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Abstract: Current treatment strategies for multiple myeloma (MM) are highly effective, but most
patients develop relapsed/refractory disease (RRMM). The anti-CD38/CD3xCD28 trispecific antibody
SAR442257 targets CD38 and CD28 on MM cells and co-stimulates CD3 and CD28 on T cells (TCs).
We evaluated different key aspects such as MM cells and T cells avidity interaction, tumor killing, and
biomarkers for drug potency in three distinct cohorts of RRMM patients. We found that a significantly
higher proportion of RRMM patients (86%) exhibited aberrant co-expression of CD28 compared to
newly diagnosed MM (NDMM) patients (19%). Furthermore, SAR442257 mediated significantly
higher TC activation, resulting in enhanced MM killing compared to bispecific functional knockout
controls for all relapse cohorts (Pearson’s r = 0.7). Finally, patients refractory to anti-CD38 therapy
had higher levels of TGF-β (up to 20-fold) compared to other cohorts. This can limit the activity of
SAR442257. Vactoserib, a TGF-β inhibitor, was able to mitigate this effect and restore sensitivity to
SAR442257 in these experiments. In conclusion, SAR442257 has high potential for enhancing TC
cytotoxicity by co-targeting CD38 and CD28 on MM and CD3/CD28 on T cells.

Keywords: T cell engager; cell avidity; refractory multiple myeloma; microenvironment

1. Introduction

Multiple myeloma (MM) is a hematological cancer characterized by the accumulation
of clonal plasma cells in the bone marrow. Despite therapeutic improvements to cure MM,
most patients gain drug resistance and will require additional therapy [1–7]. Immunother-
apy plays an important role in the treatment of MM, with agents such as elotuzumab
(ELO), daratumumab, isatuximab, or bispecific antibodies for TC engagement being used
to significantly improve survival rates. ELO is a monoclonal antibody that targets the
SLAMF7 protein [8] and activates natural killer (NK) cells [9]. It is approved in combination
with pomalidomide (POM) and dexamethasone after two prior lines of therapy [10,11].
Daratumumab and isatuximab are monoclonal antibodies directed against CD38 on MM
cells and approved in various combinations [12]. Furthermore, bispecific antibodies for TC
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engagement [13] have recently shown convincing clinical efficacy profiles in RRMM [14,15],
i.e., BCMA-CD3-antibodies [16–18] and GPRC5D-CD3 antibodies have shown high re-
sponse rates with ORRs of 64–74% [19]. Resistance mechanisms against BCMA-targeted
bispecific antibodies for TC engagement include high levels of soluble BCMA, reduced
expression of surface BCMA [20,21], loss of target epitope expression, as well as exhaustion
and dysfunction of TCs on and before therapy [7,22,23]. In order to overcome these issues,
Wu et al. [24] described the development of SAR442257, a trispecific antibody that interacts
with CD38, CD3, and CD28 to enhance T cell activation and tumor targeting. SAR442257
binding to CD3 induces transcriptional activation and downstream effector TC functions,
enhanced by CD28 co-stimulation [24,25]. The anti-CD38 arm directs T cells to myeloma
cells. Aberrant expression of CD28 has been observed on multiple myeloma cells, is associ-
ated with disease progression [4,26–30], and can be associated with a poor prognosis [31].
It may also confer a survival advantage, enabling MM cells to better withstand treatment
and leading to their selective expansion [2]. Additionally, the aberrant expression of CD28
on myeloma cells is associated with the progression to stroma-independent disease [32].
Targeting CD28 may help to overcome these poor prognostic factors and can enhance
MM cell recognition with such a trispecific antibody [24,33,34]. In vivo administration of
this antibody suppressed myeloma growth in a humanized mouse model and stimulated
memory/effector T cell proliferation, as well as reduced regulatory T cells in non-human
primates at well-tolerated doses [24,35]. Therefore, targeting CD28 in addition to CD38 and
CD3 aims to enhance the potency and durability of the T cell response [24]. The engagement
of CD3 and CD28 provides efficient T cell activation and survival, aiming at overcoming T
cell exhaustion that has been described to be associated with disease relapse with novel
immunotherapies [24].

We hypothesized that SAR442257 might provide significant therapeutic advantages
through the co-stimulatory signal mediated by CD28 and the dual targeting of CD38/CD28
on MM cells. To test this hypothesis, we investigated two key factors, i.e., (i) cell–cell
avidity enhancement in the presence of the trispecific antibody SAR442257 compared to
bispecific knockout controls (synthesized by Wu et al. [24] anti-CD38/CD3, anti-CD28/CD3,
or monospecific anti-CD38 antibodies) and (ii) biomarkers for drug potency. Therefore,
we focused on NDMM and three RRMM patient cohorts, i.e., refractory to prior therapy
with anti-CD38 antibody-based combinations (daratumumab or isatuximab), bispecific
antibodies for TC engagement, and immediate ELO/POM pretreatment. We assessed the
CD28 target expression in these cohorts and the cytotoxic activity of TCs. Our findings
reveal that the potency of the trispecific antibody in inducing TC cytotoxic activity is
significantly higher compared to bi- and monospecific antibodies. We highlight that
RRMM patients can be grouped into responders and non-responders impacted by T cell
activation and TGF-β levels. Vactoserib, a TGF-β inhibitor [36], was evaluated as a potential
combination therapy to counteract TGF-β-mediated TC exhaustion. The trispecific antibody
SAR442257 shows promise for relapsed/refractory multiple myeloma by enhancing TC
activation against tumor cells.

2. Materials and Methods
2.1. Cell Culture

Human multiple myeloma cell lines (HMCL), i.e., MM1S, U266, AMO, AMO-TP53,
RPMI 8226, INA-6, OPM-2, LP-1, KMS-11BM, and KMS-11, were purchased from DSMZ
(Braunschweig, Germany). Different HMCLs were used, showing varying surface expres-
sions of CD28 and CD38.

Primary MM cells and bone marrow microenvironment cells: Bone marrow aspirates
were collected from 100 NDMM and 40 RRMM patients 1 month after relapse to treatment
of daratumumab, bispecific antibodies for TC engagement, or pomalidomide/elotuzumab
after written informed consent as approved by the ethics committee of the University of Hei-
delberg (S-096/2017). Myeloma cells were purified from fresh bone marrow aspirates using
density centrifugation followed by CD138-purification with anti-CD138 microbeads (Mil-
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tenyi Biotec, Bergisch Gladbach, Germany) and autoMACS Pro (Miltenyi Biotec, Bergisch
Gladbach, Germany) as described previously [37]. For healthy donor samples, CD3-positive
TCs were isolated from 9 peripheral blood buffy coats using CD3 MicroBeads (Milteney
GmbH, Bergisch Gladbach, Germany) according to the manufacturer’s recommendation.
Immediately after the purification steps, MM cells and bone marrow microenvironment
cells were used for functional assays. TCs were pooled to avoid donor-specific responses.
Cells were cultured in complete medium (RPMI 1640 GlutaMAX Media; Gibco, Ther-
moFisher, Darmstadt, Germany), supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco, ThermoFisher, Darmstadt, Germany), at 37 ◦C in a humidified incubator
under 5% CO2.

SAR442257 and knockout controls (bispecific anti-CD38/CD3, anti-CD28/CD3,
monospecific anti-CD38 antibodies, triple knockout as negative control) were obtained
from Sanofi (Cambridge, MA, USA) as described previously [24].

2.2. Cell Binding Avidity Assays

MM cells adhered to microfluidic chips, and TCs were added together with the
trispecific antibody or respective knockout controls to allow cell–cell binding. The cellular
binding partners were separated by a linearly increasing force, and the frequency of bound
TCs was detected as a function of the applied force.

This measurement was performed in 5 steps (Figure S1a) according to [38]. Avidity was
measured with the z-Movi Cell Avidity Analyzer (Lumicks, Amsterdam, The Netherlands)
using microfluidic chips that were coated with poly-L-lysine. After rehydration of the
chips with warm RPMI 1640 media, cells were seeded at a density of 106 cells/mL in
serum-free medium. They were incubated for 30 min, followed by exchange with complete
medium, and incubated for another 1.5 h to form a confluent monolayer. In the meantime,
effector TCs were stained with the Celltrace Far Red Cell Proliferation Kit (ThermoFisher,
Darmstadt, Germany, catalog C34564) according to the kit instructions. Each chip was
mounted on the z-Movi Cell Avidity Analyzer (Lumicks, Amsterdam, The Netherlands).
Stained TCs were mixed 1:1 with the relevant antibody and flown inside the chip at a density
of 106 cells/mL. They were incubated for 7.5 min with the monolayer in the presence of
SAR442257 (1 nM, 10 nM, 100 nM, and 1000 nM) and corresponding bispecific controls,
CD28/CD3-, CD38/CD3-, CD38-antibody, or triple-knockout antibody. Functionalized
TCs recognize MM cells, followed by cell binding. After cell–cell contact was formed,
the piezo element on top of the chamber generated an acoustic force. The acoustic force
increased linearly over time, and with increasing force, more TCs are separated from their
MM binding partners as the acoustic force exceeds their binding strength. The resulting
avidity curves show the frequency of bound TCs as a function of applied force. Cell avidity
experiments and analysis were conducted according to manufacturer recommendations.
Cell detachment was analyzed using Ocean software version 2.

2.3. Cytotoxicity Assays and TC Proliferation Assays

The in vitro testing of SAR442257 was conducted with TCs and CD38+ myeloma
cell lines or with TC and autologous tumor cells isolated from the patient’s bone marrow
(effector cells/tumor cells (E:T) ratio = 10:1). The killing assay consisted of co-cultures
of CD138+ MM cells and their natural bone marrow microenvironment (CD138 negative
fraction) incubated in the presence of an anti-CD38/CD3xCD28 trispecific antibody and its
variants with a concentration range of 16 nM to 0.01 nM. Donor-derived TCs were added
to the MM cells in a ratio of 10:1. For bone marrow MM cell frequencies below 0.9%, we
used autologous TCs with E:T = 40 ± 13. Viability was assessed with PI staining after at
least 24 h of co-culture, according to previously published protocols [37]. Measurements
were performed using BD FACSAccuri.

In order to investigate the TGF-β effect on SAR442257 potency, we pre-exposed TCs
from healthy donors to 10 pg/mL TGF-β for 24 h before adding them to MM1.S cells or
primary MM cells from RRMM patients with a density of 106 cells/mL. Moreover, 1 nM of
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SAR442257 was added for 24 h to the co-culture before harvesting the cells to allow flow
cytometry (FACS) measurement of MM cell viability. For negative control, we used the TGF-
β1 inhibitor vactoserib [36] (Selleckchem, Cologne, Germany). The cell culture medium of
control cells was supplemented with vactoserib at a 1 nM concentration for 24 h.

2.4. Cytokine Analysis

Cell-free supernatants from cocultures of primary MM cells and their natural bone
marrow microenvironment at 24 h were analyzed for cytokine expression with the Hu-
man Essential Immune Response Panel (Biolegend GmbH, Amsterdam, The Netherlands)
according to the manufacturer’s recommendation.

2.5. FACS Analysis

We used FACS to quantify cell phenotyping and target expression in myeloma cell
lines and patient samples. Cell-surface CD38 and CD28 density levels were measured on
40 RRMM and 100 NDMM patients by flow cytometry using a QIFIKIT (Agilent Dako,
Glostrup, Denmark; catalog number K007811) according to customer protocol [39]. To
normalize CD28 and CD38 target expression levels, we measured a calibration curve using
QiFIKIT beads. The beads, which contain known amounts of fluorescent dye, were run
on the same day as the cell samples, with the same PMT (photomultiplier tube) voltage
and compensation settings, following the manufacturer’s staining protocol [39]. The mean
fluorescence intensity of CD28 on MM cells was normalized to the CD28 expression in
the patient’s bone marrow microenvironment (CD138 negative fraction). Normalized
mean fluorescence values above 1 were interpreted as weakly positive and above 1.4 as
highly positive [28]. All measurements were performed on a BD FACS Symphony A3
flow cytometer.

Immune subsets in patients’ bone marrow aspirates were analyzed using multi-
color FACS phenotyping (Table 1), i.e., TCs, B cells, and NK cells, as well as TC activa-
tion/exhaustion markers in RRMM patients’ bone marrow. The staining reagents included
the following antibodies: CD45-PacB, PD-1-PE-Cy7, CD3-APC-H7, CD4-BV510, CD8-
PerCPCCy5.5, HLA-DR-FITC, CD57-APC, KI67-PE, CD25-PE-Cy7, CD69-APC, CD127-PE,
CD45RA-BV421, CD27-PE-Cy7, Granzyme B-FITC, CCR7-APC, Perforin-PE, CD14-BV510,
CD16-PerCP-Cy™5.5, CD56-APC, CD138-V500-C, CD20-PerCP-Cy™5.5, and CD19-PE-
Cy™7, transcription factor buffer set, brilliant stain buffer plus (all reagents were obtained
unless stated otherwise from BD, Heidelberg, Germany) and CD28-FITC (Clone 28.2 an-
tibody; BioLegend, Amsterdam, The Netherlands). TC degranulation was accessed by
CD107a-APC after adding GolgiStop (BD) to culture for 2 h according to the manufacturer’s
protocol. Cell viability was determined using PI 50 µg/mL (BD, Heidelberg, Germany)
with a dilution of 1:100 and an incubation time of 1 min.

Table 1. Materials used in this study.

Material Company Cat. No.

SAR442257 Sanofi (MA, USA) Not applicable (N/A)

CD45 Invitrogen (Basel, Switzerland) MHCD4528

PD-1 (=CD279) BD (Heidelberg, Germany) 560,652

CD3 BD (Heidelberg, Germany) 641,397

CD4 BD (Heidelberg, Germany) 562,970

CD8 BD (Heidelberg, Germany) 341,050

HLA-DR BD (Heidelberg, Germany) 556,643

CD57 BD (Heidelberg, Germany) 560,845

KI67 BD (Heidelberg, Germany) 567,120



Cells 2024, 13, 879 5 of 17

Table 1. Cont.

Material Company Cat. No.

TIGIT BioLegend (Amsterdam, The Netherlands) 372,709

CD25 BD (Heidelberg, Germany) 557,741

FOXP3 Bioscience/Affimetrix (Heidelberg, Germany) 11-4776-42

CD69 BD (Heidelberg, Germany) 560,711

CD127 ThermoFisher (Darmstadt, Germany) BDB-557938

CD45RA BD (Heidelberg, Germany) 740,083

CD27 BD (Heidelberg, Germany) 567,289

Granzyme BD (Heidelberg, Germany) 558,905

CCR7 BD (Heidelberg, Germany) 566,762

Perforin BD (Heidelberg, Germany) 556,437

4-1BB Cd137 BD (Heidelberg, Germany) 741,000

CD14 BD (Heidelberg, Germany) 740,163

CD16 BD (Heidelberg, Germany) 338,426

CD56 BD (Heidelberg, Germany) 555,518

CD28 BD (Heidelberg, Germany) 556,621

CD138 BD (Heidelberg, Germany) 650,660

CD20 BD (Heidelberg, Germany) 560,736

CD319 Biomol (Hamburg, Germany) ABD-131901C1

CD28 BD (Heidelberg, Germany) 556,621

CD19 BD (Heidelberg, Germany) 557,835

CD107a BD (Heidelberg, Germany) 555,800

anti-CD138 Miltenyi Biotec (Bergisch Gladbach, Germany) 130-051-301

Buffy coat DRK Baden–Württemberg–Hessen GmbH
(Mannheim, Germany) N/A

Patient material University Hospital Heidelberg (Heidelberg, Germany) N/A

QiFIKIT beads Dako (Glostrup, Denmark) K007811

PE/R-Phycoerythrin Conjugation Kit Abcam (Amsterdam, The Netherlands) ab102918

Transcription Factor Buffer Set BD (Heidelberg, Germany) 562,574

Brilliant Stain Buffer Plus BD (Heidelberg, Germany) 566,385

Legendplex BioLegend (Amsterdam, The Netherlands) 741,157

autoMACS Pro purification Miltenyi Biotec (Bergisch Gladbach, Germany) N/A

MM1S DSMZ (Braunschweig, Germany) N/A

U266 DSMZ (Braunschweig, Germany) N/A

AMO DSMZ (Braunschweig, Germany) N/A

AMO-TP53 DSMZ (Braunschweig, Germany) N/A

RPMI 8226 DSMZ (Braunschweig, Germany) N/A

INA-6 DSMZ (Braunschweig, Germany) N/A

OPM-2 DSMZ (Braunschweig, Germany) N/A

LP-1 DSMZ (Braunschweig, Germany) N/A
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Table 1. Cont.

Material Company Cat. No.

KMS-11BM DSMZ (Braunschweig, Germany) N/A

KMS-11 DSMZ (Braunschweig, Germany) N/A

Origin ADDITIVE GmbH (Friedrichsdorf, Germany) N/A

Ocean software LUMICKS (Amsterdam, The Netherlands) N/A

RPMI 1640 Gibco (ThermoFisher, Darmstadt, Germany) 11875-093

FBS Gibco (ThermoFisher, Darmstadt, Germany) 10270-106

Vactoserib Selleckchem (Cologne, Germany) S7530

TGF-β Selleckchem (Cologne, Germany) A2113

2.6. Quantification and Statistical Analysis

All experiments were performed in at least two replicates and repeated for at least
two patient-derived cells and MM cell lines. All results are represented as the mean ± SEM
for the indicated number of observations. Data analysis and fitting were carried out using
OriginPro2021 and Microsoft Excel. Significant differences between two groups were tested
with two-tailed paired and unpaired Student’s t-tests with * p < 0.05, ** p < 0.01, *** p < 0.001.
We evaluated the linear correlations between CD28 and CD38 target expression, as well as
the linear correlations of drug response and TC activation and the correlations between
target expression and MM cell death, using the Pearson correlation coefficient. The Pearson
correlation measures the strength and direction of the linear relationship between two vari-
ables, allowing for comparison of the degree of linear association between drug response
profiles across different cell lines and patients [40]. Statistical details have been provided in
the figures and figure legends.

3. Results

We investigated the CD28 expression on 10 MM cell lines and plasma cells from
100 NDMM and 40 RRMM patients, as well as the potency of the trispecific antibody
SAR442257 (anti-CD38/CD3xCD28) on primary samples from RRMM patients.

3.1. SAR442257 Enhances Cell Avidity and Tumor Killing in Human Myeloma Cell Lines

The trispecific antibody SAR442257 binds to CD38, CD3, and CD28 to enable both
tumor targeting and TC activation (Figure 1a). We assessed the CD38 and CD28 target
expression levels of 10 HMCLs (Figure 1b), the enhancement of cell avidity (Figure 1c–e),
and the killing efficiency (Figure 1f–h).

Both target molecules, CD28 and CD38, were detectable on all HMCLs (Figure 1b).
CD28 receptor densities (RD) were quantified by fluorescence intensity in molecules of
soluble fluorochromes (MESF) and showed significant correlation to CD38 RD (Figure 1b,
p = 0.03, Pearson’s r = 0.74). MM1S and U266 were chosen for further analyses as represen-
tatives of CD28/CD38 low- and high-expressing cell lines, respectively.

Next, we investigated differences in cellular avidity mediated by trispecific antibodies
and bispecific knockout controls. We observed that TC-to-MM cell binding increased as a
function of drug concentration and was further investigated at its maximum (Figure S1b–e).
The fraction of TCs bound to MM cells after incubation with the trispecific antibody was
significantly higher than for knockout controls (bispecific, monospecific antibody, triple
knockout as negative control) (Figure 1d,e). Specifically, the highest fraction of bound TCs
to MM cell targets was observed for the trispecific antibody in both cell lines, with U266
showing a higher absolute binding fraction compared to MM1.S. For both cell lines, we
observed that SAR442257 increased the frequency of bound TCs significantly by a factor of
about 1.5 compared to the CD38-CD3 bispecific antibody (CD38-CD3-AB).
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Figure 1. Characterization of SAR442257 potency in human multiple myeloma cell lines (HMCLs):
(a) SAR442257 geometry; (b) correlation of target expression (in molecules of equivalent soluble
fluorochrome (MESF)) of CD38 and CD28 on 10 HMCL. We measured CD38 and CD28 target
expression and found a linear relationship with Pearson’s r = 0.7, p = 0.03. (c–e) Cellular avidity ranks
as a percentage of TCs bound to MM cells by indicated TC engagers (triple knockout (KO), SAR442257,
CD38-CD3-antibody (AB), CD28-CD3-AB, CD38 AB) for U266 (d) and MM1S (e). (f–h) Dose response
curves of SAR442257 or triple KO control in (g) U266 and (h) MM1S with healthy donor TCs
(E:T = 10:1). (Significance was determined using TTEST, * p < 0.05, *** p < 0.001).

Next, we asked whether reduced target expression decreases drug potency. Comparing
MM1.S and U266 for the dose-dependent efficacy of SAR442257, we found EC50 and
EC75 were 0.02 nM and 16 nM for MM1.S and 0.2 nM and 0.5 nM for U266, respectively
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(Figure 1f–h). Next, 10 HMCL were assessed for viability at a 1 nM concentration of
SAR442257 (Figure S2a,b). SAR442257 significantly reduced the viability of 10/10 myeloma
cell lines tested, ranging from 58% to 97% reduction within 24 h. Drug potency did not
significantly correlate with target expression (Pearson’s r = 0.54, t-test p = 0.4 for CD28, and
p = 0.1 for CD38).

3.2. Activity of SAR442257 in RRMM Patient Cohorts

To assess the efficacy of SAR442257 in primary MM samples, we first characterized
samples from NDMM (n = 100) and RRMM (n = 40) patients, including RRMM patients
from three cohorts, as follows: cohort 1: refractory to anti-CD38 antibodies (n = 26); cohort
2: refractory to bispecific antibodies for TC engagement (n = 10); or cohort 3: ELO/POM
(n = 4), for aberrant expression of CD28 on primary MM cells using mean fluorescence
intensity (MFI) by flow cytometry (Figure 2a).
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Figure 2. (a) Percentage of CD28 positive NDMM (n = 100) and the mean values of CD28 positive
RRMM (n = 40), anti-CD38-refractory (n = 26), bispecific antibodies for TC engagement-refractory
(n = 10), and ELO/POM-refractory (n = 4) patients (black bar indicates CD28 positive target expres-
sion, red bar weakly positive and blue bar CD28 negative target expression). (b) Mean value of
dose-response curves of indicated TC engagers for 40 investigated samples from refractory MM
patients. We show the percentage of dead MMCs after contact to SAR442257 (black), CD3 knockout
antibody (red), CD28 knockout (blue) CD38CD28 knockout (violet) and triple knockout (green).
(c–e) Dose response curves for patients with different pretreatment (c) anti-CD38 antibody refractory,
(d) refractory to bispecific antibodies for TC engagement, and (e) ELO/POM refractory patients. Each
patient is represented in a different color.
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While only a few samples scored positive in the NDMM samples (19%), the majority
of MM cells from RRMM patients aberrantly expressed CD28 (86%), making the dual
CD/38/CD28 targeting of SAR442257 attractive for this challenging patient population.

To assess the ability of SAR442257 to overcome drug resistance, primary MM cells
from three RRMM cohorts were cultured together with autologous TCs and exposed to
increasing concentrations of SAR442257. At concentrations above 1 nM, the trispecific
antibody-mediated MM cell death in 40/40 patients (Figure 2b–e) ranged from 15% to
80%, and EC50 was reached for 7/26 patients in cohort 1, 5/10 in cohort 2, and 2/4 in
cohort 3 at 1 nM SAR442257. We compared the efficacy of the trispecific antibody to the
respective knockout variants in a pooled analysis of all tested samples from RRMM patients.
As shown in Figure 2b, targeting CD3/CD28/CD38 simultaneously achieved synergistic
efficacy compared to the bispecific variants CD3/CD38 and CD3/CD28, respectively.
However, across the patient cohorts, the following two response groups emerged: good
responders with more than 50% dead MM cells at 1 nM and poor responders with an EC50
not reached at 1 nM. To address whether these two response groups are characterized by
differences in target expression, we first compared the target density of CD38 and CD28
between the patient cohorts and did not see any significant differences in CD28 or CD38
expression (Figure S3e,f, Pearson’s r = 0.4, p > 0.05). Furthermore, we analyzed CD38/CD28-
target expression of bone marrow microenvironment B cells, TCs, and NK cells in the three
different cohorts (Figure S3) and found significantly more Treg cells in patients refractory to
anti-CD38 antibodies (cohort 1), and the numbers of early activated TCs as well as NK cells
were significantly reduced (p < 0.05). We did not detect any differences in target expression
between response groups (Figure S3), and we suspect effector cells have impaired cellular
immune function.

3.3. Tumor Cell Killing Correlates with Induced TC Activation

To assess differences in TC activation between responder groups, we analyzed CD4
and CD8-positive TCs for cellular proliferation, degranulation, and the release of cytokines
after 24 h at 1 nM SAR442257 for good and poor responders. Significant differences between
both groups were observed for CD4-positive activated and proliferative T helper cells and
CD8-positive total activated cytotoxic TCs (Figure 3a,b). This effect is more pronounced
in samples refractory to bispecific antibodies for TC engagement compared to anti-CD38-
refractory RRMM patients (Figure S4). For all patients included in the study, we observed
an induction of MM cell lysis by SAR442257 in correlation to TC degranulation (Pearson’s
r = 0.7, Figure 3c). Next, we characterized Granzyme B-positive TCs. Good responders
had 2.5-fold more Granzyme B-positive TC (Figure 3d). For cytokine release, we assessed
the release of IL-2, INF-γ, and TGF-β1 (Figure 3e–g). IL2 and INF-y concentrations in
supernatants after exposure to SAR442257 at 1 nM for 4 days were significantly higher in
the good responders of all three patient cohorts. This indicates a higher TC activation in
good responders, along with enhanced frequencies of cytotoxic and Granzyme B-positive
TCs. In contrast, TGF-β levels were significantly higher for poor response in all patient
cohorts and most pronounced in daratumumab-refractory patients.
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Figure 3. Characterization of CD4 and CD8 TC states, degranulation, and cytokine release. (a,b) TC
subpopulations indicated by respective markers, according to good and poor response groups.
(c) Tumor killing correlates with SAR442257-induced TC activation (Pearson’s r = 0.7). (d) frequency
of granzyme B-positive TCs and (e–g) comparison of respective concentrations of IL2, INF-y, and TGF-
β1 for good and poor responders after 24 h of exposure to SAR442257 (significance was determined
using TTEST, * p < 0.05, ** p < 0.01, *** p < 0.001). The dotted line represents a normalized cytokine
concentration of 1.
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3.4. TGF-β Can Reduce TC Engager Efficiency by Reducing T Cell Activation

By simultaneously engaging CD3 and CD28, the trispecific antibody is able to pro-
vide efficient TC stimulation. However, the TC stimulation can be reduced by inhibitory
cytokines such as TGF-β, resulting in impaired MM cell killing. To further investigate
the effect of TGF-β on TC activation in the presence of SAR442257, we pre-exposed TCs
from healthy donors to 10 pg/mL TGF-β for 24 h before co-culturing them with U266 or
MM1.S cells and 1 nM of SAR442257 for 24 h (Figure 4a). TGF-β reduced TC activation
by SAR442257. Consequently, TGF-β leads to significantly lower trispecific antibody-
mediated cell death in both cell lines (Figure 4b,c). To explore approaches to overcome
TGF-β-mediated resistance, we used the TGF-β1 inhibitor vactoserib in combination with
the trispecific antibody (Figure 4d–f). We observed a partial rescue of TGF-β-mediated
reduction in the efficacy of SAR442257 by vactoserib in two primary MM cells refractory to
bispecific antibodies for TC engagement (Figure 4e) and anti-CD38 therapy (Figure 4f).
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Figure 4. Presence of TGF-β in co-culture reduces TCE efficiency. (a) Sketch of the experimental setup
(b,c) After a 24-hour culture in TGF-β-supplemented medium, healthy donor TCs are subsequently
introduced into a co-culture with (b) U266 and (c) MM1S. TGF-β significantly reduced the drug
potency of SAR442257. (d–f) Primary T cells were isolated from patient samples, and MM cells
(MMCs) were co-cultured in the presence of the natural bone marrow microenvironment (BMME,
CD138-CD3 fraction). Vactoserib, SAR442257, or a combination of vactoserib and SAR442257 were
then added to the co-culture system. Vactoserib-SAR442257 combinations overcome TGF-β-induced T
cell exhaustion. SAR442257 induced significantly higher MM cell killing in the presence of vactoserib
in (e) bispecific antibodies for TC engagement and (f) anti-CD38-refractory samples. Viability was
measured after 24 h of co-culture using FACS. All measurements were carried out in duplicates
(significance was determined using TTEST, * p < 0.05, ** p < 0.01, *** p < 0.001).
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4. Discussion

During the last decades, advances in the immunotherapy of RRMM have led to re-
markable new therapies and improved progression-free survival [1,41]. One promising
approach is the engagement of TCs by bispecific antibodies [42]. However, patients can
develop primary and acquired resistance [16,43–47]. Wu et al. have developed SAR442257,
a trispecific CD38/CD3xCD28 antibody, enabling TC co-stimulation by CD3 and CD28 as
well as tumor targeting by CD28 and CD38. SAR442257 was designed by Wu et al. [24]
to improve the activation and durability of the T cell response [24]. SAR442257 demon-
strated antitumor activity in hematological malignancies [48], including MM, acute myeloid
leukemia, chronic lymphocytic leukemia, and selected T and B cell lymphomas [24,48,49].
Here, we expanded the experimental cohort to RRMM primary samples. Furthermore, our
study demonstrates the potential of SAR442257 in RRMM after immediate prior therapy
with daratumumab, bispecific antibodies for TC engagement, and ELO/POM.

We investigated the role of target expression by elucidating differences between
CD38 targeting and CD28 targeting. We quantified CD28 expression in myeloma cell
lines and patient samples, including newly diagnosed and relapsed/refractory cases. We
found that CD28 is expressed in a significant proportion of myeloma cells, particularly in
relapsed/refractory disease. We found that the majority of RRMM patients expressed both
targets, CD38 and CD28, on MM cells. We ranked CD28-null and CD38-null trispecific
Abs for cell–cell binding force and killing efficiency. While CD38-CD3 bispecific Ab had
a slightly reduced cell avidity in HMCL compared to CD28-CD3 bispecific Ab and lower
killing efficiency on average in RRMM, we observed increased killing efficiency of CD28-
CD3 bispecific Ab over CD38-CD3 bispecific Ab in the daratumumab relapse cohort. We
suspect the CD28 binding of the antibody plays a critical role in TC co-stimulation and
enhanced MM cell recognition.

Wu et al. [24] have demonstrated that CD28 expression in multiple myeloma cells
increases susceptibility to cytolysis. This is of major importance, especially since the fre-
quency of CD28 expression is increased during myeloma progression [4,30–32]. Others
have investigated anti-CD28-monospecific antibodies for MM cell targeting and showed
that anti-CD28 alone already induced significant suppression of MM cell proliferation [4].
This effect could actually be increased by trispecific antibodies [24,49] and manifests that
CD28 on MM cells and TC co-stimulation can play an important role in overcoming drug
resistance in RRMM, e.g., after daratumumab treatment, by improving tumor recognition
and long-term TC activation [50,51]. Furthermore, we found that SAR442257 killing effi-
ciency in HMCL increased with CD28 and CD38 target expression. This finding is similar
to observations for mechanisms of resistance of TC-engaged drugs, which may involve
downregulation of tumor-associated antigens resulting in tumor escape [24,52].

We also investigated the role of the immune subset composition in drug responses.
Interestingly, all RRMM patients showed a significant response to SAR442257 and could
be classified into two cohorts, i.e., good responders with complete MM cell lysis and poor
responders, which showed a response up to EC50 at 1 nM of SAR442257. A good response
was indicated by TCs with a high frequency of proliferation and activation states. More
specifically, characteristics for good responders to SAR442257 with complete MM cell lysis
were the pre-existence of activated and cytotoxic TC subsets in immune phenotyping as
well as increased TC degranulation and IL-2 and Granzyme-B production. This finding
shows the importance of CD28 targeting in agreement with the observations of Wu et al. [24]
and is consistent with tumor immune escape to TC engager treatments, caused by not
only the loss of target antigen but also the proportion of pre-existing exhausted-like CD8+
TCs [7].

We observed an increase in Tregs in daratumumab-refractory patients; however, the
role of Tregs in MM has remained controversial [53]. Interestingly, it has been observed
that marrow-infiltrating Tregs correlate with the presence of dysfunctional CD4+ PD-
1+ cells [54]. Low effector CD4 (CD4eff)/Tregs ratio and increased frequency of PD-1-
expressing CD4eff cells were independent predictors of early relapse to daratumumab
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treatment over and above conventional risk factors, such as genetic risk and depth of
response [53]. Nevertheless, a subpopulation of CD38+ Treg was found to be more im-
munosuppressive than CD38− Treg and decreased in patients treated with daratumumab,
suggesting an additional mechanism of action for this anti-CD38 antibody used to treat
MM patients [53].

Besides cellular factors, soluble non-cellular components such as TGF-β can influence
drug efficiency [55,56], which can be critical for intrinsic drug resistance by repressing
anti-myeloma immunity and disease progression. Here, we observed increased TGF-β
concentrations in patients with poor responses to SAR442257 because TGF-β significantly re-
duced TC activation and MM cell lysis. We investigated the TGF-β inhibitor vactoserib [57]
to improve SAR442257 potency in those samples.

We suspect it is necessary to stimulate TCs, especially for patients refractory to mono-
and bispecific antibodies. In the combinatorial regime of SAR442257 and vactoserib, potent
MM cell lysis was also seen in samples from heavily pretreated patients with daratumumab
resistance. Other studies have focused on the expansion of TCs by CD47 targeting [58],
CD55/CD59 inhibitors [59], or the enhancement of NK effector functions [12,60,61].

One limitation of the study is that it does not include a comprehensive evaluation of
the safety profile [24,62] of the compound. In particular, the novel mechanism of action
of SAR442257 cannot be investigated in traditional multiple myeloma models [24]. In
addition to the activity on myeloma plasma cells, T cells may be engaged through all
three targets, CD3, CD28, and CD38 [12,24,63–66]. While animal toxicology studies in
non-human primates were reassuring [24], a first-in-human dose-escalation clinical trial is
expected to provide the first information on the safety of this agent in humans.

5. Conclusions

SAR442257 demonstrated significantly higher killing of MM cells compared to bispe-
cific functional knockout controls for all relapse cohorts, which correlated with enhanced
TC activation and degranulation. This enhanced activity is attributed to the increased
binding capacity of SAR442257 for RRMM due to its dual targeting of CD38 and CD28,
compared to monospecific or bispecific CD38/CD3 antibodies.

Importantly, our study quantified the expression of CD28 on myeloma cell lines and
patient samples, including newly diagnosed and relapsed/refractory cases. We found
that CD28 is expressed in a significant proportion of myeloma cells, particularly in re-
lapsed/refractory disease. This suggests that CD28 may be a promising target for the
treatment of advanced myeloma.

In poor responders, additional agents, such as TGF-β inhibitors, could be combined
with SAR442257 to further enhance its anti-myeloma activity. Overall, our findings support
the idea that further investigation of SAR442257 as a potential immunotherapeutic approach
for treating RRMM may be warranted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells13100879/s1, Figure S1. Workflow and Titration for Cellular
avidity experiments; Figure S2. Analysis of SAR442257 potency to induce HMCL death; Figure S3.
CD38/CD28-target expression of bone marrow microenvironment; Figure S4. Characterization of
CD4 and CD8 TC states, degranulation, and cytokine release.
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