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Simple Summary

Multiple myeloma is influenced not only by cancer cells themselves but also by surrounding
stromal cells in the bone marrow. This study investigated whether extracellular enolase-1,
a protein present on the cell surface or released by myeloma cells, contributes to stromal
changes that favor tumor growth and drug resistance. The results showed that extracel-
lular enolase-1 promoted a tumor-supportive stromal state through plasmin-dependent
activation of transforming growth factor beta, accompanied by increased production of
factors linked to cancer progression. Blocking extracellular enolase-1 with the antibody
HuL001 reduced these stromal changes and improved the antitumor effect of lenalidomide
in bortezomib-resistant multiple myeloma models. These findings suggest that extracellular
enolase-1 may represent a potential therapeutic target for disrupting harmful interactions
between myeloma cells and the bone marrow microenvironment.

Abstract

Background: Stromal remodeling in the tumor microenvironment contributes to multiple
myeloma (MM) progression and drug resistance, but the extracellular mediators that drive
these changes remain incompletely defined. Extracellular enolase-1 (ENO1), including
membrane-associated and secreted forms, has been implicated in tumor progression; how-
ever, its role in cancer-associated fibroblast (CAF)-associated stromal reprogramming in
MM is unclear. Methods: The effects of extracellular ENO1 on stromal activation and
tumor-supportive functions were examined in MM using MM-bone marrow stromal cell
(BMSC) co-cultures, lactate production and viability assays, immunoblotting, cytokine
analyses, and a subcutaneous xenograft model of bortezomib (BTZ)-resistant MM in male
6-7-week-old NOD.Cg-Prkdc*d T12rg™1Vst /Vst (NPG) mice. HuL001, an anti-ENO1 mon-
oclonal antibody, was used to evaluate the therapeutic relevance of extracellular ENO1
targeting. Results: Extracellular ENO1 promoted fibroblast activation protein expression
through plasmin-mediated transforming growth factor-f3 (TGF-f3) activation and induced a
CAF-associated stromal phenotype marked by enhanced glycolytic activity and increased
secretion of tumor-promoting cytokines in MM-BMSC co-cultures. HuL001 suppressed
these ENO1-driven effects. HuL001-pretreated stromal cells also exhibited reduced tumor-
supportive activity in a BTZ-resistant MM xenograft model. In addition, HuL001 combined
with lenalidomide overcame BTZ resistance in MM. Conclusions: Extracellular ENO1
drives CAF-associated stromal reprogramming in the MM microenvironment through the
ENO1/plasminogen/plasmin/TGF-f axis. Therapeutic targeting of extracellular ENO1

Cancers 2026, 18, 1467

https://doi.org/10.3390/ cancers18091467


https://crossmark.crossref.org/dialog?doi=10.3390/cancers18091467&domain=pdf&date_stamp=2026-05-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0009-0009-2329-309X
https://orcid.org/0009-0001-9620-5435
https://orcid.org/0000-0003-1255-2067
https://doi.org/10.3390/cancers18091467

Cancers 2026, 18, 1467

2 0f 23

with HuL001 may disrupt these tumor-supportive stromal activities and help overcome
drug resistance in MM.

Keywords: extracellular enolase-1; tumor microenvironment; transforming growth factor-beta;
monoclonal antibody; cancer-associated fibroblast; multiple myeloma

1. Introduction

Multiple myeloma (MM) is a malignancy of terminally differentiated plasma cells
originating in the bone marrow. MM represents one of the most common hematologic
malignancies worldwide. The treatment of MM has notably advanced with the approval
of novel agents [1], including (i) proteasome inhibitors such as bortezomib (BTZ), carfil-
zomib and ixazomib; (ii) immunomodulatory drugs such as lenalidomide (LEN) and
pomalidomide; (iii) monoclonal antibodies (mAbs) such as daratumumab and elotuzumab;
(iv) antibody-drug conjugates (ADCs); (v) chimeric antigen receptor T-cell (CAR-T) cell
therapy; and (vi) emerging treatments such as bispecific antibodies. However, MM cells
frequently develop drug resistance through alterations in cellular signaling pathways.
Continued research into new therapeutic targets and combination strategies is crucial for
patients with relapsed or refractory multiple myeloma (RRMM).

Cancer-associated fibroblasts (CAFs) are key components of the tumor microenviron-
ment (TME), and play crucial roles in the progression [2], invasion [3] and therapeutic
resistance [4] of cancer. CAFs originate from normal fibroblasts and undergo differentiation
through signaling interactions with cancer cells, resulting in their activation [5] and pheno-
typic changes [6]. Transforming growth factor (TGF)-f plays a crucial role in the activation
of CAFs, promoting their differentiation and secretion of extracellular matrix components
that support tumor progression [7]. Activated CAFs contribute to MM progression by
enhancing glycolysis, promoting immune evasion and inducing drug resistance. These
effects are mediated in part through the secretion of cytokines such as interleukin (IL)-6,
growth factors such as vascular endothelial growth factor (VEGF) and metabolic intermedi-
ates such as lactate [8-11]. CAFs proliferating under hypoxic conditions exhibit enhanced
glucose uptake and utilization. This metabolic shift increases lactate production and pro-
motes lactate accumulation in the TME, which acidifies the microenvironment, promoting
angiogenesis through VEGF, facilitating cancer cell adaptation to hypoxia, suppressing
immune cell function and fostering metastasis [12]. Fibroblast activation protein (FAP) is
primarily expressed by activated fibroblasts, particularly CAFs, in the TME [13]. FAP can
be induced by TGF-f3, and has emerged as a promising target for cellular immunotherapies.
FAP-specific CAR-T cells are currently being explored to target bone marrow (BM)-CAFs
to overcome CAF-induced CAR-T-cell inhibition in MM treatment [9].

Enolase-1 (ENO1, also known as x-enolase) is a glycolytic enzyme that catalyzes
the conversion of 2-phospho-D-glycerate to phosphoenolpyruvate in the cytosol [14,15].
Beyond its metabolic role, ENOI1 can be translocated to the cell surface, where it acts as a
plasminogen receptor to facilitate plasmin activation [16]. It has been shown that ENO1
promotes Burkitt lymphoma progression via plasmin-mediated TGF-f activation [17].
Clinically, ENOI1 overexpression has been reported across multiple malignancies, including
MM, and is associated with poor prognosis. In MM, higher ENOI levels correlate with
worse overall survival [18,19]. Our previous study on MM demonstrated that extracellular
ENO1 enhanced glycolytic activity and oncogenic behaviors in MM cells, including cell
migration, survival and secretion of tumor-promoting factors [20]. Similarly, a previous
study showed that exosome-derived ENO1 enhanced tumor cell motility in hepatocellular
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carcinoma (HCC) by regulating integrin «634 expression [21]. Our previous study also
demonstrated that HuL001 reduced tumor growth in prostate cancer (PCa) xenografts by
modulating the TME [22]. Furthermore, extracellular ENO1 within the TME was implicated
in promoting PCa cell migration and metastasis [23]. Additional evidence suggested
that ENOI1 is upregulated when MM cells are co-cultured with plasmacytoid dendritic
cells (pDCs). Pharmacological ENO1 inhibition enhanced pDC-triggered T- and natural
killer cell-mediated anti-MM activity. Together, these findings support a role for ENO1
in promoting MM progression within the BM TME through interactions with multiple
stromal and immune cell components [19]. Therefore, targeting ENO1 to disrupt metabolic
reprogramming in the TME represents a promising therapeutic strategy for MM.

The present study investigated the potential roles of extracellular ENOI1 in the TME,
where CAFs, enhanced glycolysis, and tumor-promoting factors such as IL-6 and VEGF
contribute to MM progression. The current study also examined whether extracellular
ENOI1 could affect CAF differentiation and secretion of tumor-promoting factors. A human-
ized ENO1-specific antibody (HuL001) was used to validate the role of extracellular ENO1
in CAF-mediated tumor growth in vivo. To evaluate the role of extracellular ENOL1 in a hu-
man MM-relevant in vivo context, immunodeficient NPG mice were used to support stable
engraftment of human MM cells and to enable assessment of tumor-stroma interactions.
The possible mechanism of ENO1-driven reprogramming of the TME was investigated
using in vitro co-culture systems of MM cells and BM stromal cells (BMSCs), together
with cytokine and metabolic analyses, immunoblotting, and in vivo MM xenograft models.
Furthermore, a novel therapeutic strategy was proposed to treat BTZ-resistant MM by
targeting extracellular ENO1 to suppress the tumor-promoting activity of CAFs. To the best
of our knowledge, the present study is the first one to demonstrate that extracellular ENO1
can regulate the differentiation and functionality of CAFs in the TME via plasmin-mediated
TGF-f activation.

2. Materials and Methods
2.1. Cell Culture

The human MM cell lines KMS-11 (cat. no. JCRB1179) and KMS-11/BTZ (cat. no.
JCRB1642) were obtained from the Japanese Collection of Research Bioresources Cell Bank
(JCRB; Osaka, Japan) with short tandem repeat (STR)-PCR profiling performed at JCRB,
while RPMI-8226 cells (cat. no. 60384) were obtained from the Bioresource Collection and
Research Center (BCRC; Hsinchu City, Taiwan) and authenticated using STR profile analysis
at BCRC. To generate BTZ-resistant MM cells, RPMI-8226 /BTZ cells were established from
parental RPMI-8226 cells through repeated cycles of 1-day BTZ treatment (starting at
2.5 nM and doubling to 5 nM, followed by 10 nM after recovery culture) followed by
1-day drug-free recovery. The immortalized human BMSCs HS-5 (cat. no. CRL-3611) were
obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) and
were authenticated using STR profile analysis at ATCC. Cells were cultured in RPMI-1640
medium (cat. no. 11875093; Gibco (Grand Island, NY, USA); Thermo Fisher Scientific,
Inc. (Waltham, MA, USA)) supplemented with 10% fetal bovine serum (FBS; cat. no.
26140079, Gibco; Thermo Fisher Scientific, Inc.) and 50 U/mL penicillin-streptomycin
(cat. no. 15140122, Gibco; Thermo Fisher Scientific, Inc.). Cells were maintained at 37 °C
in a humidified atmosphere containing 5% CO;. According to the suppliers’ quality
control documentation, the cell lines obtained from JCRB, BCRC, and ATCC were tested
for mycoplasma contamination prior to distribution. KMS-11 and KMS-11/BTZ were used
as the parental and BTZ-resistant MM models, respectively, for BTZ sensitivity testing and
xenograft studies. HS-5 cells were used as the human BMSC model for direct co-culture
with MM cells to generate MM-educated BMSCs. RPMI-8226 and RPMI-8226/BTZ were
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used as an additional parental /BTZ-resistant MM pair to evaluate whether the stromal
response could be reproduced in an independent BTZ-resistant MM model.

2.2. MM Xenografts and MM-TME Mouse Models

All in vivo animal experiments were conducted at TFBS Bioscience, an external facility
that provided support for the animal studies, and were performed according to protocols
approved by the Institutional Animal Care and Use Committee (IACUC) of TFBS Bioscience
(approval nos. TFBS2024-002 and TFBS2025-002).

Animals were acclimated for at least 7 days before initiating experiments. All animals
were of specific pathogen-free (SPF) status with no prior experimental interventions. Hous-
ing conditions were maintained at a temperature of 20-24 °C, relative humidity between
40-60%, and a 12-h light/dark cycle. Each cage contained five animals of the same species.
The sample size was chosen based on prior studies and anticipated effect size, without
a formal calculation. Animals were randomly allocated using random number tables,
and cage positions were regularly rotated to reduce environmental variability. A total of
69 male 6-7-week-old NOD.Cg-Prkdc®d T12rg™1Vst / Vst (NPG) mice were used (Lasco
Co., Ltd. ((Taipei, Taiwan))). For MM xenografts, KMS-11 and KMS-11/BTZ cells were
washed with serum-free RPMI 1640 and resuspended in a 1:1 (v/v) mixture of serum-free
RPMI 1640 and Matrigel (cat. no. 356231; Corning, Inc. (Corning, NY, USA)). KMS-11
cells (5 x 10° cells/mouse) or KMS-11/BTZ cells (10 x 10° cells/mouse) were implanted
subcutaneously into the right flank of mice. When the mean tumor size reached 100 mm?
(set as day 0), the mice were randomized to the following treatment groups: (i) PBS (vehicle
control, twice per week), (ii) HuL001 (30 mg/kg, twice per week), (iii) LEN (5 mg/kg,
5 consecutive days of treatment followed by 2 days of rest per week) or (iv) HuL001 plus
LEN. All treatments were administered by intraperitoneal injection. Blinding was not
implemented during outcome assessment. No animals were excluded from the analyses
unless required by predefined humane endpoint criteria. The primary outcome of this
study was tumor volume or percentage tumor growth inhibition (TGI) measured at the
study endpoint, which was calculated using the formula [AT/AC x 100], where AT is
the tumor volume difference between the vehicle group and the drug-treated group, and
AC is the tumor volume difference between the vehicle group and the tumor’s initial
volume [24]. For MM-TME mouse models, MM-educated BMSCs (also referred to as
MM-associated CAF-like cells) were generated through direct co-culture of HS-5 BMSCs (a
source of CAFs) with KMS-11/BTZ cells at a 1:2 ratio, with or without HuL001 (10 pug/mL)
treatment for 5 days. For implantation, KMS-11/BTZ cells were mixed with or without
MM-educated BMSCs and resuspended in serum-free RPMI 1640 supplemented 1:1 (v/v)
with Matrigel. Subsequently, 10 x 10° KMS-11/BTZ cells, with or without 1 x 10° MM-
educated BMSCs, were injected subcutaneously into the right flank of NPG mice. Humane
endpoints were predefined as follows: (i) the maximum permitted tumor size was a mean
tumor diameter of 20 mm [tumor volume = (shorter diameter? x longer diameter)/2] and
(ii) the maximum permitted tumor burden was 10% of the animal’s body weight. Animals
were monitored at least once daily for general condition and signs of ulceration, necrosis,
or distress, and tumor size was measured regularly throughout the study. Mice were
euthanized when either limit was exceeded or earlier for ulceration/necrosis/distress. No
expected or unexpected adverse events were observed during the study. At the end of the
study, the animals were euthanized by CO, inhalation (at a displacement rate of 30-70%
of the cage volume per min), in compliance with IACUC protocols to minimize potential
distress. Death was subsequently confirmed by absence of respiration and heartbeat, and
lack of reflexes, before tissue collection. No publicly registered study protocol was prepared
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prior to study initiation. However, the study objectives and experimental procedures were
defined in advance and conducted under approved IACUC protocols.

2.3. Measurement of MM Cell Viability After Co-Culturing with MM-Educated BMSCs

MM-educated BMSCs were generated by directly co-culturing HS-5 BMSCs with
KMS-11/BTZ cells at a 1:2 ratio, with simultaneous treatment using 10 pg/mL HuL001 or
10 pg/mL control higGl1 for 5 days. Co-culturing MM cells with MM-educated BMSCs
was achieved by using Transwell inserts (Millicell hanging cell culture insert, polyethylene
terephthalate 0.4 pm; cat. no. PTHT24H48; Merck KGaA (Darmstadt, Germany)), which
were placed in 24-well culture plates. KMS-11/BTZ cells (2 x 10%) were seeded into the
inserts, while MM-educated BMSCs (2 x 10%) were placed in the lower compartment of
the culture system for 5 days. Subsequently, the KMS-11/BTZ cells were collected, and
their viability was assessed by Cell Counting Kit-8 (CCK-8; cat. no. CK04-20; Dojindo
Laboratories, Inc. (Kumamoto, Japan)) assay as per the manufacturer’s instructions. The
assay is based on the reduction of WST-8 by cellular dehydrogenases in viable cells to
generate a water-soluble formazan dye, which is quantified by measuring absorbance at
450 nm. The absorbance is proportional to the number of viable cells in the sample.

2.4. HuL001, Recombinant ENO1, and Other Reagents

Production of the proprietary HuL001 by HuniLife was conducted as described pre-
viously [22]. HuL001 was a humanized IgG1 antibody and cross-reactive to both human
and mouse ENO1, but not ENO2 or ENO3. The anti-Klebsiella pneumoniae antibody (hIlgG1
backbone; provided by Dr Shih-Chong Tsai, Development Center for Biotechnology, Taipei,
Taiwan) was used as isotype control in the in vitro studies. The gene encoding human
ENO1 protein was cloned into a pTrcHis vector, in which the expression of the transgene
was isopropyl-p-D-thiogalactoside-inducible. Tranexamic acid (TXA; cat. no. T1810000;
European Pharmacopoeia), recombinant human TGF-31 (cat. no. 100-21; PeproTech, Inc.
(Cranbury, NJ, USA)) and TGF-3 receptor kinase inhibitor SB431542 (cat. no. S1067; Selleck
Chemicals (Houston, TX, USA)) were also used in the present study.

2.5. IC59 Determination

Drug concentrations were log-transformed prior to analysis. OD450 values were
normalized to the untreated control group, which was set as 100% cell viability. Dose—
response curves were fitted by nonlinear regression using the log(inhibitor) vs. normalized
response model in GraphPad Prism version 8.0.2 (GraphPad Software), and ICsy values
were calculated from the fitted curves.

2.6. RNA Interference

Hexokinase 2 (HK2; cat. no. 1433; Thermo Fisher Scientific, Inc.) and hypoxia-
inducible factor 1 (HIF)-1c (cat. no. AM51331; Invitrogen (Carlsbad, CA, USA); Thermo
Fisher Scientific, Inc.) siRNA sequences were as follows: si-HK2 sense, 5-GGUUG ACCAG
UAUCU CUACT T-3' and antisense, 5'-GUAGA GAUAC UGGUC AACCT T-3'; si-HIF1A
sense, 5-GGGUA AAGAA CAAAA CACA-3' and antisense, 5-UGUGU UUUGU UCUUU
ACCC-3’; and scramble siRNA sense 5-UUCUC CGAAC GUGUC ACGUT T-3' and
antisense, 5'-ACGUG ACACG UUCGG AGAAT T-3'). Cells were transfected with 50 nM
dsRNA duplexes using RNAIMAX (cat. no. 13778; Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer’s instructions.

2.7. Flow Cytometry Detection of Cell Surface ENO1

KMS-11 and KMS-11/BTZ cells were incubated with Fe-block receptor (cat. no. 130-
059901; Miltenyi Biotec, Inc. (Bergisch Gladbach, Germany)) for 10 min at 4 °C and then
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washed once with cold Stain Buffer (cat. no. 554656; BD Biosciences (San Jose, CA, USA))
at 300x g for 5 min. Cells were stained with anti-ENO1 antibody (1:50; cat. no. H00002023-
MO01; Abnova Corporation (Taipei, Taiwan)) or isotype-matched mouse IgG1 (1:50; cat. no.
401402; BioLegend, Inc., (San Diego, CA, USA)) for 30 min at 4 °C, and then washed twice
in cold Stain Buffer at 300x g for 5 min. Cells were then incubated with PE-conjugated
goat anti-mouse IgG (1:20; cat. no. 405307; BioLegend, Inc.) for 30 min at 4 °C, followed by
washing twice in cold Stain Buffer at 300x g for 5 min. After staining, the samples were
resuspended in cold Stain Buffer and analyzed using a CytoFlex flow cytometer (Beckman
Coulter, Inc. (Brea, CA, USA)). Data were acquired using CytExpert 2.4 software (Beckman
Coulter, Inc.) and analyzed using Kaluza Analysis 2.1 Software (Beckman Coulter, Inc.).
For each sample, 1 x 10* cells were acquired. The percentage of surface ENO1-positive
cells was determined by subtracting the percentage of the samples from the isotype control.

2.8. Western Blotting

Cell lysates were prepared and subjected to immunoblotting analysis following stan-
dard protocols. Xenograft tumor tissues from each group were homogenized, and the total
lysates were also subjected to immunoblotting analysis according to standard protocols.
Briefly, tissues were homogenized under liquid nitrogen in a precooled mortar and ground
into a fine powder using a pestle. The resulting powder was resuspended in PBS containing
1X Protease and Phosphatase Inhibitor Cocktail (cat. no. 78442; Thermo Fisher Scientific,
Inc.), followed by centrifugation at 300x g for 2 min at room temperature. The supernatants
were collected and sonicated in T-PER Tissue Protein Extraction Reagent (cat. no. 78510;
Thermo Fisher Scientific, Inc.) supplemented with 1X Protease and Phosphatase Inhibitor
Cocktail. The samples were then centrifuged at 12,000x g for 10 min at 4 °C. Protein
concentrations were determined using a BCA Protein Assay Kit (cat. no. 23225; Pierce;
Thermo Fisher Scientific, Inc.). The primary antibodies used were against ENO1 (1:2000;
cat. no. ab190365; Abcam (Cambridge, UK)), FAP (1:2000; cat. no. ab207178; Abcam), HK2
(1:2000; cat. no. 2867; Cell Signaling Technology, Inc. (Danvers, MA, USA)), fibroblast-
specific protein 1 (FSP1) (1:2000; cat. no. 16105-1-AP; Proteintech Group, Inc. (Rosemont,
IL, USA), platelet-derived growth factor receptor (PDGFR){ (1:2000; cat. no. 3169; Cell
Signaling Technology, Inc.), a-smooth muscle actin (SMA) (1:2000; cat. no. ab5694; Abcam),
HIF-1« (1:1000; cat. no. IR113-466; iReal Biotechnology, Inc. (Hsinchu City, Taiwan)) and
GAPDH (1:5000; cat. no. sc-32233; Santa Cruz Biotechnology, Inc. (Dallas, TX, USA)).
The secondary antibodies included in the present study were HRP-conjugated anti-mouse
antibody (1:5000; cat. no. 2076; Cell Signaling Technology, Inc.) and HRP-conjugated
anti-rabbit antibody (1:5000; cat. no. 7074; Cell Signaling Technology, Inc.).

2.9. Detection of Secreted ENO1

The levels of secreted ENO1 in cell culture supernatants were measured using
the Human ENO1 ELISA Kit («-ENO) (cat. no. ab181417; Abcam) according to the
manufacturer’s instructions.

2.10. Measurement of Lactate

The levels of lactate in the cell culture supernatant were measured using a colorimetric
lactate assay kit (cat. no. MET-5012; Cell Biolabs (San Diego, CA, USA)) according to the
manufacturer’s instructions.
2.11. Cytokine ELISA

Measurement of cytokine levels was performed using ELISA kits, including human
IL-6 (cat. no. DY206-05; R&D Systems, Inc. (Minneapolis, MN, USA)), human VEGEF (cat.
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no. DY293B-05; R&D Systems, Inc.) and human TGF-{31 (cat. no. DY240-05; R&D System:s,
Inc.) according to the manufacturer’s instructions.

2.12. Measurement of Glucose Uptake

To evaluate glucose uptake, a colorimetric assay kit (cat. no. ab136955; Abcam) was
used according to the manufacturer’s instructions. Briefly, KMS-11 and KMS-11/BTZ
cells were cultured for 18 h. Cells were then washed twice with PBS and cultured in
glucose-free RPMI (cat. no. 11879020; Gibco; Thermo Fisher Scientific, Inc.) for 1 h. Subse-
quently, the cells were incubated in PBS for 40 min and then with 1 mM 2-deoxy-D-glucose
(2-DG) for 20 min. Next, cells were washed three times with PBS to remove exogenous
2-DG, lysed with extraction buffer, freeze /thawed once and heated at 85 °C for 40 min to
degrade endogenous NAD(P), followed by centrifugation at 300x g for 2 min. The result-
ing supernatant was analyzed for 2-DG-6-phosphate content using a microplate reader at
412 nm. Cells treated with 100 uM phloretin were used as a positive control.

2.13. Measurement of the Plasminogen Receptor Activity of ENO1

HS-5 BMSCs were harvested, washed twice with PBS at 300x g for 2 min, and re-
suspended in PBS containing 50% conditioned medium (CM) derived from KMS-11/BTZ
cells at a concentration of 1 x 10° cells/mL. The cells were preincubated at 37 °C for 3 h
with or without ENO1 protein (10 pg/mL), HuL001 (100 pg/mL) and hIgG1 (100 pg/mL).
Subsequently, cells were treated with 120 nM human Glu-plasminogen (cat. no. 528180;
Sigma-Aldrich; Merck KGaA) for 1 h, washed three times with PBS and resuspended in
100 uL PBS containing 120 nM tissue plasminogen activator (cat. no. 10157-HNCH2; Sino
Biological (Beijing, China)) and 1 pM plasmin chromogenic substrate Chromogenix 5-2251
(cat. no. S820332; DiaPharma (Kashihara City, Japan)) at 37 °C for 1-3 h. Plasminogen
receptor activity (plasmin activation) was assessed by measuring the absorbance at 405 nm.

2.14. Statistical Analysis

Statistical analyses were performed with GraphPad Prism 8.0 (GraphPad; Dotmatics
(Boston, MA, USA)). Data are presented as the mean =+ standard deviation from indepen-
dent in vitro experiments and as the mean + standard error of the mean for biological
replicates in in vivo studies, with the corresponding replicate numbers indicated in the
figure legends. Data normality and variance homogeneity were routinely evaluated, and
when these assumptions were not met, appropriate non-parametric tests were applied.
Differences between two groups were analyzed using two-tailed unpaired Student’s ¢-tests.
Comparisons of multiple groups were performed using one-way analysis of variance fol-
lowed by Tukey’s post hoc test. Two-sided p < 0.05 was considered to indicate a statistically
significant difference.

3. Results

3.1. Total, Surface and Secreted ENO1 Levels, and Glycolytic Activity Are Increased in BTZ
Resistant MM Cells

BTZ sensitivity was first evaluated in parental and BTZ-resistant KMS-11 cells
(Figure 1A). Parental KMS-11 cells exhibited high sensitivity to BTZ, with a half-maximal
inhibitory concentration (ICsg) of 2.6 nM. By contrast, BTZ-resistant KMS-11/BTZ cells
displayed significant resistance to BTZ, with an ICsj of 43.8 nM, which is approximately
16-fold higher than that of parental cells. Previous studies have shown that BTZ resistance
in MM cells is associated with upregulation of glycolysis [25-27]. This metabolic reprogram-
ming of BTZ-resistant MM cells is characterized by increased glucose uptake and lactate
secretion—the final step of glycolysis, so called the Warburg effect [28]. In agreement, the
present data also confirmed the increase in both glucose uptake and lactate secretion in
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KMS-11/BTZ cells (Figure 1B,C). Furthermore, the levels of total, surface and secreted
ENO1 were also increased in KMS-11/BTZ cells (Figure 1D-H). Our group previously
demonstrated, by using an anti-ENO1-specific antibody, that not only intracellular but
also extracellular ENO1 (membrane-associated and secreted forms) could contribute to
enhanced glycolysis in MM [20]. These findings suggest that metabolic changes, including
enhanced glycolysis and elevated ENO1 expression, may contribute to BTZ resistance in
the MM cells.
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Figure 1. Total, surface and secreted ENO1 levels as well as glycolytic activity were increased in
BTZ-resistant MM cells. (A) KMS-11 and KMS-11/BTZ (BTZ-resistant) MM cells were incubated
with various doses of BTZ for 3 days. Inhibition of cell proliferation was measured by Cell Counting
Kit-8 assay. (B-H) KMS-11 and KMS-11/BTZ cells were cultured for 18 h, and then the supernatant
was collected to determine the levels of (C) lactate and (D) secreted ENOL. (B) Glucose uptake was
analyzed. (E) Representative immunoblots of total ENO1 protein levels in cell lysates from one of
three independent biological experiments, with GAPDH used as a loading control. (F) Densitometric
quantification of total ENO1 immunoblot signals from the same experimental set, based on three
independent biological experiments. (G) Representative flow cytometry histogram of cell-surface
ENOT1 expression from one of three independent biological experiments. (H) Quantitative analysis of
cell surface ENO1 expression from the same experimental set, based on three independent biological
experiments. Immunoblot signals were normalized to GAPDH and expressed as relative levels versus
parental KMS-11 (set to 1.0). The results in panels (B-D,F,H) are presented as the mean + standard
deviation from three independent biological experiments. Statistical analysis was performed using
two-sided unpaired Student’s ¢-test. * p < 0.05, ** p < 0.01, *** p < 0.001. Original Western blot images
corresponding to the blots shown in this figure are provided in Figure S6.

3.2. HuL001 Reduces Tumor Growth in BTZ-Resistant MM Xenograft

Our previous study demonstrated that the anti-ENO-specific antibody HuL001 could
effectively suppress MM tumor growth in an RPMI-8226 subcutaneous xenograft model [20].
To further explore whether ENO remains a valid target for BTZ-resistant MM, which ex-
presses higher ENO1 levels than BTZ-sensitive MM, HuL001 was administered to mice
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bearing KMS-11 cell-derived xenograft (CDX) animals (Figure 2A-E) and KMS-11/BTZ
(BTZ-resistant) cell-derived animals (Figure 2F-]). HuL001 (30 mg/kg) was administered
intraperitoneally in NPG mice twice a week. In the control group, identical experimental
procedures were performed, with the exception that PBS (vehicle control) was injected
instead of HuL001. Animals were monitored daily, and no significant differences in body
weight changes were observed between the groups (Figure 2B,G), indicating minimal
treatment-related toxicity. In the KMS-11/BTZ CDX model (Figure 2H-J), in contrast
to the KMS-11 CDX model (Figure 2C-E), HuL001 treatment resulted in more signifi-
cant reductions in tumor volume (effect size = 497 mm?, 95% CI = 363-630, TGI = 66%,
p = 0.0005) and tumor weight compared with the control group at day 26. These findings
demonstrate that the ENO1-targeting antibody HuL001 significantly suppresses tumor
growth in BTZ-resistant MM xenografts, which exhibit elevated ENO1 expression and
enhanced glycolysis compared to their BTZ-sensitive counterparts.
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Figure 2. HuL001 reduces tumor growth in a BTZ-resistant MM xenograft. (A,F) Experimental
design: NOD.Cg-Prkdc>d T12rg'™1Vst / Vst mice were subcutaneously implanted with (A) KMS-11 or
(F) KMS-11/BTZ cells on the flank, and treatment started when the tumors reached a mean volume
of 100mm? (set as day 0). Mice were intraperitoneally injected with vehicle control or HuL001
(30 mg/kg, twice weekly). (B,G) Body weight was measured weekly. (C,H) The graphs show the
average tumor volume for each group over time, and the percentage tumor growth inhibition at
the study endpoint was calculated. At the end of study, the tumors were harvested (tumor images
are shown in panels (D,I)), and (E,J) the tumor weight was measured. Data are presented as the
mean £ SEM, pooled from 2 independent in vivo experiments. For each xenograft model, the total
group size was n = 5 mice per group (vehicle, n = 5; HuL001, n = 5; total N = 10 mice per model;
20 mice overall across the two models). Statistical analysis was performed using two-sided unpaired
Student’s ¢-test. ** p < 0.01, *** p < 0.001.
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3.3. HuL001 Reduces CAF-like Differentiation, Glycolytic Activity and Secretion of IL-6 and
VEGF in MM-Educated BMSCs

Since HuL001 suppressed tumor growth in BTZ-resistant xenografts, whether HuL001
exerts direct effects on MM cells was next evaluated. First, HuL001’s impact on MM cell
viability in vitro was assessed, and it was found that HuL001 did not alter the viability
of either parental KMS-11 (Figure S1A) or BTZ-resistant KMS-11/BTZ cells (Figure S1B).
Next, TME components were investigated, particularly CAFs, a critical TME component
promoting MM progression. In KMS-11/BTZ xenografts, HuL001 treatment significantly
reduced FAP levels, a hallmark marker of CAF differentiation/activation (Figure 3A,B),
with quantified FAP/GAPDH values of 0.79 &+ 0.07 in the vehicle group and 0.53 £ 0.22
in the HuLO0O1-treated group. Our previous report indicated that decreased glycolysis
in MM cells after HuL0O1 treatment resulted from the reduction in HK2 expression [20].
Therefore, it was reasoned that the increased glycolytic activity observed in KMS-11/BTZ
cells (Figure 1C) could be driven by the increase in HK2. The results also revealed that HK2
expression was reduced after HuL001 treatment in KMS-11/BTZ xenografts, supporting the
link between HK2-mediated glycolysis and BTZ resistance (Figure 3A,C), with quantified
HK2/GAPDH values of 0.77 £ 0.24 in the vehicle group and 0.39 £ 0.04 in the HuL001-
treated group. To investigate the impact of HuL001 on BMSCs, a co-culture system of MM
cells and BMSCs was established, as illustrated in Figure 3D. The human BMSC line HS-5
with known CAF differentiation potential [29] was directly co-cultured with KMS-11/BTZ
cells in the presence of HuL001 or control hIgG1. As shown in Figure 3E-H, co-culture
with KMS-11/BTZ cells induced FAP and FSP1 expression in BMSCs, with relative protein
levels normalized to GAPDH and expressed relative to un-educated BMSCs (set to 1.0),
increasing from 1.0 to 5.09 & 1.60 for FAP and from 1.0 to 3.61 £ 0.55 for FSP1. Co-treatment
with HuL001 markedly attenuated these increases, to 1.92 £ 0.24 and 1.64 & 0.07, respec-
tively, supporting MM-mediated CAF-like differentiation, as previously reported [30,31].
Unexpectedly, the induction of FAP and FSP1 was markedly attenuated by co-treatment
with HuL001 but not by control hIgG1, suggesting an ENO1-specific suppression of the
CAF-like population. However, the other CAF markers (x-SMA and PDGFRf3) were
not induced in BMSCs co-cultured with KMS-11/BTZ cells (Figure 3F1]). This selective
marker pattern may reflect CAF heterogeneity and various biological functions, where
inflammatory-like fibroblast states can be enriched without a concomitant myofibroblastic
(-SMA-high) program, depending on tumor-derived cues and niche context [32]. CAFs
were known to undergo substantial metabolic reprogramming in the TME, often relying on
glycolysis as a primary energy source, which is consistent with the Warburg effect [33,34].
In line with these reports, HuL001 also reduced HK2 expression and thus glycolysis in
MM-educated BMSCs (Figure 3E K), with relative HK2 levels normalized to GAPDH
and expressed relative to un-educated BMSCs (set to 1.0), decreasing from 2.08 £ 0.22 to
1.18 £ 0.14. This was accompanied by reduced lactate secretion, by decreasing from
4.09 + 0.32 to 2.68 £ 0.36 umol/10° cells. Furthermore, HuL001 treatment decreased the se-
cretion of key tumor-promoting factors in MM-educated BMSCs, including
lactate (Figure 3L), IL-6 (Figure 3M), and VEGF (Figure 3N), from 4.09 £+ 0.32 to
2.68 + 0.36 umol/10° cells, 56.20 + 6.04 to 38.39 + 5.99 ng/lO6 cells, and 2.80 £ 0.30
to 2.04 £ 0.16 ng/10° cells, respectively. To assess whether this observation could be
replicated in an independent BTZ-resistant MM model, BTZ-resistant RPMI 8226 cells
were established, exhibiting higher resistance to BTZ (IC5p = 13.9 nM) than parental RPMI
8226 cells (ICsp = 3.6 nM) (Figure S2A), followed by co-culture with BMSCs. As shown in
Figure S2B-F, co-culture with RPMI 8226 /BTZ cells significantly increased FSP1 expres-
sion in BMSCs. Relative protein levels, normalized to GAPDH and expressed relative
to un-educated BMSCs (set to 1.0), showed that FSP1 increased from 1.0 to 23.97 + 7.50
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(Figure S2B,C), whereas FAP and «-SMA were not appreciably induced (Figure S2B,D,E).
Concurrently, PDGFRf3 was significantly decreased after co-culture, from 1.0 to 0.57 & 0.06,
and was partially offset by HuL001, to 0.77 £ 0.12 (Figure S2B,F). Collectively, these data
indicate an FSP1-biased stromal marker pattern without concordant induction of canon-
ical CAF-associated markers (FAP and «-SMA). Notably, lactate and IL-6 secretion was
not appreciably increased in RPMI 8226 /BTZ-educated BMSCs (Figure S2G,H), further
supporting a restricted, FSP1-biased stromal response rather than broad activation of CAF-
associated features. Taken together, across two BTZ-resistant MM models, MM-BMSC
co-culture elicited heterogeneous stromal responses with selective CAF-associated marker
induction, and HuL001 attenuated these induced changes. Differential CAF-associated
marker induction could reflect the level of BTZ-resistance (IC5p = 13.9 vs. 43.8 nM), which
also led to differential expression of lactate, IL-6 and VEGF in two different BTZ-resistant
cell lines.

3.4. HIF-1« Contributes to Glycolytic Remodeling and Modulates FAP Expression in
MM-Educated BMSCs

Since these CAF-associated changes were accompanied by HK2 induction and gly-
colytic outputs, whether stromal glycolytic reprogramming is required for CAF-like differ-
entiation was next examined. As shown in Figure 4A,C,D, MM-educated BMSCs exhibited
increased HIF-1«x protein expression alongside induction of HK2 compared with control
BMSCs. Importantly, knockdown of HIF-1x in MM-educated BMSCs substantially re-
duced HK?2 induction, indicating that HK2 upregulation in response to MM education
is dependent on HIF-1« signaling. In parallel, MM education significantly increased the
expression of FAP, whereas such increase was not observed upon HIF-1x knockdown
(Figure 4B,E). Consistent with these findings, extracellular lactate accumulation was ele-
vated in MM-educated BMSCs, but was significantly reduced upon suppression of HIF-1c
(Figure 4F). Collectively, these results indicate that HIF-1c-associated glycolytic reprogram-
ming contributes to both HK2 induction and FAP-associated CAF-like differentiation in
MM-educated BMSCs.

3.5. Extracellular ENO1 Promotes MM-Associated CAF Differentiation of BMSCs via the
Plasmin/TGF-B Axis

After having established a HIF-1«c/HK2-dependent glycolytic requirement for FAP
induction, the present study next investigated the upstream extracellular cue(s) in BTZ-
resistant MM cells that initiate this stromal programming. The aforementioned results
suggested that extracellular ENO1 may modulate CAF differentiation and functions. To
further investigate the related mechanism, the proteinase activity associated with extracel-
lular ENOT1 and its possible enzymatic target downstream was investigated. To mimic the
MM TME in vitro, HS-5 BMSCs were exposed to CM derived from KMS-11/BTZ cells and
ENOI1 protein. The results indicated that FAP expression was increased in ENO1-treated
HS-5 BMSCs compared with untreated cells (Figure 5A), with relative FAP levels normal-
ized to GAPDH and expressed relative to untreated cells (set to 1.0), increasing from 1.0 to
1.79 £ 0.02. Notably, ENO1-induced FAP expression was reduced by HK2-siRNA but not by
the scramble control, indicating that glycolysis was probably essential for enhanced FAP ex-
pression (Figure 5B). In addition, ENO1 protein treatment dose-dependently induced the se-
cretion of lactate (Figure 5C), IL-6 (Figure 5D) and VEGF (Figure 5E) from HS-5 BMSCs, reach-
ing 166.2 4 23.58 umol/10° cells, 1430 + 85.10 ng/10° cells, and 60.03 + 1.49 ng/10° cells,
respectively, which was reduced by HuL001 co-treatment, to 77.09 4 13.83 umol/10° cells,
927 + 191 ng/10° cells, and 30.00 & 7.00 ng/10° cells, respectively, confirming the ENO1-
specific inhibition. The ENO1-induced secretion of lactate (Figure S3A), IL-6 (Figure S3B)
and VEGF (Figure S3C) was similarly reduced by HK2-siRNA treatment.
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Figure 3. HuL001 reduces CAF-like differentiation, glycolytic activity, and secretion of IL-6 and
VEGF in MM-educated BMSCs. (A-C) NOD.Cg-Prkdcs“d T12rg™1Vst /st mice bearing KMS-11/BTZ
xenografts were treated with vehicle or HuL001 (30 mg/kg, i.p., twice weekly) starting at ~100 mm?.
FAP and HK2 were assessed in five representative tumors per group, with GAPDH as a load-
ing control. Panels (B,C) show the quantified FAP and HK2 levels corresponding to panel (A).
(D) Experimental design: HS-5 BMSCs (adherent culture) were directly co-cultured with KMS-
11/BTZ cells (suspension culture) at a 1:2 ratio with or without either HuL.001 (10 ug/mL) or human
IgG1 (10 ug/mL) for 5 days. Subsequently, suspended KMS-11/BTZ cells were removed, and adher-
ent MM-educated BMSCs (referred as CAFs) were collected for immunoblot analysis or secretion
assays. (E,F) Representative immunoblots from one of three independent biological experiments.
Panel (E) shows FAP and HK2, and panel (F) shows FSP1, PDGFRf, and x-SMA. (G,K) Densitometric
quantification of FAP and HK2 immunoblot signals corresponding to the experiments represented by
panel (E), based on three independent biological experiments. (H-J) Densitometric quantification of
FSP1, PDGFR, and «-SMA immunoblot signals corresponding to the experiments represented by
panel (F), based on three independent biological experiments. Quantified protein levels were nor-
malized to GAPDH, and relative expression levels were calculated by comparison with un-educated
BMSCs, which were set to 1.0. (L-N) After removal of suspended KMS-11/BTZ cells, adherent
BMSCs were incubated with fresh culture medium for 2 h, and the secretion of (L) lactate, (M) IL-6,
and (N) VEGF was measured. The results were normalized to the cell number in each group. Data
in panels (G-N) are presented as the mean =+ standard deviation from at least three independent
biological experiments. Statistical analyses were performed using two-sided unpaired Student’s t-test
or one-way analysis of variance with Tukey’s post hoc test, as appropriate. * p < 0.05, ** p < 0.01,
*** p < 0.001. Original Western blot images corresponding to the blots shown in this figure are
provided in Figure S6.

https://doi.org/10.3390/ cancers18091467


https://doi.org/10.3390/cancers18091467

Cancers 2026, 18, 1467

13 of 23

A

BMSC BMSC HIF-1a
HIF-1a- HIF-1a- 7 kok
Scramble o\ Scramble oo F o —
KMS-11/BTZ - + — + i — — >
KMS-11/BTZ + + % 5 l
_ ‘D
Ao 4 e FAP | st et s s (.93 I
1.0 40 08 1.1 Rel. =
1.0 1.9 15 1.7 Rel. 0 3
HK2 " - e | o3 - 41 £ 2-
- G G S— I
1.0 26 1.4 1.6 Rel GAPDH e 1 i |l|
-41 30 0'! T T
GAPDH | —— " KMS-11/BTZ — + =— +
scramble HIF-1la
siRNA
D E F
HK2 FAP BMSCs
_ o p—— 8-
3 25 l =
© © 2
2 3 2.0 O g i,
£ 2- £ K T 1
@ 2 1.54 =
° o 2 4
Iy Q 3
" o 1.0 -
2 1 E 2 2-
5 S 0.5 2
o 2 3
0- I . 0.0- T T 0- T T
KMS-11/BTZ — + -— + - + - + - + - +
scramble HIF-1a scramble HIF-1la scramble HIF-1la
siRNA siRNA siRNA

Figure 4. HIF-1x contributes to glycolytic remodeling and modulates FAP expression in MM-educated
BMSCs. HS-5 BMSCs were transfected with HIF-1a siRNA or control siRNA (scramble) for 3 days,
and then co-cultured with KMS-11/bortezomib cells at a BMSC:MM ratio of 1:2. After removing
the suspended MM cells, the adherent BMSCs were analyzed for (A) HIF-1x and HK2 at day 1 and
(B) FAP at day 5, or (F) were incubated in fresh medium for 2 h to assess lactate secretion. Panels
(A,B) show representative immunoblots from one of three independent biological experiments, with
GAPDH used as a loading control. Panels (C,D) show densitometric quantification from the same
experimental set represented in panel (A), based on three independent biological experiments. Panel
(E) shows densitometric quantification from the same experimental set represented in panel (B),
based on three independent biological experiments. The signals were normalized to GAPDH, and
relative expression levels were calculated by comparison with un-educated BMSCs (MM —, scramble),
which were set to 1.0. The results in panels (C-F) are presented as the mean =+ standard deviation.
Statistical analyses were performed using one-way analysis of variance with Tukey’s post hoc test.
*p <0.05, *** p < 0.001. Original Western blot images corresponding to the blots shown in this figure
are provided in Figure S6.
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Figure 5. Extracellular ENO1 promotes cancer-associated fibroblast-like differentiation of BMSCs
through the plasmin/TGF-f axis. (A,G,J) HS-5 BMSCs were cultured in 50% CM derived from KMS-
11/bortezomib cells (MM CM) with or without ENO1 protein, TXA (10 mM) and the TGF-f3 receptor
kinase inhibitor SB431542 (10 nM) for 1 day. (B) HS-5 BMSCs were transfected with hexokinase 2 small
interfering RNA or scramble control, cultured in 50% MM CM for 3 days, and then treated with ENO1
protein for 1 additional day before immunoblot analysis. In panels (A,B,G,J), the left panels show
representative immunoblots for FAP, whereas the right panels show densitometric quantification of
FAP immunoblot signals from the same experimental sets. FAP signals were normalized to GAPDH,
and relative expression levels were calculated by comparison with untreated cells, which were set to
1.0. Quantification in panels (A,B,G) was based on two independent biological experiments, whereas
quantification in panel (J) was based on three independent biological experiments. Data in the right
panels of (A,B,G,J) are presented as the mean + standard deviation. (C-F,I) HS-5 BMSCs were
cultured in 50% MM CM with or without ENO1 protein, HuL001 (100 ug/mL), hIgG1 (100 pg/mL),
and TXA (10 mM) for 2 days. Supernatants were collected to measure (C) lactate, (D) interleukin-6,
(E) vascular endothelial growth factor and (F,I) active transforming growth factor-31. The results
were normalized to the cell number in each group. (H) HS-5 BMSCs were cultured in 50% MM
CM with or without ENO1 protein, HuL001 (100 png/mL), and hIgG1 (100 ug/mL), followed by
measurement of plasminogen receptor activity. Data in panels (C-F H,I) are presented as the mean
=+ standard deviation from three independent biological experiments. Statistical analyses were
performed using one-way analysis of variance with Tukey’s post hoc test. * p < 0.05, ** p < 0.01,
*** p < 0.001. Original Western blot images corresponding to the blots shown in this figure are
provided in Figure Sé6.
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Previous research implicated TGF-f3 signaling in CAF activation via upregulating
FAP [13]. Consistently, TGF-3 markedly upregulated FAP in HS-5 BMSCs (Figure S4A,B).
Relative protein levels, normalized to GAPDH and expressed relative to untreated BMSCs
(set to 1.0), increased from 1.0 to 5.07 + 0.68 for FAP and from 1.0 to 3.13 £ 0.32 for PDGFR§f3.
Conversely, FSP1 and «-SMA levels were reduced (Figure S4A,C,D), from 1.0 to 0.50 £ 0.17
and from 1.0 to 0.77 £ 0.06, respectively, supporting a context-dependent, marker-selective
fibroblast activation program. Collectively, these findings raise the possibility that ENO1
may contribute to FAP upregulation, at least partly through modulation of TGF-f3 signaling,
which is known to exist in a latent form requiring activation. In agreement, ENO1 treatment
increased active TGF- levels in HS-5 BMSCs, from 140.3 & 19.31 to 225.1 + 31.76 pg/10°
cells, which was reduced by HuL001 co-treatment to 137.2 &= 27.37 (Figure 5F). Consistently,
FAP expression was significantly inhibited by the TGF-{3 receptor kinase inhibitor SB431542,
which blocked TGF-f signaling in ENO1-treated HS-5 BMSCs (Figure 5G), with relative
FAP levels, normalized to GAPDH and expressed relative to the control group (set to
1.0), decreasing from 1.26 £ 0.09 to 0.56 =+ 0.03. The ENO1-induced secretion of lactate
(Figure S5A), IL-6 (Figure S5B) and VEGF (Figure S5C) was similarly reduced by the TGF-f3
receptor kinase inhibitor SB431542.

As plasmin is known to activate latent TGF-3 [35] by its proteinase activity, the current
study next examined whether ENO1-mediated plasmin activation, a complex enzymatic
processing from plasminogen to plasmin, contributes to TGF-f activation. As shown in
Figure 5H, ENO1 protein enhanced plasminogen receptor activity (plasmin proteinase
activity) in HS-5 BMSCs, with OD450 values increasing from 0.48 4 0.04 to 0.60 £ 0.03, and
this increase was inhibited by HuL001 to 0.46 & 0.04. Notably, TXA treatment reduced both
ENO1-induced active TGF-f (Figure 5I) and FAP expression (Figure 5]) in BMSCs cultured
in MM CM. Active TGF-B decreased from 84.12 + 5.03 to 43.26 + 11.70 pg/10° cells,
whereas relative FAP levels, normalized to GAPDH and expressed relative to the control
group (set to 1.0), decreased from 1.32 & 0.13 to 0.91 £ 0.10, consistent with the activity
of TXA as a plasmin inhibitor. Collectively, these findings support the hypothesis that
the extracellular ENO1-mediated promotion of CAF differentiation and functionality in
MM-associated BMSCs is probably triggered by ENO1-mediated proteinase processing
of two proteins, namely plasminogen and latent TGF-f3, which consequently leads to the
generation of active TGF-§3 after proteolytic cleavage by plasmin.

3.6. Promotion Activity of MM Cell Proliferation of MM-Educated BMSCs Is Significantly
Reduced After HuL001 Treatment In Vitro and In Vivo

Based on the aforementioned mechanistic findings, the present study next evaluated
whether ENOL1 is essential for the promotion of MM cell proliferation by MM-educated
BMSCs in the MM co-culturing system and in vivo. MM-educated BMSCs (in the presence
of HuL001 or control hIgG1) were indirectly co-cultured with KMS-11/BTZ cells using a
Transwell system at a 1:10 ratio. As shown in Figure 6A, MM-educated BMSCs increased
the viability of KMS-11/BTZ cells, whereas this effect was significantly reduced when
MM-educated BMSCs were pretreated with HuL0O1.

Implantation of KMS-11/BTZ cells with MM-educated BMSCs in animals led to
increased tumor volume and weight, compared with the implantation of MM cells alone
(Figure 6B-D). Consistent with the in vitro findings, pretreatment of HuL001 suppressed the
tumor promoting effect of MM-educated BMSCs. No significant differences in body weight
were observed across groups (Figure 6E). These data suggest that the tumor-supportive
function of MM-educated BMSCs is at least partly mediated by extracellular ENO1 in vitro
and in vivo.
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Figure 6. Promotion activity of MM cell proliferation of MM-educated BMSCs is significantly reduced
after HuL0O01 treatment in vitro and in vivo. (A) KMS-11/BTZ cells were seeded in the upper chamber
of a Transwell insert (0.4-um pore), while MM-educated BMSCs, pre-treated with either HuL001
(10 pug/mL) or human IgG1 (10 pg/mL), were placed in the lower compartment of the culture wells
for 5 days. Next, KMS-11/BTZ cells were collected, and their viability was assessed using the Cell
Counting Kit-8 assay. (B—E) KMS-11/BTZ cells were subcutaneously co-injected with MM-educated
BMSCs into NOD.Cg—PrkchCid Ierg'franSt / Vst mice at a 1:2 ratio. Prior to injection, the MM-educated
BMSCs were pre-treated with or without HuL001 (10 ug/mL). Each data point is presented as the
mean + SEM, derived from 2 independent biological experiments. (B) The graph illustrates the
average tumor volumes for each group over time. On day 14, the tumors were harvested and
(C) photographed, and (D) the tumor weight was measured. (E) Body weight was measured weekly.
The results in panel (A) are presented as the mean =+ standard deviation from three independent
biological experiments. The results in panels (B,D,E) are presented as the mean + SEM (MM alone,
n =11; MM + MM-educated BMSCs, n = 9; MM + MM-educated BMSCs + HulL001, n = 9; total
N =29). Statistical analyses were performed using one-way analysis of variance with Tukey’s post
hoc test. ** p < 0.01, *** p < 0.001.

3.7. Combination of HuL001 with LEN Enhances Antitumor Activity in BTZ-Resistant
MM Xenografts

The current study next evaluated the effect of HuL001 as a combination partner with
clinically used agents for BTZ-resistant MM. For patients with MM who develop resis-
tance to BTZ, LEN-based regimens are often adopted as standard of care (SoC) due to
their distinct mechanisms of action. Given the common practice of combination thera-
pies in patients with newly diagnosed and RRMM [1], the current study evaluated the
therapeutic potential of HuL001 with a unique mechanism of action in combination with
LEN. NPG mice bearing KMS-11/BTZ-derived xenografts were treated with HuL.001
(30 mg/kg, twice weekly), LEN (5 mg/kg, five times weekly) or their combination
(Figure 7A). While HuL001 combined with BTZ showed no therapeutic effect, whereas the
combination of HuL001 and LEN significantly reduced tumor volume (effect size = 1086 mm?,
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95% CI =794.6 to 1379, TGI = 69%, p < 0.0001) and weight. Notably, HuL001 or lenalidomide
alone also significantly inhibited tumor growth relative to control, although the magnitude
of inhibition was modest compared with the combination (Figure 7B,C). There were no
significant differences in body weight across the treatment groups (Figure 7D), indicating
minimal treatment-related toxicity. These findings suggest the potential of HuL001 as a
promising combination partner to LEN in treating patients with BTZ-resistant MM.
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Figure 7. Combination of HuL001 with LEN enhances antitumor activity in BTZ-resistant MM
xenografts. (A) Experimental design: NOD.Cg-Prkdc>d T12rgt™1Vst /Vst mice bearing KMS-11/BTZ
xenografts were treated from day 0 (when tumor volume was ~100 mm?) with vehicle, HuL001
(80 mg/kg, i.p., twice weekly), LEN (5 mg/kg, five times/week) or LEN + HuL001. (B) The graph
shows the average tumor volume for each group over time. The percentage of tumor growth inhibi-
tion at the study endpoint was calculated. (C) On Day 17, the tumors were harvested, followed by
measurement of tumor weight. (D) Body weight was recorded weekly. (E) Schematic diagram sum-
marizing the effects and possible mechanism of extracellular ENOL1 in regulating glycolysis and differ-
entiation of CAFs; production of IL-6, VEGF and lactate; and MM tumor growth. Extracellular ENO1
may promote CAF differentiation, as evidenced by FAP production through the plasmin/TGF-3
axis, and enhance tumor-supportive factors, including lactate, IL-6 and VEGF in MM-associated
CAF-like cells. Consistently, the aforementioned effects on CAF differentiation and MM tumor
growth could be attenuated by the ENO1-specific antibody HuL001. Data are presented as the mean
+ standard error of the mean (n = 5 mice per group; 4 groups total; total N = 20 mice). Statistical
analyses were performed using one-way analysis of variance with Tukey’s post hoc test. * p < 0.05,
**p <0.01, ** p < 0.001.
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4. Discussion

The present study provides evidence for a previously underappreciated role of extra-
cellular ENOL1 in promoting CAF differentiation, particularly in the context of BTZ-resistant
MM. ENOI1 expression was significantly elevated in BTZ-resistant MM cells, associated
with enhanced glycolysis and increased secretion of tumor-promoting factors such as lac-
tate, IL-6 and VEGF from CAFs. A novel ENO1-specific mAb, HuL001, effectively reduced
tumor growth in a BTZ-resistant MM xenograft model. The inhibitory effect of HuL.001
on MM tumor growth appears to involve stromal components, specifically key cellular
players within the TME. In line with these observations, HuL001 decreased CAF differ-
entiation and reduced pro-tumorigenic factor secretion in MM-educated BMSCs. To the
best of our knowledge, the present study is the first report to demonstrate that extracellu-
lar ENO1 promoted CAF differentiation and function via regulating the plasmin/TGF-f3
axis. Importantly, combining HuL001 with SoC LEN resulted in enhanced antitumor
activity in vivo, suggesting that ENOI1 inhibition may reprogram the TME to improve
therapeutic responsiveness.

Our previous study [20] demonstrated that extracellular ENO1 promoted MM tu-
mor growth possibly via positively regulating glycolysis and its associated pro-cancer
activities in MM cells. HuL001 modestly inhibited MM cell proliferation in vitro (in RPMI
8226 and U266 cells), which suggests that direct proliferation inhibition alone is unlikely
to account for the magnitude of tumor suppression observed in vivo. Of note, no in-
hibitory effect on MM cell proliferation was observed in KMS-11 or KMS-11/BTZ cells
(Figure S1). It is reasonable to hypothesize that the anticancer effects of HuL001 do not
only affect cancer cells but also their interactive TME players such as CAFs. Therefore, an
MM-BMSC co-culturing system was introduced to study the interaction between MM cells
and CAFs and the resulting tumor growth. Metabolic alterations within the TME drive
MM progression and therapeutic resistance [27,36,37]. Importantly, BTZ resistance can also
result from tumor-intrinsic alterations in the proteasome machinery, including mutations
and/or upregulation of the proteasome (35 subunit (PSMB5), which have been associated
with reduced BTZ binding and acquired resistance [38]. PSMB5 variants have also been
reported in samples of patients with relapsed/refractory MM, with functional validation
supporting their contribution to proteasome inhibitor resistance [39]. Accordingly, an
important future direction is to determine whether ENO1-associated stromal activation and
HuL001 responsiveness correlate with established genetic resistance determinants (PSMB5
status), and to investigate a potential crosstalk with proteasome activity and broader pro-
teostasis stress responses [40]. Given the established roles of CAFs in MM progression and
therapy resistance, the present data position extracellular ENO1 as an upstream driver
of CAF-like metabolic remodeling and pro-tumor secretory programs in MM-educated
BMSCs (Figures 5 and S3). The current results provide new mechanistic insights into ENO1-
driven metabolic crosstalk between MM cells and CAFs. It seems reasonable to target ENO1
for disruption of a metabolic feedback loop that sustains CAF-mediated tumor support.
Consistently, Ray et al. [19] identified ENO1 as an immunometabolic target, demonstrating
that pharmacological inhibition of ENO1 alleviated immune suppression by disrupting
the metabolic activity of pDCs. The crosstalk and metabolite transfer between MM cells
and CAFs remain incompletely understood. One hypothetical framework is the complex
‘reverse Warburg effect’, in which glycolytic SCs provide metabolites that support adjacent
cancer cells, thereby promoting ATP production, proliferation and survival [41].

Extracellular ENO1 is increasingly recognized as a prototypical ‘moonlighting” protein
that contributes to cancer biology beyond its canonical cytosolic glycolytic function [42]. In
multiple solid tumors, ENOI can relocalize to the cell surface, where it acts as a plasminogen
receptor, facilitating pericellular plasmin generation, extracellular matrix remodeling, and

https://doi.org/10.3390/ cancers18091467


https://doi.org/10.3390/cancers18091467

Cancers 2026, 18, 1467

19 of 23

downstream programs that support invasion, angiogenesis and metastasis [42,43]. ENO1
has also been reported to traffic to other cellular compartments, including the nucleus as
c-Myc promoter-binding protein 1, highlighting context-dependent non-glycolytic activities
that may shape tumor behavior and host responses [42,43]. The present study extended the
aforementioned ‘moonlighting’ concept to MM by linking extracellular ENO1 to stromal
activation and CAF-like differentiation within the BM niche. Exosome-derived ENOI1 has
been shown to regulate integrin 634 expression, promoting tumor growth and metastasis
in HCC [21], while BMSC-derived exosomes facilitate MM progression [44]. Importantly,
accumulating evidence suggests that extracellular or cell-surface ENOL1 is not restricted
to MM, as it has been implicated in tumor progression and TME interactions in multi-
ple solid tumors (including glioblastoma, lung adenocarcinoma, sarcoma/osteosarcoma,
HCC, as well as melanoma, breast, colorectal, pancreatic, bladder, esophageal, prostate
and cervical cancer) and hematological malignancies (such as MM and acute myeloid
leukemia) [21,45,46]. However, the downstream consequences of extracellular ENO1
appear to be context dependent, and shaped by tumor type and microenvironmental
composition. These findings suggest the possibility that extracellular ENOL1 in the MM
microenvironment may mediate crosstalk between cancer cells and stromal fibroblasts,
triggering their differentiation into CAFs. However, although Figure 4 supports a role
for HIF-1« in HK2 induction and FAP-associated stromal changes in MM-educated BM-
SCs, the direct mechanistic association between extracellular ENO1 signaling and the
HIF-1a/HK2 glycolytic program remains to be clarified. The TGF-f signaling pathway, a
well-documented driver of CAF differentiation [47], supports paracrine crosstalk between
CAFs and MM cells leading to MM progression [8]. TGF-f is generally considered to be
an important programmer of immunosuppressive TMEs that promote MM cell survival,
invasion and metastasis [7]. Given the finding of ENO1-driven CAF differentiation, it is
conceivable that ENO1 may be involved in the TGF-f3 pathway to regulate the TME. The
activation of TGF-f is tightly regulated by various signals, including proteolytic cleavage
by proteases [48] such as plasmin [35]. However, the efforts to pursue drugs targeting
TGF-f3 have been disappointing thus far due to its complex biology and unwanted toxicity.
Notably, ENO1 functions as a plasminogen receptor leading to plasmin activation [16].
ENO1-induced FAP expression is reduced by a TGF-f3 inhibitor (Figure 5G), suggesting that
ENO-mediated regulation of CAF differentiation could be upstream of TGF-f signaling. In
addition, plasminogen receptor activity (plasmin activity) and, concomitantly, the level of
TGF-f3 are downregulated by HuL001 (Figure 5H,I). In agreement with these observations,
the levels of TGF-f3 and FAP were also reduced by TXA treatment, a plasminogen receptor
inhibitor (Figure 5L ]). Together, these findings support an ENO1/plasmin/TGF-f axis as
a plausible mechanism linking extracellular ENO1 to CAF-associated remodeling in MM
(Figure 7E).

Consistent with prior reports linking ENO1 to glycolytic reprogramming and stress
adaptation [43,45], the current data suggest that ENO1 is associated with metabolic features
of BTZ-resistant MM (Figure 1B,C). These observations are consistent with prior studies
linking ENO1 expression to chemoresistance in solid tumors [49,50]. For example, in
lung and breast cancer, ENO1-associated glycolysis has been implicated in supporting the
survival of drug-resistant cell populations. However, the current results only suggest a link
between ENO1-enhanced glycolysis with BTZ resistance, but no causal association was
established in vitro. It also remains unknown whether the TME, involving CAFs, could
contribute to the BTZ resistance of MM cells in vivo.

From a translational perspective, current MM management primarily relies on tumor-
directed agents (proteasome inhibitors, immunomodulatory drugs and anti-CD38 anti-
bodies), with BCMA-directed cellular and bispecific therapies increasingly being used in
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relapsed/refractory disease [51]. In this context, HuL001 offers a mechanistically distinct,
microenvironment-directed strategy by targeting extracellular ENO1, which is consistent
with an upstream role of the ENO1/plasmin/TGF-f3 axis in CAF-associated remodeling.
Since direct TGF-f3 inhibition has been challenging clinically, targeting an upstream ac-
tivator such as ENO1 may provide a novel approach [52]. Future studies should define
biomarkers (surface/extracellular ENO1), establish pharmacodynamics and safety, and
test rational combinations in patient-derived and immunocompetent models. While ENO1
targeting shows promise in treating MM [19,20], several limitations exist in the current
study. First, CAF-like stromal responses were primarily modeled using the HS-5 BMSC line
and were not validated in patient-derived primary CAFs from MM BM; thus, confirmation
in patient-derived samples will be important to capture inter-patient heterogeneity and to
strengthen translational feasibility. Second, current experimental models, including BTZ-
resistant MM xenografts and MM-educated BMSCs in vitro assays, may not fully reproduce
the human TME, and these results should be further verified using patient-derived and/or
humanized models. Third, the current study also lacks assessment of and insight into the
therapeutic effects of the ENO1 mAb on immune dynamics [37], which is crucial for clinical
translation. Because HuL001 is a humanized IgG1 antibody, the current study did not
include an immune-competent model suitable for fully evaluating its immune-mediated
effects in vivo. Future studies in adequately powered syngeneic and/or humanized models
are warranted to determine whether HuL001 influences antitumor immune responses
within the TME. Fourth, a future direction is to directly test the ENO1/plasmin/TGF-f
axis in vivo by inhibiting plasmin activity (genetically or pharmacologically) to establish
causality under physiological conditions. In addition, direct pharmacodynamic evaluation
of tumor plasmin activity and active TGF-§ in vivo will be important to further strengthen
target-engagement assessment. Finally, combination treatment studies remain limited,
warranting exploration of regimens with proteasome inhibitors, CD38-targeting therapies,
CAR-T or ADCs. In addition, toxicity assessment in the current study was limited and
was primarily based on body weight monitoring, without more comprehensive safety
evaluation. Furthermore, reversibility of the observed effects after HuL001 withdrawal was
not examined in the current study. Addressing these gaps with various animal models,
further mechanistic studies and expanded combination strategies are essential to fully
harness the clinical potential of ENO1-targeting therapeutic strategy in MM, as observed in
other cancer types [46].

5. Conclusions

The present study identified extracellular ENO1 as an important contributor to TME
metabolic remodeling and stromal dynamics in MM, making it a potential therapeutic target
for CAFs and BTZ resistance. Cancer-associated neutrophils, fibroblasts and macrophages
are responsible for the complexity of the TME, with their secreted pro-cancer molecules,
making TME immunosuppressive and prone to developing drug resistance. It is attractive
but difficult to develop a TME-targeting therapeutic agent due to the complex stromal
milieu, involving various cell types and their interactive effector molecules. The present
findings suggest that ENO1 may be a key upstream regulator of TGF-f3 in the TME, a
pathway that remains challenging to inhibit pharmacologically. However, additional
studies are required to validate the aforementioned hypothesis in MM and other cancer
types (Figure 7E).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers18091467/s1, Figure S1: HuL001 may not affect cell
viability in multiple myeloma cells; Figure S2: RPMI 8226/BTZ induces an FSP1-biased stromal
marker pattern in BMSCs, which is modulated by HuL001; Figure S3: Extracellular ENO1 promotes
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glycolytic activity and secretion of IL-6 and VEGF via HK2 in MM-associated CAF-like differentia-
tion of BMSCs; Figure S4: TGF-§ differentially regulates CAF-associated markers in HS-5 BMSCs;
Figure S5: Extracellular ENO1 promotes glycolytic activity, and secretion of IL-6 and VEGF via
TGF-f signaling in MM-associated CAF-like differentiation of BMSCs; Figure S6: Original Western
blot images.

Author Contributions: 1.-C.C., W.-C.H. and T.-T.Y. conceptualized the study. I.-C.C. and W.-C.H.
drafted the original manuscript. T.-T.Y. reviewed and edited the manuscript. Data collection, analysis,
and interpretation were performed by I.-C.C., T-Y.C., Y.-T.K,, M.-L.C. and P-Y.H. T.-T.Y. supervised
the study and secured funding. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding. All research and development were funded
internally by HuniLife Biotechnology Inc. (Taipei, Taiwan).

Institutional Review Board Statement: The in vivo animal experiments in this study were conducted
at TFBS Bioscience, an external facility that provided support for the animal studies, and were
reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of TFBS
Bioscience (approval nos. TFBS2024-002 and TFBS2025-002).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study have been deposited in
Zenodo at https:/ /zenodo.org/records /19222583 ?preview=1&token=eyJhbGciOiJIlUzUxMi]9.ey]pZC
I6jIxXNzEyMDBiLThmNjUtNDA3ZS1hZjlhLWY3Y2ZkMjU2ZTIyNyIsImRhdGEiOnt9LCJy YW5kb20i
OiJiZmRhNDBiM2Q30Dg2NDMzZmMI1MDBjZGE3NzU4Zjg5YSJ9.Hdpom4DbW3q0y3AeJHi6M6u
VHyBCxebj8y1Bjoe9jJCv8SOPXERgN3yBPmvipWNPbPoBQgIATmMEIKsB6y3yKQ (accessed on 29
April 2026). The deposited dataset includes the source data underlying main and Supplementary
figures presented in this study.

Acknowledgments: The authors would like to thank Larry Lo for his valuable scientific advice
and guidance throughout this study. The authors also thank TFBS Bioscience for their assistance
to the in vivo studies during the development of the HuL001. All work was fully funded by
HuniLife Biotechnology.

Conlflicts of Interest: All authors are employees of HuniLife Biotechnology Inc., which funded this
research. The company was involved in the study design, data collection, data analysis, interpretation
of results, and the decision to submit the manuscript for publication.

References

1.

Dima, D.; Ullah, F.; Mazzoni, S.; Williams, L.; Faiman, B.; Kurkowski, A.; Chaulagain, C.; Raza, S.; Samaras, C.; Valent, ].; et al.
Management of Relapsed-Refractory Multiple Myeloma in the Era of Advanced Therapies: Evidence-Based Recommendations
for Routine Clinical Practice. Cancers 2023, 15, 2160. [CrossRef]

Joshi, R.S.; Kanugula, S.S.; Sudhir, S.; Pereira, M.P; Jain, S.; Aghi, M.K. The Role of Cancer-Associated Fibroblasts in Tumor
Progression. Cancers 2021, 13, 1399. [CrossRef]

Attieh, Y.; Clark, A.G,; Grass, C.; Richon, S.; Pocard, M.; Mariani, P; Elkhatib, N.; Betz, T.; Gurchenkov, B.; Vignjevic, D.M.
Cancer-associated fibroblasts lead tumor invasion through integrin-beta3-dependent fibronectin assembly. J. Cell Biol. 2017, 216,
3509-3520. [CrossRef]

Zhao, Z.; Li, T,; Sun, L.; Yuan, Y.; Zhu, Y. Potential mechanisms of cancer-associated fibroblasts in therapeutic resistance. Biomed.
Pharmacother. 2023, 166, 115425. [CrossRef]

Caligiuri, G.; Tuveson, D.A. Activated fibroblasts in cancer: Perspectives and challenges. Cancer Cell 2023, 41, 434-449. [CrossRef]
[PubMed]

Chhabra, Y.; Weeraratna, A.T. Fibroblasts in cancer: Unity in heterogeneity. Cell 2023, 186, 1580-1609. [CrossRef] [PubMed]
Xue, H.Y,; Wei, E. TGF-beta: An active participant in the immune and metabolic microenvironment of multiple myeloma:
TGF-beta in the microenvironment of multiple myeloma. Ann. Hematol. 2024, 103, 4351-4362. [CrossRef] [PubMed]

De Veirman, K.; Rao, L.; De Bruyne, E.; Menu, E.; Van Valckenborgh, E.; Van Riet, I.; Frassanito, M.A.; Di Marzo, L.; Vacca, A.;
Vanderkerken, K. Cancer associated fibroblasts and tumor growth: Focus on multiple myeloma. Cancers 2014, 6, 1363-1381.
[CrossRef]

https://doi.org/10.3390/cancers18091467


https://zenodo.org/records/19222583?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjIxNzEyMDBiLThmNjUtNDA3ZS1hZjlhLWY3Y2ZkMjU2ZTIyNyIsImRhdGEiOnt9LCJyYW5kb20iOiJiZmRhNDBiM2Q3ODg2NDMzZmM1MDBjZGE3NzU4Zjg5YSJ9.Hdpom4DbW3q0y3AeJHi6M6uVHyBCxebj8y1Bjoe9jJCv8S0PxERgN3yBPmvfpWNPbPoBQglATmEtIKsB6y3yKQ
https://zenodo.org/records/19222583?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjIxNzEyMDBiLThmNjUtNDA3ZS1hZjlhLWY3Y2ZkMjU2ZTIyNyIsImRhdGEiOnt9LCJyYW5kb20iOiJiZmRhNDBiM2Q3ODg2NDMzZmM1MDBjZGE3NzU4Zjg5YSJ9.Hdpom4DbW3q0y3AeJHi6M6uVHyBCxebj8y1Bjoe9jJCv8S0PxERgN3yBPmvfpWNPbPoBQglATmEtIKsB6y3yKQ
https://zenodo.org/records/19222583?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjIxNzEyMDBiLThmNjUtNDA3ZS1hZjlhLWY3Y2ZkMjU2ZTIyNyIsImRhdGEiOnt9LCJyYW5kb20iOiJiZmRhNDBiM2Q3ODg2NDMzZmM1MDBjZGE3NzU4Zjg5YSJ9.Hdpom4DbW3q0y3AeJHi6M6uVHyBCxebj8y1Bjoe9jJCv8S0PxERgN3yBPmvfpWNPbPoBQglATmEtIKsB6y3yKQ
https://zenodo.org/records/19222583?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjIxNzEyMDBiLThmNjUtNDA3ZS1hZjlhLWY3Y2ZkMjU2ZTIyNyIsImRhdGEiOnt9LCJyYW5kb20iOiJiZmRhNDBiM2Q3ODg2NDMzZmM1MDBjZGE3NzU4Zjg5YSJ9.Hdpom4DbW3q0y3AeJHi6M6uVHyBCxebj8y1Bjoe9jJCv8S0PxERgN3yBPmvfpWNPbPoBQglATmEtIKsB6y3yKQ
https://doi.org/10.3390/cancers15072160
https://doi.org/10.3390/cancers13061399
https://doi.org/10.1083/jcb.201702033
https://doi.org/10.1016/j.biopha.2023.115425
https://doi.org/10.1016/j.ccell.2023.02.015
https://www.ncbi.nlm.nih.gov/pubmed/36917949
https://doi.org/10.1016/j.cell.2023.03.016
https://www.ncbi.nlm.nih.gov/pubmed/37059066
https://doi.org/10.1007/s00277-024-05843-4
https://www.ncbi.nlm.nih.gov/pubmed/38900304
https://doi.org/10.3390/cancers6031363
https://doi.org/10.3390/cancers18091467

Cancers 2026, 18, 1467 22 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sakemura, R.; Hefazi, M,; Siegler, E.L.; Cox, M.].; Larson, D.P.; Hansen, M.].; Manriquez Roman, C.; Schick, K.J.; Can, I; Tapper,
E.E.; et al. Targeting cancer-associated fibroblasts in the bone marrow prevents resistance to CART-cell therapy in multiple
myeloma. Blood 2022, 139, 3708-3721. [CrossRef]

Kennel, K.B.; Bozlar, M.; De Valk, A.F,; Greten, ER. Cancer-Associated Fibroblasts in Inflammation and Antitumor Immunity.
Clin. Cancer Res. 2023, 29, 1009-1016. [CrossRef]

Xia, B.; Qiu, L.; Yue, ].; Si, J.; Zhang, H. The metabolic crosstalk of cancer-associated fibroblasts and tumor cells: Recent advances
and future perspectives. Biochim. Biophys. Acta Rev. Cancer 2024, 1879, 189190. [CrossRef]

Singh, L.; Nair, L.; Kumar, D.; Arora, M.K,; Bajaj, S.; Gadewar, M.; Mishra, S.S.; Rath, S.K.; Dubey, A.K.; Kaithwas, G.; et al.
Hypoxia induced lactate acidosis modulates tumor microenvironment and lipid reprogramming to sustain the cancer cell survival.
Front. Oncol. 2023, 13, 1034205. [CrossRef]

Ping, Q.; Wang, C.; Cheng, X.; Zhong, Y.; Yan, R.; Yang, M.; Shi, Y;; Li, X.; Li, X.; Huang, W.; et al. TGF-betal dominates stromal
fibroblast-mediated EMT via the FAP/VCAN axis in bladder cancer cells. |. Transl. Med. 2023, 21, 475. [CrossRef] [PubMed]
Wold, E; Ballou, C.E. Studies on the enzyme enolase. I. Equilibrium studies. J. Biol. Chem. 1957, 227, 301-312. [CrossRef]

Wold, E; Ballou, C.E. Studies on the enzyme enolase. II. Kinetic studies. . Biol. Chem. 1957, 227, 313-328. [CrossRef] [PubMed]
Plow, E.F; Das, R. Enolase-1 as a plasminogen receptor. Blood 2009, 113, 5371-5372. [CrossRef]

Wang, H.; Zhang, S.; Kui, X,; Ren, J.; Zhang, X.; Gao, W.; Zhang, Y.; Liu, H.; Yan, J.; Sun, M.; et al. Ciwujianoside E inhibits
Burkitt lymphoma cell proliferation and invasion by blocking ENO1-plasminogen interaction and TGF-betal activation. Biomed.
Pharmacother. 2024, 177, 116970. [CrossRef] [PubMed]

Almaguel, FA.; Sanchez, TW.; Ortiz-Hernandez, G.L.; Casiano, C.A. Alpha-Enolase: Emerging Tumor-Associated Antigen,
Cancer Biomarker, and Oncotherapeutic Target. Front. Genet. 2020, 11, 614726. [CrossRef]

Ray, A.; Song, Y.; Du, T.; Chauhan, D.; Anderson, K.C. Preclinical validation of Alpha-Enolase (ENO1) as a novel immunometabolic
target in multiple myeloma. Oncogene 2020, 39, 2786-2796. [CrossRef]

Chung, I.C.; Huang, W.C.; Huang, Y.T.; Chen, M.L.; Tsai, A.W.; Wu, P.Y,; Yuan, T.T. Unrevealed roles of extracellular enolase-1
(ENO1) in promoting glycolysis and pro-cancer activities in multiple myeloma via hypoxia-inducible factor lalpha. Oncol. Rep.
2023, 50, 205. [CrossRef]

Jiang, K.; Dong, C.; Yin, Z.; Li, R.; Mao, J.; Wang, C.; Zhang, J.; Gao, Z.; Liang, R.; Wang, Q.; et al. Exosome-derived ENO1
regulates integrin alpha6beta4 expression and promotes hepatocellular carcinoma growth and metastasis. Cell Death Dis. 2020,
11, 972. [CrossRef]

Chen, M.L.; Yuan, T.T.; Chuang, C.E; Huang, Y.T.; Chung, I.C.; Huang, W.C. A Novel Enolase-1 Antibody Targets Multiple
Interacting Players in the Tumor Microenvironment of Advanced Prostate Cancer. Mol. Cancer Ther. 2022, 21, 1337-1347.
[CrossRef]

Yu, L.; Shi, J.; Cheng, S.; Zhu, Y.; Zhao, X.; Yang, K.; Du, X.; Klocker, H.; Yang, X.; Zhang, J. Estrogen promotes prostate cancer cell
migration via paracrine release of ENO1 from stromal cells. Mol. Endocrinol. 2012, 26, 1521-1530. [CrossRef]

Zhu, A.Z. Quantitative translational modeling to facilitate preclinical to clinical efficacy & toxicity translation in oncology. Future
Sci. OA 2018, 4, FSO306. [CrossRef] [PubMed]

Ikeda, S.; Abe, F; Matsuda, Y.; Kitadate, A.; Takahashi, N.; Tagawa, H. Hypoxia-inducible hexokinase-2 enhances anti-apoptotic
function via activating autophagy in multiple myeloma. Cancer Sci. 2020, 111, 4088-4101. [CrossRef] [PubMed]

Maiso, P.; Huynh, D.; Moschetta, M.; Sacco, A.; Aljawai, Y.; Mishima, Y.; Asara, ].M.; Roccaro, A.M.; Kimmelman, A.C.; Ghobrial,
I.M. Metabolic signature identifies novel targets for drug resistance in multiple myeloma. Cancer Res. 2015, 75, 2071-2082.
[CrossRef]

Matamala Montoya, M.; van Slobbe, G.].].; Chang, ].C.; Zaal, E.A.; Berkers, C.R. Metabolic changes underlying drug resistance in
the multiple myeloma tumor microenvironment. Front. Oncol. 2023, 13, 1155621. [CrossRef] [PubMed]

Zaal, E.A.; Wu, W,; Jansen, G.; Zweegman, S.; Cloos, J.; Berkers, C.R. Bortezomib resistance in multiple myeloma is associated
with increased serine synthesis. Cancer Metab. 2017, 5, 7. [CrossRef]

Kaur, S.P; Verma, A.; Lee, HK; Barnett, L.M.; Somanath, P.R.; Cummings, B.S. Inhibition of glypican-1 expression induces an
activated fibroblast phenotype in a human bone marrow-derived stromal cell-line. Sci. Rep. 2021, 11, 9262. [CrossRef]

Zi,EM.; He, ].S,; Li, Y.; Wu, C.; Wu, W],; Yang, Y.; Wang, L.].; He, D.H.; Yang, L.; Zhao, Y.; et al. Fibroblast activation protein
protects bortezomib-induced apoptosis in multiple myeloma cells through beta-catenin signaling pathway. Cancer Biol. Ther. 2014,
15,1413-1422. [CrossRef]

Miari, K.E.; Williams, M.T.S. Stromal bone marrow fibroblasts and mesenchymal stem cells support acute myeloid leukaemia
cells and promote therapy resistance. Br. J. Pharmacol. 2024, 181, 216-237. [CrossRef]

Nurmik, M.; Ullmann, P,; Rodriguez, F; Haan, S.; Letellier, E. In search of definitions: Cancer-associated fibroblasts and their
markers. Int. ]. Cancer 2020, 146, 895-905. [CrossRef]

Sun, P; Hu, JW.; Xiong, W.J.; Mi, J. miR-186 regulates glycolysis through Glutl during the formation of cancer-associated
fibroblasts. Asian Pac. J. Cancer Prev. 2014, 15, 4245-4250. [CrossRef] [PubMed]

https://doi.org/10.3390/ cancers18091467


https://doi.org/10.1182/blood.2021012811
https://doi.org/10.1158/1078-0432.CCR-22-1031
https://doi.org/10.1016/j.bbcan.2024.189190
https://doi.org/10.3389/fonc.2023.1034205
https://doi.org/10.1186/s12967-023-04303-3
https://www.ncbi.nlm.nih.gov/pubmed/37461061
https://doi.org/10.1016/S0021-9258(18)70816-8
https://doi.org/10.1016/S0021-9258(18)70817-X
https://www.ncbi.nlm.nih.gov/pubmed/13449075
https://doi.org/10.1182/blood-2009-03-208546
https://doi.org/10.1016/j.biopha.2024.116970
https://www.ncbi.nlm.nih.gov/pubmed/38897160
https://doi.org/10.3389/fgene.2020.614726
https://doi.org/10.1038/s41388-020-1172-0
https://doi.org/10.3892/or.2023.8642
https://doi.org/10.1038/s41419-020-03179-1
https://doi.org/10.1158/1535-7163.MCT-21-0285
https://doi.org/10.1210/me.2012-1006
https://doi.org/10.4155/fsoa-2017-0152
https://www.ncbi.nlm.nih.gov/pubmed/29796306
https://doi.org/10.1111/cas.14614
https://www.ncbi.nlm.nih.gov/pubmed/32790954
https://doi.org/10.1158/0008-5472.CAN-14-3400
https://doi.org/10.3389/fonc.2023.1155621
https://www.ncbi.nlm.nih.gov/pubmed/37091139
https://doi.org/10.1186/s40170-017-0169-9
https://doi.org/10.1038/s41598-021-88519-7
https://doi.org/10.4161/cbt.29924
https://doi.org/10.1111/bph.16028
https://doi.org/10.1002/ijc.32193
https://doi.org/10.7314/APJCP.2014.15.10.4245
https://www.ncbi.nlm.nih.gov/pubmed/24935378
https://doi.org/10.3390/cancers18091467

Cancers 2026, 18, 1467 23 of 23

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Zhu, Y.; Li, X,; Wang, L.; Hong, X.; Yang, ]. Metabolic reprogramming and crosstalk of cancer-related fibroblasts and immune cells
in the tumor microenvironment. Front. Endocrinol. 2022, 13, 988295. [CrossRef] [PubMed]

Khalil, N. TGF-beta: From latent to active. Microbes Infect. 1999, 1, 1255-1263. [CrossRef]

Schwestermann, J.; Besse, A.; Driessen, C.; Besse, L. Contribution of the Tumor Microenvironment to Metabolic Changes
Triggering Resistance of Multiple Myeloma to Proteasome Inhibitors. Front. Oncol. 2022, 12, 899272. [CrossRef]

Neumeister, P; Schulz, E.; Pansy, K.; Szmyra, M.; Deutsch, A.J. Targeting the Microenvironment for Treating Multiple Myeloma.
Int. J. Mol. Sci. 2022, 23,7627. [CrossRef] [PubMed]

Oerlemans, R.; Franke, N.E.; Assaraf, Y.G.; Cloos, ].; van Zantwijk, I.; Berkers, C.R.; Scheffer, G.L.; Debipersad, K.; Vojtekova, K.;
Lemos, C.; et al. Molecular basis of bortezomib resistance: Proteasome subunit beta5 (PSMB5) gene mutation and overexpression
of PSMBS5 protein. Blood 2008, 112, 2489-2499. [CrossRef]

Barrio, S.; Stuhmer, T.; Da-Via, M.; Barrio-Garcia, C.; Lehners, N.; Besse, A.; Cuenca, I.; Garitano-Trojaola, A.; Fink, S.; Leich, E.;
et al. Spectrum and functional validation of PSMB5 mutations in multiple myeloma. Leukemia 2019, 33, 447-456. [CrossRef]
Bai, Y.; Su, X. Updates to the drug-resistant mechanism of proteasome inhibitors in multiple myeloma. Asia Pac. |. Clin. Oncol.
2021, 17, 29-35. [CrossRef]

Liang, L.; Li, W.; Li, X;; Jin, X;; Liao, Q.; Li, Y.; Zhou, Y. ‘Reverse Warburg effect’ of cancer-associated fibroblasts (Review). Int. J.
Oncol. 2022, 60, 67. [CrossRef] [PubMed]

Didiasova, M.; Schaefer, L.; Wygrecka, M. When Place Matters: Shuttling of Enolase-1 Across Cellular Compartments. Front. Cell
Dev. Biol. 2019, 7, 61. [CrossRef]

Diaz-Ramos, A.; Roig-Borrellas, A.; Garcia-Melero, A.; Lopez-Alemany, R. alpha-Enolase, a multifunctional protein: Its role on
pathophysiological situations. J. Biomed. Biotechnol. 2012, 2012, 156795. [CrossRef]

Roccaro, A.M.; Sacco, A.; Maiso, P.; Azab, A.K,; Tai, Y.T.; Reagan, M.; Azab, E,; Flores, L.M.; Campigotto, E; Weller, E.; et al. BM
mesenchymal stromal cell-derived exosomes facilitate multiple myeloma progression. J. Clin. Investig. 2013, 123, 1542-1555.
[CrossRef]

Huang, C.K; Sun, Y,; Lv, L.; Ping, Y. ENOI1 and Cancer. Mol. Ther. Oncolytics 2022, 24, 288-298. [CrossRef] [PubMed]

Li, Y,; Liu, L.; Li, B. Role of ENOL1 and its targeted therapy in tumors. J. Transl. Med. 2024, 22, 1025. [CrossRef]

Ringuette Goulet, C.; Bernard, G.; Tremblay, S.; Chabaud, S.; Bolduc, S.; Pouliot, F. Exosomes Induce Fibroblast Differentiation
into Cancer-Associated Fibroblasts through TGFbeta Signaling. Mol. Cancer Res. 2018, 16, 1196-1204. [CrossRef]

Jenkins, G. The role of proteases in transforming growth factor-beta activation. Int. J. Biochem. Cell Biol. 2008, 40, 1068-1078.
[CrossRef]

Chen, R.; Li, D.; Zheng, M.; Chen, B.; Wei, T.; Wang, Y.; Li, M.; Huang, W.; Tong, Q.; Wang, Q.; et al. FGFRLI1 affects
chemoresistance of small-cell lung cancer by modulating the PI3K/ Akt pathway via ENOL. J. Cell Mol. Med. 2020, 24, 2123-2134.
[CrossRef]

Tu, S.H.; Chang, C.C.; Chen, C.S.; Tam, KW.; Wang, Y.J.; Lee, C.H,; Lin, HW.,; Cheng, T.C.; Huang, C.S.; Chu, ].S; et al. Increased
expression of enolase alpha in human breast cancer confers tamoxifen resistance in human breast cancer cells. Breast Cancer Res.
Treat. 2010, 121, 539-553. [CrossRef] [PubMed]

Rajkumar, S.V. Multiple myeloma: 2024 update on diagnosis, risk-stratification, and management. Am. |. Hematol. 2024, 99,
1802-1824. [CrossRef] [PubMed]

Ciardiello, D.; Elez, E.; Tabernero, J.; Seoane, J. Clinical development of therapies targeting TGFbeta: Current knowledge and
future perspectives. Ann. Oncol. 2020, 31, 1336-1349. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cancers18091467


https://doi.org/10.3389/fendo.2022.988295
https://www.ncbi.nlm.nih.gov/pubmed/36046791
https://doi.org/10.1016/S1286-4579(99)00259-2
https://doi.org/10.3389/fonc.2022.899272
https://doi.org/10.3390/ijms23147627
https://www.ncbi.nlm.nih.gov/pubmed/35886976
https://doi.org/10.1182/blood-2007-08-104950
https://doi.org/10.1038/s41375-018-0216-8
https://doi.org/10.1111/ajco.13459
https://doi.org/10.3892/ijo.2022.5357
https://www.ncbi.nlm.nih.gov/pubmed/35425996
https://doi.org/10.3389/fcell.2019.00061
https://doi.org/10.1155/2012/156795
https://doi.org/10.1172/JCI66517
https://doi.org/10.1016/j.omto.2021.12.026
https://www.ncbi.nlm.nih.gov/pubmed/35434271
https://doi.org/10.1186/s12967-024-05847-8
https://doi.org/10.1158/1541-7786.MCR-17-0784
https://doi.org/10.1016/j.biocel.2007.11.026
https://doi.org/10.1111/jcmm.14763
https://doi.org/10.1007/s10549-009-0492-0
https://www.ncbi.nlm.nih.gov/pubmed/19655245
https://doi.org/10.1002/ajh.27422
https://www.ncbi.nlm.nih.gov/pubmed/38943315
https://doi.org/10.1016/j.annonc.2020.07.009
https://doi.org/10.3390/cancers18091467

	Introduction 
	Materials and Methods 
	Cell Culture 
	MM Xenografts and MM-TME Mouse Models 
	Measurement of MM Cell Viability After Co-Culturing with MM-Educated BMSCs 
	HuL001, Recombinant ENO1, and Other Reagents 
	IC50 Determination 
	RNA Interference 
	Flow Cytometry Detection of Cell Surface ENO1 
	Western Blotting 
	Detection of Secreted ENO1 
	Measurement of Lactate 
	Cytokine ELISA 
	Measurement of Glucose Uptake 
	Measurement of the Plasminogen Receptor Activity of ENO1 
	Statistical Analysis 

	Results 
	Total, Surface and Secreted ENO1 Levels, and Glycolytic Activity Are Increased in BTZ Resistant MM Cells 
	HuL001 Reduces Tumor Growth in BTZ-Resistant MM Xenograft 
	HuL001 Reduces CAF-like Differentiation, Glycolytic Activity and Secretion of IL-6 and VEGF in MM-Educated BMSCs 
	HIF-1 Contributes to Glycolytic Remodeling and Modulates FAP Expression in MM-Educated BMSCs 
	Extracellular ENO1 Promotes MM-Associated CAF Differentiation of BMSCs via the Plasmin/TGF- Axis 
	Promotion Activity of MM Cell Proliferation of MM-Educated BMSCs Is Significantly Reduced After HuL001 Treatment In Vitro and In Vivo 
	Combination of HuL001 with LEN Enhances Antitumor Activity in BTZ-Resistant MM Xenografts 

	Discussion 
	Conclusions 
	References

