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Flow Cytometry-Based Photodynamic Diagnosis with
5-Aminolevulinic Acid for the Detection of Minimal Residual
Disease in Multiple Myeloma
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Multiple myeloma is the cancer of plasma cells. Along with the development of new and effective therapies,
improved outcomes in patients with multiple myeloma have increased the interest in minimal residual
disease (MRD) monitoring. However, the considerable heterogeneity of immunophenotypic and molecular
markers of myeloma cells has limited its clinical application. 5-Aminolevulinic acid (ALA) is a natural
compound in the heme biosynthesis pathway. Following ALA treatment, tumor cells preferentially
accumulate porphyrins because of the differential activities of aerobic glycolysis, known as Warburg effect.
Among various porphyrins, protoporphyrine IX is a strong photosensitizer; thus, ALA-based photodynamic
diagnosis has been widely used in various solid cancers. Here, the feasibility of flow cytometry-based
photodynamic detection of MRD was tested in multiple myeloma. Among various human cell lines of
hematological malignancies, including K562 erythroleukemia, Jurkat T-cell leukemia, Nalm6 pre-B cell
leukemia, KG1a myeloid leukemia, and U937 monocytic leukemia, human myeloma cell line, KMS18, and
OPM2 abundantly expressed ALA transporters, such as SLC36A1 and SLC15A2, and 1 mM ALA treatment
for 24 h resulted in nearly 100% porphyrin fluorescence expression, which could be competitively inhibited
by ALA transport with gamma-aminobutyric acid. Titration studies revealed that the lowest ALA
concentration required to achieve nearly 100% porphyrin fluorescence in KMS18 cells was 0.25 mM, with
an incubation period of 2 h. Under these conditions, incubation of primary peripheral blood mononuclear
cells resulted in only 1.8 % of the cells exhibiting porphyrin fluorescence. Therefore, flow cytometry-based
photodynamic diagnosis is a promising approach for detecting MRD in multiple myeloma.
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Introduction

5-aminolevulinic acid (ALA), an important precursor
of heme, is a natural amino acid synthesized in the mito-
chondria of both animals and plants (Ishizuka et al. 2011).
It is synthesized from glycine and succinyl-CoA in the
mitochondria and catalyzed by two different ALA synthases
(ALAS): one expressed ubiquitously (ALAS1) and the
other expressed by erythroid precursors (ALAS2) only
(Furuyama et al. 2007). ALA is exported to the cytosol
during synthesis, where it is converted to coproporphyrino-
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gen IIl. The remaining steps of heme biosynthesis occur
inside the mitochondria. Coproporphyrinogen III is
imported to the mitochondria and finally catalyzed into pro-
toporphyrin IX (PpIX). Subsequently, heme is generated
by inserting ferrous iron into protoporphyrin IX, which is
then catalyzed by ferrochelatase (FECH). Exogeneous
ALA administration bypasses ALAS regulation and satu-
rates FECH, resulting in PpIX accumulation (Ishizuka et al.
2011). Tumor cells have been known to preferentially
accumulate PpIX upon ALA administration, by increasing
ALA uptake and perhaps decreasing FECH activity, known
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as the “Warburg effect” (Warburg 1956). Because PpIX is
an active photosensitizer, ALA-based photodynamic diag-
nosis has been used for various cancers (Gibbs et al. 2006;
Ishizuka et al. 2011; Nokes et al. 2013).

Multiple myeloma is a type of cancer of plasma cells,
a type of white blood cells that normally produce antibodies
(Paiva et al. 2015). With the development of new and
effective therapies that significantly contribute to improved
outcomes, the majority of patients with multiple myeloma
will inevitably relapse (Paiva et al. 2015). Therefore, detec-
tion of minimal residual disease (MRD) has recently
become essential to assess the treatment effectiveness
against multiple myeloma (Paiva et al. 2015; Gambella et
al. 2019). To date, several techniques have been explored,
as represented by multicolor flow cytometry- and next-gen-
eration sequencing-based MRD detections (Paiva et al.
2015; Gambella et al. 2019). Both techniques exhibited
high sensitivity in detecting myeloma cells (107 to 10°)
(Paiva et al. 2015); however, their clinical application has
currently been quite limited. The multicolor flow cytome-
try utilizes a complex combination of multiple antibodies,
thereby requiring further technical standardization, whereas
the next-generation sequencing could not be applied to all
patients with myeloma owing to the availability of tumor-
specific molecular markers as well as the accessibility of
specialized facilities for comprehensive sequencing (Paiva
et al. 2015; Anderson et al. 2017; Gambella et al. 2019).
Thus, more simple and versatile techniques should be used.

ALA-based photodynamic diagnosis has been used for
various solid cancers, such as breast and brain (Ishizuka et
al. 2011; Nokes et al. 2013). In this application, ALA
should be systemically administered orally and intrave-
nously (Ishizuka et al. 2011; Nokes et al. 2013). However,
PpIX fluorescence could possibly be detected using flow
cytometry. In the latter situation, ALA could be used as an
ex vivo treatment, thereby reducing the need for systemic
ALA administration. Thus, this study explored the poten-
tial usefulness of flow cytometry-based detection of MRD
in multiple myeloma.

Material and Methods

Cell culture and reagents

OPM2 and KMS18, human multiple myeloma cell lines, were
obtained from DSMZ-German Collection of Microorganisms and
Cell Culture (Braunschweig, Germany) and Dr. Otsuki (Kawasaki
Medical School, Okayama, Japan), respectively. K562 erythroleuke-
mia cell line, human T-cell leukemia cell line Jurkat, human pre-B-
cell leukemia cell line Nalm6, myeloid leukemia cell line KGla, and
human monocytic cell line U937 were acquired as previously
described (Saito et al. 2015). ALA hydrochloride (SBI
Pharmaceuticals Co., Ltd., Tokyo, Japan) and gamma-aminobutyric
acid (GABA) (Sigma) were prepared with distilled water. All cells
were cultured in the RPMI-1640 medium, containing 10% fetal
bovine serum (Biowest, Miami, FL) and 1% penicillin-streptomycin
(Sigma, St. Louis, MO, USA) in a humidified incubator at 37°C with
5% carbon dioxide.

Preparation of human peripheral blood mononuclear cell (PBMC)

To obtain PBMCs, fresh whole blood samples from a single
normal volunteer were collected in an ethylenediamine tetraacetic
acid (EDTA)-treated tube, and overlaid on Ficoll-Paque PLUS (GE
Healthcare, Uppsala, Sweden) and subjected to centrifugation at 1,500
rpm for 30 min at room temperature. After removing the upper layer,
the mononuclear cells were washed twice with phosphate-buffered
saline (PBS), and were seeded in the RPMI-1640 medium, containing
10% fetal bovine serum (Biowest) and 1% penicillin-streptomycin
(Sigma). The study was approved by ethical committee of Tohoku
University Graduate School of Medicine.

Real-time quantitative reverse transcription-polymerase chain reac-
tion (RT-PCR)

The total RNA was purified using TRIzol (Invitrogen), and 1 ug
of purified total RNA was used to synthesize the complementary
DNA (cDNA) using the ReverTra Ace qPCR-RT Master Mix
(TOYOBO). Reaction mixtures (20 xL) for real-time quantitative
RT-PCR comprised 2 uL of cDNA, 10 uL of Quantitect SYBR Green
PCR Master Mix (QIAGEN), and appropriate primers. Reaction pro-
gram is as follows; 94°C (denature) for 30 sec, 60°C (annealing) for
30 sec, and 72°C (extension) for 30 sec using C1000 Thermal Cycler
CFX96™ Real-Time system (Bio-Rad laboratories, Hercules, CA,
USA). Product accumulation was monitored by measuring the SYBR
Green fluorescence and was normalized according to GAPDH mes-
senger RNA (mRNA).

To evaluate the expression levels of human ALA transporters
[i.e., solute carrier family 36 (proton/amino acid symporter), member
(SLC36A1); solute carrier family 15 (oligopeptide transporter), mem-
bers (SLC15A1 and SLC15A2); and solute carrier family 6 (neu-
rotransmitter transporter), member 13 (SLC6A1)], an amplified
cDNA fragment of each gene was cloned using the pGEM™-T Easy
Vector (Promega, Madison, WI), which was used as an internal stan-
dard in quantitative RT-PCR. The plasmid copy number was calcu-
lated as follows: copy number (copy/uL) = 6.02 x 10% x [plasmid
DNA concentration (ug/uL)] x 107/ [total plasmid size (base pair)] x
660. Primer sequences are shown in Table 1.

Flow cytometry

The RPMI-1640 medium containing ALA was used to incubate
cells, which were subsequently washed with phosphate-buffered
saline. Protoporphyrin IX (PpIX) fluorescence was measured using
BD FACSAria II flow cytometers (BD Biosciences, Franklin Lakes,
NJ, USA) with an excitation and emission wavelengths of 488 nm
and 685-735 nm, respectively. Phycoerythrin-conjugated antibodies
against human CD3 (clone SP34-2), CD14 (clone M5E2), and CD19
(clone HIB19) were purchased from BD pharmingen (BD
Biosciences).

Results and Discussion

Multiple myeloma cell lines preferentially accumulate ALA-
induced PpIX

First, a quantitative RT-PCR analysis of previously
identified ALA transporters was performed based on vari-
ous cell lines of hematological malignancy. Two proton-
coupled oligopeptide transporters (SLC15A1, peptide trans-
porter [PepT] 1, and SLC15A2, PepT2) (Ahlin et al. 2009,
Ingersoll et al. 2012), a human proton-coupled amid acid
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Table 1. Oligonucleotide primers for RT-PCR.

Gene Direction Sequence (5' — 3') Amplicon length(bp)

GAPDH Forward GAAGGTCGGAGTCAACGGATTT 158
Reverse GAATTTGCCATGGGTGGAAT

SLC15A1 Forward AGGCTTCACAATAAGCTCAACA 141
Reverse CTTCAAACACCTTCACTTCAGG

SLC15A2 Forward CTTTGGTGCAGCATATCTGTTT 134
Reverse AGCTGTAACCAGGGCATATTGT

SLC36A1 Forward GATCCACCTGTTAAAAGGCAAC 151
Reverse TGAGCACATTTCACCAGGATA

SLC6A13 Forward TTCTACCTCTTCAGCAGCTTCA 127
Reverse GGCATTCTCAGAGGTACCATTC
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Fig. 1. Expression of ALA transporters in various cell lines of hematological malignancies.
Quantitative RT-PCR analysis of human SLC36A41, SLC1541, SLC1542, and SLC6A413 in KMS18, OPM2, U937,
Jurkat, K562, KG1la, and Nalm6 cells. The copy number of each gene relative to that of GAPDH was calculated (n = 3,

mean =+ SE).

transporter (SLC36A1) (Frolund et al. 2010), and a beta
transporter (SLC6A13, GABA transporter 2) were used
(Bermudez Moretti et al. 2002). Fig. 1 shows that SLC36A41
and SLCI1542 were abundantly expressed in KMSI18,
OPM2, and U937 cells; moderately expressed in Jurkat,
K562, and Nalm6 cells; and weakly expressed in KGla
cells. In contrast, expression levels of SLCI/541 and
SLC6A13 were nearly undetectable in all cell lines (data not

shown), which was also similar to that of our previous
study based on erythroid cells (Fujiwara et al. 2014).

Next, we evaluated whether PpIX accumulation could
be detected using flow cytometry in these cell lines. When
1 mM of ALA was administered for 24 h, KMSI8 and
OPM2 multiple myeloma cell lines exhibited nearly 100%
PpIX positivity (Fig. 2). Moreover, PpIX accumulation
was found under the ultraviolet irradiation (Fig. 3A).
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Fig. 2. Flow cytometry-based PpIX detection in ALA-treated various cell lines in hematological malignancies.
Flow cytometric analysis to detect PpIX accumulation in ALA-treated (1 mM, 24 h) cell lines of hematological malignancies. As a
control condition, ALA-untreated cells were prepared by parallel culturing. Each plot is representative of two independent experi-
ments, and PpIX positivity is an average of two independent experiments.

However, PpIX positivity in other cell lines varied from
33.5% to 87.6% (Fig. 2). Interestingly, U937, Jurkat, and
KGla cell lines even exhibited the bimodal pattern, and
only a subset of K562 and Nalm6 cells showed PpIX posi-

tivity (Fig. 2). The cause of various PpIX intensity within a
single cell line remains unknown, and a previous study sug-
gested that it was due to the presence of two subpopulations
within the Jurkat cell line with distinct miRNA profiles
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Fig. 3. GABA treatment significantly impedes the effects of ALA in K562 cells.
(A) Ultraviolet irradiated control or ALA-treated KMS18 cells. (B) Flow cytometric analysis to detect PpIX accumula-
tion in the control, ALA, GABA, and ALA+GABA-treated KMS18 cells. ALA and GABA were administered at | mM
and 40 mM, respectively, for 24 h. Each plot is representative of two independent experiments.

(Erdogan et al. 2018). Another study also demonstrated
that it was caused by the karyotypic heterogeneity of the
Raji Burkitt lymphoma cell line (Savelyeva and Mamaeva
1988). Thus, the heterogeneity within a subset of each cell
line was suspected to contribute to differences in PpIX
accumulation capacity.

ALA and GABA are structurally similar; therefore,
both of them could serve as SLC36A1 and SLC15A1 sub-
strates (Thwaites et al. 2000; Frolund et al. 2010). Thus, to
confirm whether ALA could be incorporated into the
KMS18 cells through ALA transporters, GABA was used as
a competitive inhibitor of ALA transportation into K562

cells, as previously reported (Frolund et al. 2010). Fig. 3B
shows that ALA-mediated PpIX fluorescence was signifi-
cantly obstructed by GABA treatment.

Although U937 monocytic cells relatively expressed
high ALA transporter levels (Fig. 1), ALA-induced PpIX
accumulation was less efficient than KMS18 and OPM2
multiple myeloma cell lines (Fig. 2). Therefore, these dif-
ferences were speculated to be partly due to the differential
activities of aerobic glycolysis, known as the “Warburg
effect,” as previously described (Warburg 1956). Several
studies have demonstrated high expression of key regula-
tors of the Warburg effect in myeloma cells, such as lactate
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dehydrogenase A (LDHA), pyruvate dehydrogenase kinase
1 (PDK1), and pyruvate kinase M2 (PKM?2), to support our
hypothesis (Fujiwara et al. 2013; Panchabhai et al. 2017).
Alternatively, the possibility that other transporters, or even
passive diffusion, might contribute to these differences can-
not be completely eliminated. To the best of our knowl-
edges, there is no prior study demonstrating high expression
for ALA transporters as well as ALA-induced strong PpIX
accumulation in multiple myeloma cells. Thus, further
analyses are required to clarify the mechanism behind the
accumulation of ALA-induced PpIX in multiple myeloma
cell lines.

Therefore, these results suggest that multiple myeloma
cells may be a reasonable candidate for ALA-based photo-
dynamic diagnosis.

Effects of ALA on PpIX accumulation in primary PBMCs
To determine whether flow cytometry-based photody-
namic diagnosis for multiple myeloma could be used as a
routine clinical diagnostic method, effects of ALA on PpIX
accumulation were tentatively assessed based on primary
PBMCs as a normal counterpart. As described, myeloma
cell lines have been predicted to more efficiently play a role
in the accumulation of PpIX during an ALA treatment than
normal PBMCs. When 1 mM of ALA was administered for
24 h, showing nearly 100% PpIX positivity in KMS18 cells
(Fig. 2), a significant proportion (12.5%) of primary
PBMCs exhibited PpIX positivity (Fig. 4), which makes
discrimination between myeloma and normal cells difficult
just based on PpIX positivity. Thus, a titration study was
conducted based on KMS18 cells to define the optimal ALA
concentration and incubation time. As shown in Fig. 5A,
PpIX accumulation peaked as early as 2 h of incubation
under an ALA concentration of 1 mM. Further, when ALA
concentration was titrated by fixing the exposure time of 2
h, nearly all cells (97.7%) exhibited PpIX positivity at the
lowest concentration of 0.25 mM, whereas the positivity
strongly dropped to 4.4% at the concentration of 0.1 mM
(Fig. 5B, C). Moreover, when the incubation time was fur-

ther shortened to 1 h under the ALA concentration of 0.25
mM, PpIX positivity was strongly decreased (9.5%; Fig.
5C).

When primary PBMC was treated with ALA at 0.25
mM for 2 h, only 1.8% of the cells were found to weakly
show PpIX positivity (Figs. 5C, 6A). However, with fur-
ther reduction of ALA exposure (0.25 mM for 1 h, 0.1 mM
for 1 or 2 h) could obviously suppress PpIX positivity in
PBMC:s (0.2-0.9%), the PpIX positivity in KMS18 was also
strongly suppressed (Fig. 5C). Higher ALA concentration
and shorter exposure time, such as 1 mM for 1 h, might
possibly discriminate myeloma and normal cells. However,
previous studies indicated that ALA treatment at higher
concentration (0.5-1 mM) significantly compromised the
proliferation of K562 cells (Pluskalova et al. 2006; Fujiwara
et al. 2014), implying that higher ALA concentration might
be toxic on both myeloma cells and perhaps on primary
PBMCs and thus could negatively affect the accuracy of
MRD detection. Thus, we favored that ALA treatment of
0.25 mM for 2h would be an optimal dose to discriminate
myeloma and normal cells. Based on the preferential PpIX
accumulation in myeloma cells (Figs. 1, 5, 6), we suppose
that our method would be able to detect very low number of
myeloma cells in the bone marrow. However, it should be
important to estimate the sensitivity of ALA-based MRD
detection technique by evaluating the ALA-induced PpIX
positivity based on a mixture of myeloma cells and PBMCs
at a different ratio (i.e., myeloma/PBMCs = 1/100, 1/1,000
or 1/10,000), and compare with the existing techniques,
including multicolor flow cytometry- and next-generation
sequencing-based MRD detections.

Finally, the cellular component among PBMCs show-
ing PpIX positivity was defined. As shown in Fig. 6B, a
cell fraction showing higher forward scatter (FSC)/side
scatter (SSC) (P2) exhibited PpIX positivity, whereas the
cell fraction showing lower FSC/SSC (P1) did not accumu-
late PpIX upon ALA treatment. As lower FSC/SSC
expresses CD3 or CD19, the fraction would correspond to
peripheral lymphocytes (Fig. 6C). On the contrary, a subset
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Fig. 4. Significant PpIX accumulation in primary PBMCs after ALA exposure.
Flow cytometric analysis to detect PpIX accumulation in ALA-treated (1 mM, 24 h) PBMCs. As a control condition,
ALA-untreated cells were prepared by parallel culturing. Each plot is representative of two independent experiments.
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experiments.

of higher FSC/SSC fraction was found to express CD14
(Fig. 6C), indicating that a monocyte fraction may tend to
accumulate PpIX after an ALA exposure. However, to the
best of our knowledge, neither the ALA effect on PpIX
accumulation nor expressions for ALA transporter in nor-
mal monocytes have been demonstrated, which would war-
rant further investigation. In contrast, some studies sug-
gested that both SLC15A1 and SLC15A2 were expressed

in macrophages (Ayyadurai et al. 2013; Hu et al. 2018),
which could be partly derived from bone marrow mono-
cytes (Varol et al. 2015). Interestingly, heme could promote
monocyte differentiation into macrophages by inducing the
transcription factor SPI-C (Haldar et al. 2014). Thus, we
could not ignore the possibility that ALA-mediated
enhanced the heme synthesis in monocytes that might
upregulate ALA transporters by specifying macrophage dif-
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(A) Flow cytometric analysis to detect PpIX accumulation in ALA-treated (0.25 mM, 2 h) PBMCs. Each plot is repre-
sentative of two independent experiments. (B) Identification of PpIX-positive cell fraction among PBMCs. A cell frac-
tion showing higher FSC forward scatter (FSC)/side scatter (SSC) (P2) exhibited PpIX positivity and expressed CD14,
whereas the cell fraction showing lower FSC/SSC (P1) did not accumulate PpIX upon ALA treatment. (C) The cell
fraction showing lower FSC/SSC (P1) expressed CD3 or CD19, while the cell fraction showing higher FSC/SSC (P2)
expressed CD14.
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ferentiation, thereby contributing to detectable PpIX fluo-
rescence within a subset of higher FSC/SSC fraction.

A limitation of this study is that only a small subset
(1.8%) of normal PBMC:s exhibited PpIX positivity even in
the titration study (Figs. 5, 6). In this regard, a previous
fundamental investigation for the detection of circulating
tumor cells, such as colon and gastric cancers, combining
the epithelial cell marker EpCAM (Epithelial cell adhesion
molecule, CD326) was applied in the ALA-based photody-
namic diagnosis, which might efficiently discriminate
peripheral blood and cancer cells (Matsusaka et al. 2014).
However, myeloma cells did not express EpCAM, and thus,
future identification of specific markers might be preferred.
Another limitation is that we only aimed to discriminate
myeloma cell lines and primary PBMCs: the use of bone
marrow samples derived from patients with multiple
myeloma would be important, because residual myeloma
cells might be preferentially observed in the bone marrow
niche. Whereas the combination of plasma cell markers
(CD138 and CD38) and additional markers (i.e., CDI19,
CD27, CD45, CD56, CDS81, and CD117) is used to dis-
criminate normal and clonal plasma cells, normal plasma
cells could exhibit a considerably heterogenous immuno-
phenotype according to their maturation process (Mei et al.
2009; Paiva et al. 2015). Also, CD38 negative multiple
myeloma could be observed following the treatment includ-
ing daratumumab (human monoclonal anti-CD38 directed
antibody) (Mykytiv et al. 2019). Therefore, further investi-
gations of the feasibility of ALA-based photodynamic diag-
nosis based on the bone marrow samples are required to
overcome these potential limitations.

In conclusion, these results indicate the potential use-
fulness of flow cytometry-based photodynamic diagnosis
for the detection of MRD in multiple myeloma.
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