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Key Points

• Pharmacologic target-
ing of ER proteostasis
reduces secretion of
amyloidogenic LCs
from plasma cells.

•Compounds that target
ER proteostasis are
compatible with current
AL treatment
strategies.

Light chain (LC) amyloidosis (AL) involves the toxic aggregation of amyloidogenic

immunoglobulin LCs secreted from a clonal expansion of diseased plasma cells. Current AL

treatments use chemotherapeutics to ablate the AL plasma cell population. However, no

treatments are available that directly reduce the toxic LC aggregation involved in AL

pathogenesis. An attractive strategy to reduce toxic LC aggregation in AL involves enhancing

endoplasmic reticulum (ER) proteostasis in plasma cells to reduce the secretion and

subsequent aggregation of amyloidogenic LCs. Here, we show that the ER proteostasis

regulator compound 147 reduces secretion of an amyloidogenic LC as aggregation-prone

monomers and dimers in AL patient–derived plasma cells. Compound 147was established to

promote ER proteostasis remodeling by activating the ATF6 unfolded protein response

signaling pathway through a mechanism involving covalent modification of ER protein

disulfide isomerases (PDIs). However, we show that 147-dependent reductions in

amyloidogenic LCs are independent of ATF6 activation. Instead, 147 reduces amyloidogenic

LC secretion through the selective, on-target covalent modification of ER proteostasis

factors, including PDIs, revealing an alternative mechanism by which this compound can

influence ER proteostasis of amyloidogenic proteins. Importantly, compound 147 does not

interfere with AL plasma cell toxicity induced by bortezomib, a standard chemotherapeutic

used to ablate the underlying diseased plasma cells in AL. This shows that pharmacologic

targeting of ER proteostasis through selective covalent modification of ER proteostasis

factors is a strategy that can be used in combination with chemotherapeutics to reduce the

LC toxicity associated with AL pathogenesis.

Introduction

Light chain (LC) amyloidosis (AL) is the most common systemic amyloid disease, affecting 8 to 10
people per million per year.1-5 AL pathogenesis involves the toxic extracellular aggregation of an
amyloidogenic immunoglobulin LC that is secreted from a clonally expanded cancerous plasma cell.
Aggregates of full-length LCs or proteolytic fragments comprising the variable domain are deposited on
postmitotic tissues, including the heart and kidneys, causing organ failure and ultimately death.1-3,6-13

Current treatments for AL use chemotherapy combined with autologous stem cell replacement
to eliminate AL-associated plasma cells.1,2,14-18 This reduces circulating serum populations of
amyloidogenic LCs, decreasing proteolysis and toxic LC aggregation and promoting clearance of the
deposited amyloid, ultimately improving organ function.1,19-21 However,;30% of AL patients presenting
with severe cardiac or renal LC proteotoxicity are too ill at diagnosis to tolerate chemotherapy.1,22,23

Furthermore, the survival of AL patients treated with chemotherapeutics strongly correlates with
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reductions in amyloidogenic LCs.24-26 These results indicate that
new strategies are required to alleviate LC proteotoxicity on distal
tissues to improve the treatment of AL patients in the clinic.

One strategy to reduce the secretion and toxic aggregation of
amyloidogenic proteins such as LCs is through the adaptive
remodeling of the endoplasmic reticulum (ER) proteostasis network
comprising ER chaperones (eg, BiP), folding enzymes (eg, protein
disulfide isomerases [PDIs]), and degradation factors.27-29 These
ER proteostasis pathways function to partition ER proteins between
folding, trafficking, and degradation in a process termed ER quality
control.28,30,31 Through this partitioning, ER proteostasis pathways
reduce the secretion and aggregation of nonnative, aggregation-
prone proteins in secretory environments, including the ER and
extracellular space. In the context of AL, destabilized amyloidogenic
LCs escape plasma cell ER quality control, allowing their efficient
secretion into the serum.11,28,32 This increases the extracellular
populations of amyloidogenic LCs available for proteolysis and/or
concentration-dependent aggregation into the toxic oligomers and
amyloid fibrils implicated in AL pathogenesis.

Enhancing ER proteostasis through mechanisms such as activation
of the unfolded protein response (UPR)–associated transcription
factor ATF6 selectively reduces the secretion and toxic aggregation
of destabilized amyloidogenic proteins, including LCs.28,29,33 ATF6
induces the expression of many ER proteostasis factors, including
the ATP-dependent ER HSP70 BiP and multiple PDIs.34,35 Genetic
activation of ATF6 preferentially reduces secretion and subsequent
aggregation of a destabilized amyloidogenic LC from HEK293T-
cells, without affecting the secretion of nonamyloidogenic LCs, fully
assembled immunoglobulin G (IgG), or the endogenous secretory
proteome.35-37 This ATF6-dependent reduction in amyloidogenic
LC secretion results from increased interactions with ER chaperones
and PDIs, which retain the amyloidogenic LCswithin the ER and prevent
their secretion to downstream secretory environments.37 This indicates
that pharmacologic approaches that similarly target ER proteostasis
could also reduce secretion and toxic aggregation of amyloidogenic
LCs implicated in AL through an analogous mechanism.28,33

We previously used high-throughput screening to identify small-
molecule ER proteostasis regulators that selectively activate the
ATF6 UPR signaling pathway.38 The prioritized compound emerg-
ing from this screen, compound 147, was shown to activate ATF6
through a mechanism involving metabolic activation and covalent
labeling of multiple PDIs,39 a class of proteins involved in regulating
disulfide bonds within the ER.30,40,41 Importantly, 147 is nontoxic in
multiple cell lines and mice,38,42-44 indicating that this compound
provides unique opportunities to promote ER proteostasis remod-
eling for destabilized, aggregation-prone proteins in diseases such
as AL.28,29 Here, we show that 147 reduces secretion of the
destabilized amyloidogenic l6a LC ALLC from AL patient–derived
plasma cells without significantly affecting secretion of fully assembled
IgGs from control plasma cells. However, the 147-dependent
reduction in ALLC secretion is refractory to cotreatments with ATF6
inhibitors, demonstrating that this compound reduces ALLC
secretion through an ATF6-independent mechanism. Instead, we
show that 147 reduces ALLC plasma cell secretion through an on-
target mechanism involving metabolic activation and covalent
modification of ER proteostasis factors, including PDIs. Consistent
with this, we show that 147 alters interactions between ALLC and
ER PDIs and demonstrate that other covalent PDI inhibitors also

reduce ALLC plasma cell secretion through a mechanism analo-
gous to that observed for 147. These results indicate that
pharmacologic targeting of ER proteostasis factors such as PDIs
using covalent compounds like 147 represents a potential strategy
to mitigate the plasma cell secretion of amyloidogenic LCs
implicated in AL. Importantly, we show that 147 is compatible with
chemotherapeutics used to ablate AL plasma cells (eg, bortezo-
mib), indicating that these 2 approaches could potentially be used
in combination in the treatment of AL to enhance reductions in
amyloidogenic LCs in the serum and improve patient treatment.

Methods

Cell lines and culture conditions

ALMC-2, ALMC-1, and KAS-6/1 plasma cells were a gift from Diane
Jelinek.45 We cultured these 3 plasma cell lines in Iscove modified
Dulbecco medium GlutaMAX (Life Technologies), supplemented
with penicillin/streptomycin, 5% fetal bovine serum, and 2 ng/mL
of interleukin-6, following published protocols.38,45 Cells were
cultured at 37°C with 5% carbon dioxide.

ELISA

The enzyme-linked immunosorbent assay (ELISA) for ALLC and
fully assembled IgGs in conditioned media prepared on ALMC-2,
ALMC-1, or KAS-6/1 cells was performed using an identical
approach to that reported by Plate et al.38 A detailed protocol is
included in the supplemental data.

Immunoblotting for ALLC

Conditioned media were collected from ALMC-1 or ALMC-2 cells
as previously described.38 Media were denatured with Laemmli
buffer plus 100 mM of dithiothreitol (DTT) and boiled for 5 minutes
before being separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE). Conditioned media for non-
reducing gels were prepared as above in the absence of DTT. Cell
lysates were prepared as previously described38 in RIPA buffer with
fresh protease inhibitor cocktail (Roche). Total protein concentra-
tion in cellular lysates was normalized using the Bio-Rad protein
assay. Lysates were then denatured with Laemmli buffer plus
100 mM of DTT and boiled for 5 minutes before being separated by
SDS-PAGE. Proteins were then transferred onto nitrocellulose
membranes (Bio-Rad) for immunoblotting and blocked with 5%
milk in tris(hydroxymethyl)aminomethane (Tris)–buffered saline and
0.5% Tween-20. Membranes were then incubated overnight at 4°C
with primary antibodies. Membranes were washed in Tris-buffered
saline and 0.5% Tween-20, incubated with IR-Dye–conjugated
secondary antibodies, and analyzed using the Odyssey Infrared
Imaging System (LI-COR Biosciences). Quantification was carried
out with LI-COR Image Studio software. Of note, a second, less
intense band that runs just above the oxidized ALLC dimer was
observed in nonreducing gels prepared from ALMC-2 conditioned
media. This band was caused by gel compression afforded by the
high concentration of albumin in the media and was excluded from
quantitation, as much as possible.

To measure intracellular ALLC aggregation, ALMC-2 cells were
lysed in RIPA buffer as described. After centrifugation at 20 000g
for 10 minutes, we collected the soluble supernatant fraction.
We then resuspended the pellet in RIPA plus 2% SDS and DTT
and sonicated to release aggregate protein. Supernatant and
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resolubilized pellets were then separated by SDS-PAGE and
probed by immunoblotting as described.

ALLC immunopurification

ALLC was co-purified with ER proteostasis factors using an identical
strategy to that previously reported.38 Briefly, ALMC-2 cells were
treated for 30 minutes at room temperature with phosphate-buffered
saline containing the reversible crosslinker dithiobis succinimidiyl
propionate (500 mM; Thermo Fisher Scientific). This crosslinking
reaction was quenched by addition of 100 mM of Tris (pH 7.5) for
15 minutes. Lysates were then prepared in RIPA buffer as described.
Total protein concentration in cellular lysates was normalized using
the Bio-Rad protein assay. Cell lysates were then subjected to
preclearing with Sepharose 4B beads (Sigma-Aldrich) at 4°C for
1 hour with agitation. Lysates were then incubated overnight at 4°C
with Protein A beads coupled to l LC antibody (prepared as
described in the supplemental data). After 4 washes in RIPA buffer,
crosslinks were cleaved and proteins were eluted by boiling in
Laemmli buffer with 100 mM of DTT. Eluates were then separated by
SDS-PAGE and immunoblotted as described. Quantifications of
proteins copurified with ALLC were normalized to the recovered
ALLC as described previously.37

Statistical methods

Replicates for each experiment comprised cells in separate wells/
dishes that were treated independently. The number of replicates and
independent experiments for each figure panel are clearly stated in the
figure legends. Unless otherwise noted, all P values were calculated
by performing 2-tailed paired, or 2-tailed unpaired, Student t tests.

Additional methods are included in the supplemental Data.

Results

Compound 147 reduces ALLC secretion from AL

patient plasma cell lines

We employed ELISA and immunoblotting to monitor the secretion
of the amyloidogenic l6a LC ALLC from ALMC-1 and ALMC-2
cells, 2 AL patient–derived plasma cell lines established from the
same patient before peripheral blood stem cell transplantation and
after relapse of disease, respectively.45 We found that compound
147 reduced ALLC secretion from ALMC-2 plasma cells by 50%
(Figure 1A; supplemental Figure 1A). However, treatment with 147
did not significantly influence the viability of ALMC-2 cells,
indicating that this reduced secretion could not be attributed to
cell death (supplemental Figure 1A). Similar results were observed
in ALMC-1 cells (supplemental Figure 1B). However, 147 did not
significantly reduce IgG secretion or cell viability in multiple
myeloma–derived KAS-6/1 cells (supplemental Figure 1C). This
supports previous findings showing that 147 reduces secretion of
destabilized amyloidogenic LCs.38

Amyloidogenic l LCs are secreted in multiple conformations,
including monomers, disulfide-bound dimers, and fully assembled
IgGs.46 However, monomers and dimers are the predominant
species associated with toxic LC aggregation and AL amyloid
pathology.10,47-50 Using nonreducing SDS-PAGE, we found that
ALLCdimers were generally secreted at higher levels than monomers
(Figure 1B), although the relative populations of these species varied
across experiments. Interestingly, we found that 147 reduced
secretion of both ALLC monomers and dimers from ALMC-2 cells

(Figure 1B-C). This demonstrates that this compound decreases
extracellular populations of the species most associated with toxic
LC aggregation. Using a cycloheximide chase assay, we found that
147 reduced the fraction of ALLC secreted by 30% (Figure 1D).
However, this reduction in ALLC secretion did not correspond to
a significant reduction in total ALLC over the 6-hour time course of
this experiment, indicating that 147 does not significantly increase
ALLC degradation (Figure 1E). This result is consistent with previous
results demonstrating that both stress-independent ATF6 activation
and treatment with 147 reduceALLC secretion through amechanism
involving its increased intracellular retention in complexes bound to
ER proteostasis factors, such as BiP.37,38

147 reduces intracellular ALLC in ALMC-2 cells

Although 147 did not significantly increase ALLC degradation in our
cycloheximide experiment, we observed 30% to 50% reductions in
intracellular ALLC in 147-treated ALMC-2 cells by ELISA and
immunoblotting (Figure 2A; supplemental Figure 2A). Cotreatment
of 147 with the proteasome inhibitor MG132 or the lysosome
inhibitor chloroquine for 5 hours did not influence reductions in
intracellular or secreted ALLC (supplemental Figure 2A-B). We also
did not observe increased recovery of ALLC in cell pellets prepared
from 147-treated ALMC-2 cells, indicating that 147 does not
promote intracellular ALLC aggregation (supplemental Figure 2C).
Furthermore, compound 147 did not alter ALLC messenger RNA
levels (supplemental Figure 2D). However, [35S] metabolic labeling
showed a 20% reduction in both newly synthesized ALLC and total
newly synthesized protein in 147-treated ALMC-2 cells (Figure 2B-
D). This indicates that the reduced intracellular levels of ALLC can in
part be attributed to a decrease in translation. Previous work has
shown that 147 does not reduce translation in other cells, including
liver-derived HepG2 cells,38 indicating that this reduction in
synthesis is not observed in all cells. Cotreatment with ISRIB,
a compound that blocks translational attenuation induced by the
PERK arm of the UPR,51,52 did not affect the reduction of secreted
or intracellular ALLC in 147-treated ALMC-2 cells (Figure 2E-F).
This suggests that the reductions in intracellular ALLC are independent
of PERK signaling. Collectively, these results show that 147
reduces intracellular ALLC through a mechanism involving reduced
translation and that this reduction in synthesis contributes to the
reduced ALLC secreted from 147-treated ALMC-2 cells.

147-dependent reductions in ALLC secretion are not

dependent on ATF6 activation

ATF6 is activated through a mechanism involving the reduction of
disulfide-linked ATF6 oligomers and increased trafficking of re-
duced ATF6 monomers to the Golgi (Figure 3A).53-56 In the Golgi,
ATF6 is site-specifically processed by S1P and S2P, releasing the
active ATF6 N-terminal bZIP transcription factor domain to localize
to the nucleus and promote ATF6 transcriptional activity.57 The
compound Ceapin-7 (CP7) stabilizes ATF6 oligomers within the
ER, preventing ATF6 activation induced by ER stress or ATF6-
activating compounds such as 147 (Figure 3A).39,58-60 We
confirmed that cotreatment of ALMC-2 cells with CP7, but not
the inactive analog CP5 (supplemental Figure 3A), blocked 147-
dependent increases in the ATF6 target gene BiP (Figure 3B).
However, cotreatment with CP7 did not block 147-dependent
reductions in ALLC secretion from ALMC-2 cells (Figure 3C) or
147-dependent reductions in intracellular ALLC (Figure 3D). Sim-
ilarly, cotreatment with the S1P inhibitor PF429242, a compound that
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blocks ATF6 activation through a mechanism distinct from CP7
(Figure 3A),61,62 also did not influence 147-dependent reductions in
ALLC secretion from ALMC-2 cells (Figure 3E). Similar results were
observed in ALMC-1 cells (supplemental Figure 3B). These results
demonstrate that 147 reduces ALLC secretion from ALMC-2 cells
through a mechanism independent of ATF6 activation.

147 reduces ALLC secretion through an on-target

mechanism involving metabolic activation and

covalent protein modification

Compound 147 activates ATF6 through a mechanism involving
metabolic oxidation to a quinone methide and subsequent covalent

modification of ER-localized proteins, including multiple PDIs
(Figure 4A).39 This activation mechanism requires the 2-amino-
p-cresol moiety of the 147 A ring (Figure 4A). To define a structure-
activity relationship for 147-dependent reductions in ALLC secretion,
we screened 147 analogs to define their ability to reduce ALLC
secretion from ALMC-2 cells.39 Compounds containing alterations to
the 147 2-amino-p-cresol A ring did not reduce ALLC secretion,
indicating that this ring is required for compound activity in this assay
(Figure 4B). Similarly, analogs that alter the 147 linker did not substantially
reduce ALLC secretion (Figure 4A; supplemental Figure 4A).
However, analogs containing alterations to the 147 B ring showed
varying levels of efficacy in reducing ALLC secretion (Figure 4A;
supplemental Figure 4B). This structure-activity relationship is
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Figure 1. Compound 147 reduces secretion of ALLC from AL patient–derived ALMC-2 cells. (A) Representative immunoblot and quantification of ALLC in conditioned

media prepared on ALMC-2 cells treated for 18 hours with vehicle (Veh) or 147 (10 mM). Error bars show standard error of the mean (SEM) for 4 independent experiments.

(B) Representative nonreducing (2DTT) and reducing (1DTT) immunoblots of conditioned media prepared on ALMC-2 cells treated for 18 hours with Veh or 147 (10 mM).

Fully assembled IgGs, oxidized LC dimers, oxidized LC monomers, and reduced LC monomers are indicated. (C) Quantification of nonreducing immunoblots as shown in panel

B showing the relative recovery of oxidized LC monomers, oxidized LC dimers, and fully assembled IgGs. Error bars show SEM for 3 or 4 independent experiments. (D) Graph

showing the fraction of ALLC secreted from ALMC-2 cells treated with Veh or 147 (10 mM) for 18 hours and then treated with cycloheximide (CHX; 50 mg/mL) at 0, 3, or 6

hours. ALLC in conditioned media and lysates were measured by ELISA. The experimental protocol is shown above. Fraction secreted was calculated as follows: fraction

secreted 5 ALLC in media at t 5 3 or 6 hours/ALLC in the lysate at t 5 0 hours. Error bars show SEM for 5 replicates. (E) Graph showing the fraction of ALLC remaining

from ALMC-2 cells treated for 18 hours with Veh or 147 (10 mM) and then treated with CHX (50 mg/mL), as in panel D. ALLC in conditioned media and lysates were

measured by ELISA. Fraction of ALLC remaining was calculated as follows: fraction of ALLC remaining 5 (ALLC in media t 5 6 hours 1 ALLC in lysate at t 5 6 hours)/ALLC

in lysate at t 5 0 hours. Error bars show SEM for 5 replicates. *P , .05, **P , .01 (paired Student t test); ***P , .005 vs Veh (unpaired Student t test). n.s., not significant.
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identical to that previously established for 147-dependent ATF6
activation.39 Consistent with this, we observed an inverse correlation
between analog-dependent activation of an ATF6 reporter in
HEK293 cells39 and reductions in ALLC secretion from ALMC-2
cells (Figure 4C). This suggests that 147 reduces ALLC secretion
from ALMC-2 cells through the same mechanism required for ATF6
activation (Figure 4A).

ATF6 activation by 147 can be inhibited by coadministration of
resveratrol or BME, which block different steps of the compound

activation mechanism (Figure 4A).39 Cotreatment with BME or
resveratrol blocked 147-dependent reductions in ALLC secretion
(Figure 4D-E). Neither BME nor resveratrol affected ALMC-2 cell
viability in the absence or presence of 147 (supplemental
Figure 4C-D). Similar results were observed for ALMC-2 cells
treated with other active analogs of 147 (supplemental Figure 4E).
Cotreatment with resveratrol or BME also inhibited 147-dependent
reductions in ALLC secreted from ALMC-1 cells (supplemental
Figure 4F). Interestingly, 147-dependent reductions in intracellular
ALLC in ALMC-2 cells were also blocked by cotreatment with
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Figure 2. Compound 147 reduces lysate levels of ALLC in ALMC-2 cells. (A) Graph showing normalized amounts of ALLC in lysates prepared from ALMC-2 cells

incubated for 18 hours with vehicle (Veh) or 147 (10 mM). ALLC was quantified by ELISA. Error bars show standard error of the mean (SEM) for 23 replicates across 5

independent experiments. (B) Representative autoradiogram of [35S]-labeled ALLC immunopurified from ALMC-2 cells treated for 18 hours with Veh or 147 (10 mM) and then

labeled for 30 minutes with [35S]. The experimental protocol is shown above. (C) ALLC quantification of autoradiograms shown in panel B normalized to Veh-treated cells.

Error bars show SEM for 5 independent experiments. (D) Autoradiogram of whole-cell lysates prepared from ALMC-2 cells treated for 18 hours with Veh or 147 and then

metabolically labeled with [35S] for 30 minutes. (E) Quantification of ALLC in conditioned media prepared on ALMC-2 cells treated for 18 hours with Veh, 147 (10 mM), and/or

ISRIB (200 nM), as indicated. ALLC was measured by ELISA and normalized to Veh-treated cells. Error bars show SEM for 14 replicates across 3 independent experiments.

(F) Quantification of ALLC in lysates prepared from ALMC-2 cells treated for 18 hours with Veh, 147 (10 mM), and/or ISRIB (200 nM), as indicated. ALLC was measured by

ELISA and normalized to Veh-treated cells. Error bars show SEM for 14 replicates across 3 independent experiments. **P , .01 (paired Student t test); ***P , .005 (unpaired

Student t test).

23 FEBRUARY 2021 x VOLUME 5, NUMBER 4 PHARMACOLOGIC REDUCTION IN LC SECRETION 1041



resveratrol or BME (supplemental Figure 4G). Furthermore, resver-
atrol inhibited translation attenuation in 147-treated ALMC-2 cells
(supplemental Figure 4H). These results further demonstrate that
147 reduces ALLC secretion from ALMC-2 cells through the same
mechanism required for ATF6 activation (Figure 4A).

Compound 147 alters interactions between ALLC and

ER PDIs

We previously identified proteins modified by 147 using an alkyne-
containing 147 analog (147-alkyne; supplemental Figure 5A-B).39

147-alkyne reduced ALLC secretion from ALMC-2 cells to levels
identical to that observed for 147, indicating that these compounds
have similar activities (supplemental Figure 5C). Three predominant
proteins modified by 147-alkyne in ALMC-2 cells were PDIA1,
PDIA4, and PDIA6 (supplemental Figure 5B).39 Importantly, addition
of excess parent compound 147 competed for the labeling of these

PDIs by 147-alkyne, confirming on-target activity (supplemental
Figure 5D).39 However, we did not observe significant labeling of
ALLC in ALMC-2 cells (supplemental Figure 5B,D).39 This suggests
that 147 influences ALLC secretion from ALMC-2 cells by targeting
the activity of ER proteostasis factors such as PDIs rather than by
directly targeting ALLC. Consistent with this, inhibition of PDIA1
was previously shown to reduce ALLC secretion from HEK293T
cells,63 and ATF6-dependent reductions in ALLC secretion from
HEK293 cells correlate with increased interactions with PDIA4.37

Therefore, we defined how 147 influences interactions between
ALLC and these 2 PDIs. Interestingly, 147 reduced ALLC interactions
with PDIA1 by 25% while increasing interactions with PDIA4 (Figure
5A-B; supplemental Figure 5E). Both of these changes corresponded
with the alterations in ALLC interactions previously implicated in
reduced ALLC secretion.37,63 This suggests that 147 reduces ALLC
secretion through an ATF6-independent mechanism involving altered
interactions with these PDIs.
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Depletion of PDIs (including PDIA1 and PDIA4) by RNA interference
induces ER stress and UPR activation,39 challenging our ability
to define the specific contributions of individual PDIs in the
147-dependent reduction in ALLC secretion from ALMC-2 cells.
Therefore, to define how pharmacologic targeting of PDIs influences
ALLC secretion, we used the structurally distinct PDI inhibitors
RB-11-ca and KSC-34 (supplemental Figure 5F).63,64 These
compounds contain an alkyne moiety that allowed us to rapidly
define their modification of different PDIs using an approach
identical to that employed for 147-alkyne (supplemental Figure 5B).
RB-11-ca and KSC-34 showed increased background labeling
relative to 147-alkyne; however, both compounds labeled bands
that corresponded to the 3 predominant PDIs modified by 147 (ie,
PDIA1, PDIA4, and PDIA6), although to different extents (Figure
5C-D). RB-11-ca and KSC-34 modified PDIA1 to higher levels than
147-alkyne, consistent with their development as PDIA1 inhibitors.63,64

Alternatively, RB-11-ca labeled PDIA4 and PDIA6 to levels 70%
to 85% of that observed for 147-alkyne, whereas KSC-34
showed lower levels of labeling for these PDIs. This is consistent
with the increased selectivity of KSC-34 for PDIA1 relative to RB-
11-ca.63 Collectively, these results show that KSC-34 and, more

specifically, RB-11-ca covalently modify PDIs similar to those
modified by 147-alkyne, providing a complementary approach to
defining how covalent targeting of PDIs affects ALLC secretion
from ALMC-2 cells.

Pharmacologic PDI inhibition reduces ALLC secretion

from ALMC-2 cells

Both RB-11-ca and KSC-34 reduced ALLC secretion from ALMC-
2 cells, as measured by ELISA (Figure 6A). RB-11-ca reduced
ALLC secretion by 35%, whereas KSC-34 reduced ALLC
secretion by 25%. KSC-34 similarly reduced secretion of ALLC
from ALMC-1 cells (supplemental Figure 6A). Importantly, this
reduction did not correspond to reductions in ALMC-1 or ALMC-2
cell viability (supplemental Figure 6A-B). Similar reductions in ALLC
secretion from ALMC-2 cells were observed for RB-11-ca by
immunoblotting (supplemental Figure 6C). As with 147, RB-11-ca
reduced secretion of ALLC dimers and monomers, the conforma-
tions most commonly linked to AL pathogenesis (Figure 6B-C). This
reduction in ALLC secretion also corresponded to reductions in
intracellular ALLC (Figure 6D) and reductions in protein translation
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(supplemental Figure 6D), mimicking the results observed with 147.
Furthermore, RB-11-ca reduced ALLC interactions with PDIA1 and
increased interactions with PDIA4 (Figure 6E-F). Again, these
changes were analogous to those observed with 147 (Figure 5A-
B). However, the reduction in ALLC interactions with PDIA1 was
greater than that observed for 147, likely reflecting the increased
labeling of PDIA1 by RB-11-ca (Figure 5C-D). These results
indicate that pharmacologic targeting of PDIs with other PDI
inhibitors reduces ALLC secretion from ALMC-2 cells through
a mechanism analogous to that observed for 147. This supports
a model whereby 147 reduces ALLC secretion through an on-
target ATF6-independent mechanism involving covalent modifica-
tion of multiple PDIs.

147-dependent reductions in ALLC secretion are

compatible with bortezomib-induced ablation of AL

plasma cells

AL is currently treated by using chemotherapeutics such as the
proteasome inhibitor bortezomib to ablate the underlying plasma

cell malignancy.17,18,21,65 Bortezomib induces toxicity in plasma
cells through multiple mechanisms, including the inhibition of ER-
associated degradation and increased ER stress.66-68 Compound
147 promotes adaptive ER proteostasis remodeling in plasma cells
through both covalent modification of ER proteostasis factors (eg,
PDIs) and ATF6 activation, suggesting that treatment with this
compound could reduce bortezomib-induced toxicity in AL-
associated plasma cells. To test this, we evaluated the viability of
ALMC-2 cells cotreated with bortezomib and 147. Bortezomib
induced toxicity in ALMC-2 cells with a 50% effective concentration
of 45 nM (supplemental Figure 7A-B). Although 147 treatment
showed a modest;15% reduction in ALMC-2 viability (as reported
previously38), this compound did not significantly influence bortezomib-
induced toxicity in these cells (supplemental Figure 7A-B). Further-
more, 147 did not increase or decrease activation of the
proapoptotic caspase 3 or 7 in ALMC-2 cells cotreated with
subtoxic or toxic doses of bortezomib, respectively (supplemental
Figure 7C). Similarly, 147 did not influence bortezomib-induced
toxicity in ALMC-1 or KAS-6/1 plasma cells (supplemental
Figure 7D-E). These results indicate that 147 does not interfere
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with bortezomib-induced plasma cell cytotoxicity and that these 2
compounds have the potential to be used in combination to mitigate
the amyloid pathology and plasma cell malignancy associated with
AL pathogenesis.

Discussion

Currently, no therapeutic strategies are established that directly
reduce the LC proteotoxicity limiting the treatment of AL patients
in the clinic. Our results show that pharmacologic targeting of
ER proteostasis using compound 147 would allow us to reduce
the plasma cell secretion of amyloidogenic LCs implicated in AL.
As demonstrated previously,36,38 this reduction in amyloidogenic
LC secretion reduces the secreted LC populations available for
proteolysis and/or concentration-dependent aggregation into toxic
oligomers and amyloid fibrils.28,29 Previous results have shown that
reductions in amyloidogenic LC serum concentration represent
a critical determinant for dictating patient survival in AL.24-26 Therefore,
the ability for compounds such as 147 to enhance reductions in
serum LCs in patients treated with chemotherapeutics provides
opportunities to further mitigate LC-associated proteotoxicity in AL
and improve patient outcomes.

Although developed as an ATF6-activating compound, we show
that 147 reduces amyloidogenic ALLC secretion through an on-
target, ATF6-independent mechanism that involves metabolic
activation of 147 and covalent protein modification. Although 147-
dependent ATF6 activation has been shown to protect different
tissues, including the liver and heart, against toxic insults,42,44 these
results establish a new molecular mechanism by which this
compound can also reduce secretion and toxic aggregation of
amyloidogenic proteins through pharmacologic targeting of ER
proteostasis regulators, such as PDIs. PDIs primarily function by
regulating disulfide bonds within secretory proteins, although many
PDIs also have chaperoning activity independent of their redox
function.40,41 We show that 147 induces alterations in the
interactions between ALLC and both PDIA1 and PDIA4. PDIA1
facilitates LC folding in the early secretory pathway,69,70 indicating
that reductions in PDIA1 interactions will decrease the proper folding
of ALLC into trafficking-competent conformations. Conversely, PDIA4
is implicated in the ER retention of misfolded proteins, including
ALLC.37,71,72 Thus, the increased interactions between PDIA4
and ALLC induced by 147 also likely contribute to the preferential
reduction of plasma cell secretion for this destabilized amyloido-
genic protein. We further highlight the importance of PDIs in plasma
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cell LC secretion by showing that structurally distinct PDI inhibitors
also reduce ALLC secretion from ALMC-2 plasma cells. Interest-
ingly, PDI inhibitors such as KSC-34 and RB-11-ca reduced ALLC
secretion from ALMC-2 cells through a mechanism analogous to
that observed for 147, involving altered interactions with PDIA1 and
PDIA4, reductions in intracellular ALLC, and increased translational
attenuation. Although the mechanistic basis for this translational
attenuation remains to be defined, our results showing 2 distinct
PDI inhibitors induce similar effects suggest that this reduced
translation likely results from PDI targeting. Collectively, these results
further define the potential for pharmacologically targeting ER
proteostasis factors such as PDIs to reduce the plasma cell secretion
and subsequent toxic aggregation of amyloidogenic LCs.

Despite similarities, 147 has advantages over other available PDI
inhibitors that make it particularly suitable for translational de-
velopment. Compound 147 is metabolically activated to its reactive
form on the ER membrane, allowing it to preferentially modify ER
proteins (eg, PDIs) and minimize off-target compound activity.39

Furthermore, 147 shows reduced PDIA1 modification relative to
other compounds. Because PDIA1 is important for the folding and
trafficking of many other secretory proteins (eg, insulin73), this
reduced PDIA1 modification will minimize potential consequences
associated with strong PDIA1 inhibition. Consistent with this, the
administration of 147 to mice has not been associated with any
toxicity, but instead, it protects multiple tissues from diverse types
of pathologic stress.42 These unique properties of 147 make it
a particularly attractive compound for pharmacologically targeting
ER proteostasis in diseases like AL.

Finally, we confirm that 147 does not influence bortezomib-induced
toxicity in ALMC-2 cells, indicating that these 2 compounds could
potentially be used in combination for the treatment of AL. This
combination strategy provides the opportunity to both mitigate
LC-associated proteotoxicity and ablate the underlying diseased
plasma cells in patients with severe LC-associated proteotoxicity.
Ultimately, our results establish the pharmacologic targeting of
ER proteostasis as a potential strategy to reduce proteotoxicity in
AL and reveal insights into compound-dependent reductions in
amyloidogenic LC secretion that will enable the development of
next-generation compounds with improved translational potential
for this disease.
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