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ABSTRACT
Immunoglobulin light-chain (AL) amyloidosis is a rare disease caused by clonal plasma cell secretion of misfolded light chains that 
assemble as toxic amyloid fibrils, depositing in vital organs including the heart and kidneys, causing organ dysfunction. Plasma cell–
directed therapeutics are expected to reduce production of toxic light chain by eliminating amyloidogenic cells in bone marrow, thereby 
diminishing amyloid fibril deposition and providing the potential for organ recovery. Melphalan flufenamide (melflufen) is a first-in-class 
peptide–drug conjugate that targets aminopeptidases and rapidly releases alkylating agents inside tumor cells. Melflufen is highly lipo-
philic, permitting rapid uptake by cells, where it is enzymatically hydrolyzed by aminopeptidases, resulting in intracellular accumulation of 
the alkylating agents, including melphalan. Previous data demonstrating sensitivity of myeloma cells to melflufen suggest that the drug 
might be useful in AL amyloidosis. We describe the effects of melflufen on amyloidogenic plasma cells in vitro and ex vivo, demonstrating 
enhanced cytotoxic effects in comparison to melphalan, as well as novel mechanisms of action through the unfolded protein response 
(UPR) pathway. These findings provide evidence that melflufen-mediated cytotoxicity extends to amyloidogenic plasma cells, and sup-
port the rationale for the evaluation of melflufen in patients with AL amyloidosis.

INTRODUCTION

Immunoglobulin light-chain (AL) amyloidosis, though rare, 
is the most common form of systemic amyloidosis and is caused 
by plasma cell production of misfolded light chain which depos-
its as amyloid fibrils in organs, causing damage and organ 
dysfunction.1 Currently, treatment of AL amyloidosis relies on 
plasma cell-directed therapy, with agents used in the treatment 
of multiple myeloma (MM) applied to AL amyloidosis, though 
evidence of safety and efficacy in MM does not always translate 
directly to AL amyloidosis.2 By targeting the amyloid-produc-
ing plasma cells, new amyloid fibril deposition is diminished, 

potentially enabling organ recovery. Melphalan is currently one 
of the standard treatment options available for patients with 
AL amyloidosis, often in combination with bortezomib or dexa-
methasone, or as part of an autologous stem cell transplant.3–5

Despite decades of progress for patients with MM and AL 
amyloidosis, there exists a substantial unmet medical need for 
novel therapeutics. In AL amyloidosis, patients would bene-
fit from additional effective therapies with better tolerability, 
considering the increased risk of adverse events due to organ 
involvement resulting from amyloid deposition,6 while in MM, 
there remains a population of patients with high-risk disease 
who have a poor prognosis and limited remaining therapeutic 
options.7,8 These high-risk MM patients are defined by clinical, 
cytogenetic, and biological features resulting in poor patient out-
comes. Such poor patient prognosis is often correlated with the 
outgrowth of drug-resistant clones which expand in response to 
inhibition of specific targeted pathways.9,10 Targeting upstream 
processes with multiple mechanisms of action that are exploited 
by pathogenic plasma cells compared to healthy cells are 
expected to provide therapeutic potential to both MM and AL 
amyloidosis patients, particularly where clonal evolution has led 
to the development of these treatment resistant clones.11

Melfiufen (melphalan fiufenamide) is a novel peptide–drug 
conjugate that rapidly induces cytotoxicity in tumor cells.12–17 
Melflufen is highly lipophilic which results in rapid cellular 
uptake and hydrolysis by aminopeptidases within cells, culmi-
nating in intracellular accumulation of the melphalan alkylating 
agent.18 The reduced systemic toxicity of melflufen observed in LWW
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MM patients in comparison to other alkylators may be partic-
ularly relevant in the more fragile amyloidosis patient popula-
tion.19 Melflufen is currently being investigated for the treatment 
of MM.20–25 Previous data demonstrating MM plasma cell sen-
sitivity for melflufen suggests that the drug might be useful to 
directly eliminate amyloidogenic plasma cells, thereby reducing 
the amyloid load in patients.26,27

Perhaps as a consequence of increased intracellular concen-
trations or differential subcellular localization resulting from 
increased lipophilicity, the enhanced sensitivity to melflufen in 
targeted tumor cells suggests that the drug is functioning via 
related, yet potentially distinct, mechanisms from melphalan. 
As such, it is of interest to dissect and differentiate the cellu-
lar mechanism(s) of melflufen activity to better understand 
the patient populations within MM, as well as additional 
MM-related indications, including AL amyloidosis, where the 
drug could provide benefit to patients.

The UPR is a pathway of particular interest in MM and AL 
amyloidosis, where antibody-producing plasma cells possess 
an amplified requirement for mechanisms to cope with the 
increased load of unfolded protein and associated endoplas-
mic recticulum (ER) stress.28 Activation of the UPR in plasma 
cells augments pathways allowing the cell to survive, potentially 
leading to drug resistance.29 Drugs with mechanisms of action 
targeting the UPR, including proteasome inhibitors, function by 
disrupting the UPR and result in accumulation of unfolded pro-
teins; this leads to apoptotic death of pathogenic plasma cells, 
and has potential applicability to AL amyloidosis.30,31 UPR acti-
vation is also linked to initiation of immunogenic cell death, 
which has been implicated in additional mechanisms of antitu-
mor immune responses.32

We hypothesized that melflufen may possess enhanced 
cytotoxicity via effects on the UPR, potentially explaining the 
increased toxicity on plasma cells. The purpose of this study is 
to explore the effects of melflufen and melphalan in pathogenic 
plasma cells, with a specific focus on the UPR pathway.

MATERIALS AND METHODS

Patient material
The Finnish Hematology Registry and Biobank (Helsinki, 

Finland) provided viably frozen bone marrow mononuclear cells 
(BM-MNCs) from 6 amyloidosis patients. The samples were col-
lected at diagnosis as bone marrow aspirates after informed consent 
and following protocols approved by an ethical committee of the 
Helsinki University Hospital Comprehensive Cancer Center, and 
in compliance with the Declaration of Helsinki. The BM-MNCs 
were enriched from the aspirates by gradient centrifugation before 
cryopreservation. Clinical features are listed in Suppl. Table S1.

Single-cell RNA sequencing
The BM-MNCs were thawed and sorted based on cell via-

bility (7AAD, BD Biosciences, Santa Jose, CA) and CD138 cell 
surface expression (APC, clone MI15, BD Biosciences) using 
fluorescence-activated cell sorting (BD Influx Cell Sorter, BD 
Biosciences). CD138+ and CD138− sorted cell fractions were 
mixed at a 1:1 ratio with a maximum of 800,000 cells per sam-
ple. If there were fewer than 400,000 CD138+ cells, then all 
CD138+ cells were mixed with 400,000 CD138− cells. Single 
cell RNA-sequencing library prepration was performed on the 
mixed CD138+ and CD138+ cell samples using the Chromium 
Single Cell 3′ Gene Expression v3 reagent kit (10x Genomics, 
Pleasanton, CA). The prepared libraries were then sequenced on 
a NovaSeq instrument (Illumina, San Diego, CA).

To assign cell type identity to the clusters, the specific cell type 
markers for the immune cells were obtained from ScType data-
base.33 To predict interaction networks in the genes upregulated 
in plasma cells the “search tool for the retrieval of interacting 
genes/proteins (STRING)” was used.34

Flow cytometry–based drug sensitivity testing
BM-MNCs from 6 amyloidosis patients were tested for 

melflufen and melphalan sensitivity. The cells were thawed, 
DNase I (Promega, Madison, WI) treated for 60 minutes, 
and incubated in conditioned medium (RPMI 1640 medium 
supplemented with 10% fetal bovine serum, 2 mM L gluta-
mine, penicillin [100 U/mL], streptomycin [100 μg/mL] and 
25% conditioned medium from the HS-5 human BM stro-
mal cell line)35 overnight to exclude apoptotic cells. The cells 
were plated in conditioned medium (100,000 cells in 100 μL/
well) in a 96-well plate in the presence of either melflufen 
or melphalan at 6 different concentrations between 1 and 
100,000 nM. Following incubation for 72 hours at 37°C and 
5% CO2, the cells were stained with cell surface marker anti-
bodies for CD138 (BV510, clone MI15) and CD38 (BV421, 
clone HIT2), followed by staining with apoptotic (Annexin-V) 
and dead (7-AAD) cell markers (BD Biosciences). Flow 
cytometry analysis was performed using the IntelliCyt iQue 
Screener PLUS instrument (Sartorius, Goettingen, Germany). 
Plasma cells were identified from the live cells based on cell 
surface expression of both CD138 and CD38 markers. Live 
cell counts for the CD138+CD38+ cell population were used 
to analyze effects of different doses on cell viability. The sur-
viving fraction for melflufen- and melphalan-treated cells was 
computed by normalizing with viability of untreated (0.2% 
dimethyl sulfoxide) cells.

Cell culture
MM.1S, RPMI-8226, and U266 cells were obtained from 

American Type Culture. JJN3 cells were obtained from DSMZ-
German Collection of Microorganisms and Cell Cultures. 
ALMC-1 and ALMC-2 cells were obtained from Dr. Diane 
Jelinek, Mayo Clinic (Rochester, MN).36 Mycoplasma testing 
was performed using MycoAlert mycoplasma detection kit 
(Lonza, Rockland, ME).

Detection of apoptosis by flow cytometry
Cells were grown in the presence or absence of melphalan 

or melflufen for 24 hours. Cells were washed and stained with 
APC-conjugated Annexin V antibody and propidium iodide 
(PI) according to the manufacturer’s instruction (eBioscience, 
San Diego, CA, USA). FlowJo software was used for all data 
analysis and generation of flow diagrams. We define early apop-
totic cells as being AnnexinV+/PI− and late apoptotic cells as 
AnnexinV+/PI+.

Immunoblotting
Myeloma cells were incubated in the presence or absence of 

melphalan, melflufen, or brefeldin A (BFA; positive control). 
Cells were washed with phosphate-buffered saline solution and 
lysed in radioimmunoprecipitation assay (RIPA) buffer supple-
mented with protease and phosphatase inhibitors (1% sodium 
deoxycholate, 0.15 M NaCl, 0.1% SDS, 1% [v/v] Triton X-100, 
0.05 M Tris HCl, pH 7.4). The bicinchoninic assay (BCA) 
method was used for protein quantification. Equal amounts of 
total protein were run on SDS-polyacrylamide gels and trans-
ferred to polyvinylidene difluoride membranes before being 
probed with primary and secondary antibodies. Images were 
obtained using an ECL chemiluminescence detection kit and a 
Bio-Rad ChemiDoc MP imaging system.

Quantitative reverse transcriptase-polymerase chain reaction
Cells were incubated in the presence or absence of drugs before 

RNA was isolated using an Omega E.Z.N.A. total RNA isola-
tion kit (Omega Bio-tek, Norcross, GA). cDNA was generated 
from 1 μg of RNA using the i-Script cDNA synthesis kit (Bio-
Rad, Hercules, CA). cDNA, gene-specific primers, and i-Taq Sybr 
green super mix (Bio-Rad) were mixed according to manufactur-
er’s instruction. Quantitative reverse transcriptase-polymerase 
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chain reaction (q-RT-PCR) assays were performed in triplicate 
in a Bio-Rad CFX96 real time machine and data were analyzed 
using the Bio-Rad CFX manager 3.1 software. The housekeeping 
gene β-ACTIN was used for normalization.

XBP-1 splicing
RNA isolation and cDNA synthesis were performed as 

described above. PCR was performed using XBP-1-specific 
primers as described by Yan et al.37 PCR products were sepa-
rated on a 2% agarose gel, stained with SybrSafe dye (Invitrogen, 
Carlsbad, CA) and imaged using a Bio-Rad ChemiDoc MP 
imaging system. The upper band denotes unspliced XBP-1 and 
the lower band denotes spliced XBP-1.

Light chain enzyme-linked immunosorbent assay
Cells were incubated in the presence of melphalan, melflufen, 

or BFA (positive control) for 12 hours before being lysed in 
RIPA buffer containing protease and phosphatase inhibitors 
(1% sodium deoxycholate, 0.15 M NaCl, 0.1% SDS, 1% [v/v] 
Triton X-100, 0.05 M Tris HCl, pH 7.4). Protein was quanti-
fied using the BCA method. Where indicated, cell culture super-
natants were collected for analysis of secreted light chain. The 
human lambda or kappa light chain kit (Bethyl Laboratories, 
Montgomery, TX) was used to quantify intracellular monoclo-
nal protein levels by enzyme-linked immunosorbent assayper 
the manufacturer’s instruction.

RESULTS

Melflufen demonstrates superior ex vivo toxicity in plasma cells from 
patients with AL amyloidosis

Previous data demonstrating superior efficacy of melflufen 
compared to melphalan in MM cells suggested that there might 
be similar increased toxicity in the related plasma cell dyscrasia, 
AL amyloidosis.12,38 To test this, the cytotoxic effects of melflufen 
and melphalan were assessed in CD138+CD38+ plasma cells 
from patients with confirmed AL amyloidosis (Suppl. Table S1) 
within the BM-MNC fractions. The age range of the patient 
cohort was 53–81 years, and 4 of 6 samples had light chain of 
lambda type. Nearly all (5 of 6) of the samples demonstrated 
significant levels of toxicity (greater than 50%) in response to 
melflufen (Figure 1A, Suppl. Table S2) below concentrations of 
1 µM within 72 hours (half maximal effective concentration 
[EC50] 0.1833–22.55 nM), while none of the samples responded 
significantly to melphalan at these concentrations. When these 5 
melflufen-sensitive samples were compared for their melphalan 
responses, it was evident across all patient samples, including 
those with high-risk cytogenetics, that primary plasma cells 
from AL amyloidosis patients were significantly more sensitive 
to melflufen than melphalan (Suppl. Table S2).

These samples were further analyzed by single cell RNA 
sequencing, revealing clusters of cells with identifiable plasma 
cell populations (Suppl. Figure S1). As peptidase-mediated 
hydrolysis of melflufen is required to convert the lipophilic 
melflufen molecule to an intracellular hydrophilic metabolite 
with high alkylating potential, we examined expression of 
aminopeptidase genes across the patient samples. The analysis 
identified increased expression of DPP7 (log2 fold-change 0.38 
to 0.62; P value <0.05), a peptidase gene previously identified 
as having high capacity for melflufen hydrolysis in cells39 in 
plasma cell clusters of 4 of the 6 samples potentially provid-
ing the pathogenic cells with the necessary cellular pathways 
to process melflufen into an active alkylator (Suppl. Figure 
S2). One patient sample was refractory to both melflufen and 
melphalan (AL_01), and notably did not demonstrate elevated 
expression of DPP7 in plasma cells compared to other cell clus-
ters. Future analyses with additional patient samples may be 
able to identify genes and transcriptional pathways responsible 

for resistance to both melphalan and melflufen, as multiple 
aminopeptidases are capable of hydrolyzing melflufen.38

Furthermore, scRNAseq data identified 30 genes with a role 
in ER stress and UPR that demonstrated increased expression in 
plasma cell clusters, including DERL3,40 XBP1,41 HERPUD1,42 
UBE2J1,43 RRBP1,44 SEL1L,45 PD1A4,46 LMAN1,47 and 
CRELD248 (Figure 1B).

Over half (16/30) of these genes were predicted to be located 
in the ER. Protein–protein interaction (PPI) analysis revealed 
that many of these genes have significant functional associations 
with each other (PPI enrichment P value = 1.0e-16), with genes 
HSP90B1 (n = 12), PDIA4 (n = 10), XBP1 (n = 9), DERL3 
(n = 9), and MANF (n = 8) showing the interactions with the 
maximum number of genes (Suppl. Figure S3). These pathways 
could contribute to the increased efficacy of melflufen in ex 
vivo patient samples (Figure 1). We therefore sought to further 
explore the mechanism of action of melflufen in relationship to 
ER stress, apoptosis pathways, and UPR.

Melflufen induces superior cytotoxic effects by apoptosis in comparison 
to melphalan in relevant light chain secreting plasma cell lines

To develop an in vitro cell system to analyze the melflufen 
mechanism of action relevant to AL amyloidosis patients, the 
efficacy of melflufen was tested for in vitro cytotoxic activity 
in one human MM cell line with kappa light chain secretion 
(JJN3), as well as 2 cell lines derived from an AL amyloidosis 
patient with lambda light chain secretion (ALMC-1 and ALMC-
2) to determine the level of potency in head-to-head comparison 
with melphalan (Figure 2A) following 72 hours of exposure.

Similar to the results in ex vivo patient samples, melflufen 
demonstrated increased potency in comparison to melphalan in 
JJN3 cells, with an approximately 5-fold decrease in EC50 values 
(Suppl. Table S3). In ALMC-1 and ALMC-2 cell lines, melphalan 
demonstrated minimal toxicity within 72 hours, with undeter-
minable EC50 values at the concentrations tested, while melflufen 
demonstrated toxicity at low micromolar concentrations. This 
decrease in cell viability in response to melflufen corresponded 
with a decrease in kappa light chain secretion into the superna-
tant in JJN3 cells (with no detectable lambda light chain), and 
lambda light chain secretion into the supernatant in ALMC-1 
and ALMC-2 cells (with no detectable kappa light chain), likely 
directly due to the decreased cell viability, however leaving open 
the possibility of decreased light chain production in viable cells 
as well (Figure 2B). Thus, while melflufen demonstrated potent 
effects on viability and light chain secretion in all 3 cell lines, 
melphalan had minimal effects. Notably, DPP7 expression, pre-
viously detected in primary amyloidogenic plasma cells, was 
detectable by qRT-PCR in all 3 cell lines (data not shown).

Melflufen induces cellular events associated with apoptosis
To further explore the mechanism of cell toxicity, a panel 

of myeloma and light chain secreting cell lines (ALMC-2, 
JJN3, MM.1S, RPMI-8226, and U266) was exposed to either 
melflufen or melphalan for 24 hours, and apoptosis was assessed 
using flow cytometric analysis of Annexin V/propidium iodine 
staining. These studies revealed enhanced induction of apoptosis 
pathways mediated by melflufen compared to melphalan across 
all tested cell lines (Figure 3, Suppl. Table S4).

To more directly assess the capacity of melflufen to induce 
apoptosis, caspase and poly ADP-ribose polymerase cleav-
age were analyzed via immunoblotting. Melfulfen treatment 
resulted in caspase cleavage within 12 hours in all tested cell 
lines at doses at or above 1 µM, while melphalan did not induce 
caspase cleavage at any of the concentrations tested up to 10 µM 
(Figure 4). Melflufen induced consistent cleavage of caspases 3, 
8, and 9 at doses as low as 1 µM as early as 6 hours after treat-
ment (Suppl. Figure S4), with similar lack of effect on melphalan 
treatment.
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The lipophilicity of the melflufen molecule is expected to 
increase intracellular concentrations of the alkylator, and may 
function to redistribute drug within cells, which could lead to 
an altered, and increased pattern of efficacy. The distinct apop-
tosis induction mediated by melflufen compared to melphalan 
suggested a potential separate mechanism of action for the 
compound.

Melflufen induces markers of ER stress and the UPR, but does not 
directly affect the production of immunoglobulin light chain

Immunoblot analysis of UPR markers revealed that treat-
ment with melflufen results in an increase of ATF4 and phos-
phorylated eukaryotic translation initiation factor 2 α (eIF2α) 
(Figure  5A), but no clear effect on IRE1 expression within 3 
hours of treatment. Furthermore, there was a notable increase in 
spliced XBP-1 in response to 10 µM melflufen treatment within 
6 hours in all cells except ALMC-2 cells (Figure 5B). However, 
XBP-1 cleavage was detected in ALMC-2 cells in response to 
10 µM melflufen, but not melphalan, within 12 hours (data 
not shown). These responses were absent or greatly reduced in 

response to equal concentrations of melphalan across cell lines 
and time points analyzed. In these studies, BFA was used a pos-
itive control as an agent which induces the UPR via disruption 
of ER-golgi trafficking.

Ultimately, the protein kinase RNA-like endoplasmic rectic-
ulum kinase (PERK)-mediated pathway of the UPR results in 
increased expression of C/EBP homologous protein (CHOP), 
resulting in apoptosis.49 As ATF4 and phosphorylated eIF2α 
implicate the PERK branch of the UPR, we examined CHOP 
gene expression by qRT-PCR in response to melphalan or 
melflufen. Higher doses of melflufen resulted in increased 
expression of CHOP in all cell lines tested within 3 hours, 
while there was no effect on CHOP in response to melphalan 
(Figure 6).

Because of the potential for effects within the ER, as well as 
the decrease in immunoglobulin light chain in the supernatant 
of melflufen-treated cells described earlier, we hypothesized that 
melflufen might directly affect plasma cell production of light 
chain separately from the effects on cell toxicity. However, cell 
lysates of melflufen-treated cells did not demonstrate significant 

Figure 1.  Melflufen demonstrates enhanced efficacy compared to melphalan in ex vivo samples from AL amyloidosis patients. (A) Sensitivity to 
melphalan (left) or melflufen (right) within CD138+ cells in primary bone marrow mononuclear cell samples from amyloidosis patients (n = 6) following 72 h of 
treatment was determined by flow cytometry and normalized to vehicle control (100% viability) as described in the Materials and Methods. Different samples 
showed varying response to melflufen with sample AL_01 being resistant, samples AL_02, AL_03, and AL_04 showing intermediate response and samples 
AL_05 and AL_06 being highly sensitive to melflufen compared to melphalan. (B) Heatmap showing hierarchical clustering of 30 genes, which were commonly 
over expressed in plasma cell clusters from 6 amyloidosis samples.
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effects on accumulation of intracellular light chain (Figure  7) 
in the remaining live cells, indicating that effects on secreted 
light chains mediated by melflufen are likely the direct result of 
decreased viability of light chain producing plasma cells and not 
effects on light chain production or trafficking. It remains possi-
ble that the lack of changes in detected intracellular light chain 
is due to light chain accumulated within cells before melflufen 
treatment, which remains within cells and further experiments 

will be performed to confirm whether melflufen has affects on 
light chain production separate from the indirect effects medi-
ated by MM cell toxicity.

DISCUSSION

We and others have previously demonstrated toxicity of 
melflufen in MM cells, with increased tumor cell death by 

Figure 2.  Melflufen demonstrates increased efficacy compared to melphalan in immunoglobulin secreting plasma cell lines. (A) The indicated cell 
line (JJN3, ALMC-1, or ALMC-2) was incubated for 72 h in the presence of either melphalan (blue) or melflufen (red) at increasing concentrations and cell viability 
was determined by CellTiter-Blue assay with normalization to vehicle treated cells (100% viability). (B) Kappa light chain secretion was determined in response 
to increasing concentrations of melphalan or melflufen for the kappa light chain secreting JJN3 cell line, with no detection in the lambda light chain secreting 
ALMC-1 cell line as a control. Similarly, lambda light chain secretion was determined for the lambda light chain secreting ALMC-1 and ALMC-2 lines, with no 
detection in the kappa light chain secreting JJN3 cell line as a control.

Figure 3.  Enhanced induction of apoptosis by melflufen compared to melphalan across all tested MM and AL amyloidosis cell lines. The indi-
cated cell line was incubated for 24 h in the presence of either melphalan or melflufen at increasing concentrations, as indicated, and apoptosis/necrosis was 
determined by Annexin V/PI staining and flow cytometry. Early apoptosis was defined by Annexin V staining, while late apoptosis was defined by staining both 
annexin V and PI. *P < 0.05, **P < 0.01, ***P < 0.001.
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apoptosis, resulting in enhanced preclinical efficacy in mouse 
models compared to melphalan, which is currently used for 
MM patients.12 The related pathogenesis between MM and 
AL amyloidosis has led to an exploration of multiple drugs 
designed to target MM plasma cells for patients with AL amy-
loidosis. We therefore sought to extend the melflufen data into 
amyloidogenic plasma cell models, and to further explore the 
potentials mechanism(s) of action mediated by melflufen.

Herein, we describe that consistent with data in MM cell 
lines, melflufen demonstrates superior efficacy to melphalan in 

amyloidogenic cells, including primary plasma cells from amy-
loidosis patients. Furthermore, the data have revealed a unique 
mechanism mediated by melflufen, but not melphalan, via 
induction of the UPR resulting in rapid induction of apopto-
sis at clinically relevant drug concentrations. Due to their high 
rate of protein synthesis, pathogenic plasma cells in MM and 
amyloidosis are particularly susceptible to therapeutic strategies 
that target the UPR, and this is an active area of therapeutic 
intervention.50 Furthermore, the clonal evolution of plasma cells 
in both MM and amyloidosis necessitates strategies that target 

Figure 4.  Melflufen mediates cellular events associated with apoptosis within 12 h. The indicated cells were incubated in the presence of either mel-
phalan or melflufen (with brefeldin A as a positive control) for 12 h and cells were harvested and analyzed cleavage of PARP, or caspase 3, 8, and 9 as indicated, 
by immunoblot analysis, with β-tubulin as a loading control. PARP = poly ADP-ribose polymerase.

Figure 5.  Melflufen induces expression of markers of endoplasmic recticulum stress and the UPR. (A) Immunoblot analysis of UPR markers (ATF4, 
IRE1, and p-eIF2α) from cells incubated with vehicle control, or 0.1–10 μM melphalan or melflufen for 3 h. β-tubulin and total eIF2α were used as protein 
controls, while BFA is included as a positive control for UPR induction. (B) PCR analysis of XBP-1 cleavage from cells incubated with 0.1–10 μM melphalan or 
melflufen for 6 h. BFA is included as a positive control for UPR induction. BFA = brefeldin A; PCR = polymerase chain reaction; UPR = unfolded protein response.
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multiple mechanisms of action that obviate resistance mecha-
nisms of pathogenic plasma cells.51 The study is limited in scope 
to in vitro analysis due to an unfortunate lack of appropriate 
animal models of amyloidosis.52 However, previous studies of 
xenografts of MM.1S cells demonstrated in vivo activity of mel-
fulfen consistent with our in vitro results.52

We compared the toxicity of melflufen to the clinically used 
drug melphalan, and demonstrated that plasma cells produc-
ing amyloidogenic light chains were considerably more sen-
sitive to melflufen than melphalan, with particular sensitivity 
in ALMC-1 and ALMC-2 lines.36 In these two lines, melflufen 
demonstrated low micromolar EC50 values, while melphalan 
did not induce demonstrable toxicity. The toxicity mediated by 
melflufen correlated with an overall decrease in secreted light 

chain, likely a directly result of cell death, as we did not detect 
significant diminishment of light chain production within live 
cells at subtoxic doses of melflufen. The reduction of light 
chain by targeting the pathogenic plasma cells could provide 
a benefit to AL amyloidosis patients where accumulation of 
light chain fibrils is believed to be the cause of organ toxicity 
in the disease.

As the mechanism of action mediated by melflufen appears 
linked to plasma cell death, rather than a direct decrease in 
light chain production, we further explored the disparate effects 
mediated by melflufen compared to melphalan. Across 5 cell 
lines tested, melflufen demonstrated toxicity by apoptosis at 
doses at or below 5 µM, while melphalan demonstrated limited, 
if any, induction of apoptosis. Whether enhanced induction of 

Figure 6.  Melflufen induces upregulation of CHOP. The indicated cell lines were incubated with either melphalan or melflufen (10 µM) for 1, 3, 6, or 12 h 
before analysis for CHOP expression by qRT-PCR (Suppl. Table S5). DMSO was used as the vehicle control. *P < 0.05, **P < 0.01, ***P < 0.001. CHOP = C/EBP 
homologous protein; DMSO = dimethyl sulfoxide.

Figure 7.  Melflufen does not directly affect the intracellular light chain levels in viable cells after 12 h of treatment. Whole cell lysate subjected to 
kappa (JJN3) or lambda (ALMC-2, MM.1S, RPMI-8226, U266) light chain ELISA. Brefeldin A was included as a positive control. *P < 0.05, **P < 0.01. ELISA = 
enzyme-linked immunosorbent assay.

http://links.lww.com/HS/A234
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apoptosis mediated by melflufen is the result of increased cel-
lular uptake, altered intracellular distribution or other unique 
mechanisms mediated by melflufen is an area of active study.

Evidence for induction of the UPR pathway by melphalan was 
limited to cells treated at higher concentrations and was only 
seen in sensitive cell lines at later time points, while melflufen 
induction of the UPR was rapid and included both sensitive and 
resistant cell lines. Induction of the UPR is believed to occur 
through 3 distinct branches, mediated by ATF6, PERK, or IRE1, 
respectively.53 While the observed XBP-1 cleavage mediated by 
melflufen (Figure 5B) is shared between the IRE1 and PERK path-
way, analysis of components of the ATF6 and IRE1 pathway in 
response to melflufen did not demonstrate consistent evidence of 
activation (data not shown). However, induction of phosphory-
lated eIF2α and ATF4 in multiple plasma cell lines (Figure 5A) 
implicates the PERK pathway, which is of particular interest with 
regard to plasma cells.54 Furthermore, melflufen-mediated upreg-
ulation of CHOP (Figure 6) is a late event in the PERK UPR path-
way connecting these cellular pathways to the observed tumor 
cell apoptosis (Figure 3). While induction of the PERK pathway 
did not appear to directly affect protein trafficking in viable cells 
(Figure 7), apoptosis mediated by melflufen, subsequent to PERK 
activation, was sufficient to limit production of light chain from 
amyloidogenic plasma cells (Figure 2).

This additional mechanism of action mediated by melflufen 
through UPR activation suggests a potential synergy with its 
established role as an alkylating agent. Multiple mechanisms 
of action could allow melflufen to circumvent standard cellu-
lar mechanisms of drug resistance which inevitably develop in 
response to current therapeutics.55 Therapeutic options targeting 
additional mechanisms of action in MM and AL amyloidosis are 
necessary to overcome these significant challenges in both MM 
and AL amyloidosis.56 Bortezomib is currently used as a standard 
treatment option for patients with AL amyloidosis in combina-
tion with melphalan to effectively combine 2 distinct mechanisms 
of action57: modulation of ER stress58 and DNA alkylation.59 It is 
tempting to speculate that melflufen, by virtue of combining both 
mechanisms in a single moiety could further synergize with pro-
teasome inhibitors, and comparisons of melflufen to bortezomib, 
both alone and in combination, are an area of active research.

Furthermore, effective plasma cell directed therapeutics have 
advantages compared with immunotherapeutic targeting of 
toxic light chain species which not only require identification of 
the specific toxic amyloid species but are not expected to affect 
the continuous plasma cell production of toxic light chain from 
amyloidogenic plasma cells. This provides a challenge to gen-
erating the level of suppression of toxic light chain production 
required for clinical efficacy.60

Melflufen provides a potential opportunity to achieve max-
imum therapeutic benefit by combining plasma cell–directed 
therapeutics with antifibril approaches in clinical development.61

It is interesting to note that a significant number of the genes 
identified with increased expression in plasma cells of AL amy-
loidosis patients compared with other cell populations have 
a role in ER stress and UPR, underscoring the importance of 
these pathways in the biology of myeloma and amyloidogenic 
plasma cells. The significance of this pathway opens the possi-
bility that the enhanced lipophilicity of melflufen leads not only 
to increased uptake by cells, but perhaps directs redistribution 
within cells into cellular compartments, including the ER and/or 
Golgi apparatus, otherwise inaccessible to melphalan.

In particular, higher expression of DPP7, a peptidase with the 
potential to hydrolyze melflufen, was detected in ex vivo patient 
samples of plasma cells with melflufen sensitivity. While the small 
sample size precludes a conclusive determination of a causative 
role of DPP7 in the sensitivity of amyloidogenic plasma cells 
to melflufen, these data are consistent with a role for peptidase 
expression in general, and DPP7 in particular.39 Previous data 
indicated a role for DPP7 in hydrolysis of melflufen required for 

toxicity in breast cancer cells.39 Increased expression of pepti-
dases responsible for melflufen cleavage within targeted patho-
genic plasma cells could provide an additional layer of specificity 
for the drug, with potential implications for increased efficacy 
without increasing toxicity. Additional single cell sequencing 
with a larger data set may permit a better understanding of the 
mechanism of both melphalan and melflufen resistance in amy-
loidogenic cells, to tailor treatments and identify patient popula-
tions more likely to respond to treatment.

In summary, these data extend previous findings regarding 
the efficacy of melflufen into amyloidogenic plasma cells, and 
further expand the potential mechanism of action to include 
effects on the UPR. While the kinetics and sensitivity of cell lines 
varied somewhat, the totality of the data indicates that melflufen 
induction of apoptosis and ER stress response is superior to 
melphalan in plasma cells. Although additional clinical aspects 
of the melflufen therapy in MM are currently investigated, 
results presented in this study focus on the preclinical aspect in 
AL-amyloidosis with interesting scientific results adding valu-
able knowledge on the biology and the potential of alkylating 
agents and the concept of peptide–drug conjugate drugs like 
melflufen in this disease. The increased efficacy with melflufen 
compared with melphalan suggests clinical efficacy in amyloido-
sis for melflufen above what has already been demonstrated for 
the clinically used drug, melphalan, with the potential for lower 
efficacious doses and consequently attenuated systemic toxicity.
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