeting novel antigens other than CD38 and 

BCMA will be important for patients that have already received and become resistant to 

daratumumab and BCMA targeted therapies. One such alternative target is ICAM1. A 

naked anti-ICAM1 antibody has been tested in several clinical trials, showing good safety 

profile but no efficacy as a single agent. Here, we provide the first evidence that an anti-

ICAM1 antibody-drug conjugate may greatly improve upon the efficacy of naked 

antibodies. In primary myeloma samples from patients with relapsed disease, the 

expression of ICAM1 appears especially high. Thus, the anti-ICAM1 antibody-drug 

conjugate has potential to be a new type of therapeutic for multiple myeloma patients 

who are either refractory to or have progressed beyond current treatments.

Sherbenou et al. Page 15

Clin Cancer Res. Author manuscript; available in PMC 2021 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Assessing ICAM1 expression in myeloma cell lines by flow cytometry.
(A) Histograms showing the anti-ICAM1 IgG1 M10A12 binding (solid lines) on the cell 

surface of 18 myeloma cell lines, compared to a nonbinding IgG1 (Ctrl, dashed lines). (B) 
Cell surface antigen density of ICAM1 compared to CD38 for representative myeloma cell 

lines RPMI8226, MM1.S and MM1.R. Student t-test, unpaired, two tailed. *, P < 0.05. (C & 
D) ICAM1 cell surface expression is increased in myeloma cell lines MM1.S (C) and 

MM1.R (D) when incubated with HS5 conditioned media (CM) for 3 days compared to 

equivalent serum conditions without conditioned media (untreated).
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Figure 2. ICAM1 is overexpressed on cell surface of primary myeloma cells from patients with 
advanced disease.
(A-C) FACS analysis of patient samples separated by MM cells by CD138+ (events in red) 

and non-PCs by CD138- (events in blue) and co-labeled with CD38 and ICAM1 showing 

ICAM1 overexpression in a sample with relapsed (B) compared to a patient with newly 

diagnosed (A), and preserved high ICAM1 expression and downregulated CD38 in a patient 

previously treated with daratumumab (C). (D) In myeloma patients, the ratio of ICAM1 and 

CD38 MFI was comparably high in the newly diagnosed and daratumumab-naïve/relapsed 

settings, whereas only ICAM1 remained elevated to that degree in the daratumumab-

refractory setting. (E) In a cohort of 10 myeloma patients, the mean ICAM1 and CD38 

antigen densities were ~1×106/cell. Comparisons made by two-tailed student t-tests. * P < 

0.05; ** P < 0.01. MM – multiple myeloma cells, non-PCs – nonplasma cells, Dara-RR – 

relapsed/refractory to daratumab.
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Figure 3. Confocal microscopic analysis of anti-ICAM1 antibody internalization by myeloma cell 
line and patient myeloma cells.
(A) MM1.R cells were incubated with Alexa Fluor-647 conjugated anti-ICAM1 antibody for 

18 h, then fixed, permeabilized and costained for LAMP1 to show internalization and partial 

colocalization to late lysosomes. Scale bar: 30 μm. (B) Anti-ICAM1 antibody internalization 

after 18 h and colocalization with LAMP1 in myeloma cells from a patient BM aspirate. 

Scale bar: 30 μm.
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Figure 4. Activity of ICAM1-ADC on cell lines in vitro.
(A-D) ICAM1-ADC selectively inhibits cell proliferation of myeloma cell lines RPMI8226, 

JJN3, INA6 and AMO1 in vitro. Percent cell viability after 72 h treatment shown. EC50 

values were estimated by curve-fitting and are as follow: RPMI8226 1.9 nM, JJN3 2.2 nM, 

INA6 3.6 nM, and AMO1 4.2 nM. (E) The MFI of ICAM1 expression correlated inversely 

with cell line EC50 for sensitivity to ICAM1-ADC. (F) Tested against RPMI8226 for 

comparison after 96 h incubation (EC50 = 0.6 nM), ICAM1-ADC has relatively little effect 

on cells with low ICAM1 expression, including normal T cells, HUVEC and Hs27 cells. Ctrl 

ADC – nonbinding isotype control ADC.
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Figure 5. Activity of ICAM1-ADC on primary myeloma cells ex vivo.
(A) In a representative example shown, ICAM1-ADC selectively decreased the number of 

viable patient myeloma cells measured by flow cytometry after 48 h treatment, with minimal 

effect on the normal MNC population (non-PC, black bars). (B) When exposed to graded 

concentrations for 48 h, ICAM1-ADC but not the control ADC showed potent anti-myeloma 

activity even at the lowest concentration tested (0.1 nM). (C) In patients screened with 10 

nM ICAM1-ADC treatment for 48 h, 3/5 showed a significant reduction of viable myeloma 

cells, with no observed toxicity in non-PC. (D) Additional samples from patients who were 

clinically daratumumab-refractory were tested with 10 nM ICAM1-ADC treatment for 48 h, 

with 2/4 showing a significant reduction of viable myeloma cells. Our anti-ICAM1 

monoclonal antibody had a smaller effect. Comparisons in (D) and (D) were made by 

ANOVA with Tukey’s correction for multiple comparisons. * P < 0.05; ** P < 0.01, *** P < 

0.001, **** P < 0.0001. Ctrl ADC – nonbinding isotype control ADC.
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Figure 6. In vivo ICAM1-ADC anti-myeloma activity in the RPMI8226-Luc line myeloma 
xenograft model.
(A) The firefly luciferase reporter bearing RPMI8226-Luc cells were i.v. injected and 

allowed to establish grafts for 10 days. Starting on the 11th day post implant (treatment day 

1) a total of 4 injections were given twice a week of PBS, control nonbinding ADC (5 mg/

kg), naked ICAM1-mAb (5 mg/kg) and ICAM1-ADC (5 mg/kg). (B) Disease status was 

monitored by BLI (top rows – dorsal views, bottom rows – ventral views). Tx – treatment, 

mAb – naked antibody. The study was done as part of a single experiment where we also 

studied CD46 ADC (34), and as such data for the control arms (PBS Vehicle and nonbinding 

ADC) from that study was re-used. (C) Kaplan-Meier survival curves of NSG mice carrying 

xenografts transplanted with RPMI8226-Luc and treated with ICAM1-ADC, ICAM1-mAb 

or controls. The study was terminated on the 200th day post tumor implant. These survival 

curves are significantly different (P < 0.0001, log rank test (Mantel-Cox)). The hazard ratios 

(HR (Mantel-Haenszel)) and p values (log rank test (Mantel-Cox)) for two group 

comparison are as follows: ICAM1-ADC vs. Nonbinding ADC, HR = 0.043, P = 0.0019; 
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ICAM1-ADC vs. ICAM1-mAb, HR = 0.046, P = 0.0018; and naked ICAM1 mAb vs. 

Vehicle control, HR = 0.044, P = 0.0019. mAb – monoclonal antibody, Tx – treatment, Ctrl 

ADC – nonbinding isotype control ADC.
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Table 1.

ICAM1 Antigen Density on Multiple Myeloma Cells from Patient Samples.

Pt# Age/Sex Setting Prior Tx MM Antigen Density non-PC Antigen Density

UCSF132 56F New Dx 0 190,233 1,779

UCSF135 65F New Dx 0 107,822 8,862

UCSF134 57M Relapse 1 5,615,253 22,151

UCSF102 57M Relapse 9 553,900 52,208

UCSF131 58M New Dx 0 95,305 2,152

UCSF133 59F New Dx 0 2,531,196 2,479

UCSF126 70M Relapse 4 100,665 28,073

UCSF006 36F New Dx 0 1,025,182 92,406

UCSF079 69F Relapse 1 54,014 6,201

UCSF145 61M Relapse 10 102,148 24,815

Dx – newly diagnosed, F – female, M – male, Prior Tx – prior lines of treatment, Pt – patient
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