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Abstract: Multiple myeloma (MM) is a malignant disease based on differentiated plasma cells
(PCs) in the bone marrow (BM). Flow cytometry and fluorescence microscopy, used to identify a
large combination of clusters of differentiation (CDs), are applied for MM immunophenotyping.
However, due to the heterogeneous MM immunophenotypes, more antibody panels are necessary for
a preliminary diagnosis and for the monitoring of minimal residual disease (MRD). In this study, we
evaluated the use of phage clones as probes for the identification of several PCs immunophenotypes
from MM patients. First, A 9-mer M13-pVIII phage display library was screened against an MM.1
cells line to identify peptides that selectively recognize MM.1 cells. Then, the most representative
phage clones, with amino acid sequences of foreign peptides closer to the consensus, were labelled
with isothiocyanate of fluorescein (FITC) and were used to obtain a fluorescent signal on cells in ex-
vivo samples by fluorescence microscopy. Selected phage clones were able to discriminate different
MM immunophenotypes from patients related to CD45, CD38, CD56, and CD138. Our results
highlight the possibility of using a phage-fluorescence probe for the simultaneous examination of
the presence/absence of CDs associated with disease usually detected by combination of anti-CD
antibodies. The design of a multi-phage imaging panel could represent a highly sensitive approach
for the rapid detection of immunophenotype subtypes and the subsequent characterization of patient
disease status.

Keywords: phage display selection; multiple myeloma (MM); FITC-labelled phage; fluorescent
imaging; immunophenotype identification

1. Introduction

Multiple myeloma (MM) is a hematological malignancy characterized by expansion
of immunophenotypically heterogeneous plasma cells (PC) in the bone marrow (BM) [1].
In order to improve the assessment of response to the therapy and prognostication, many
researchers focused their goal on the development of systems for preliminary diagnosis and
detection of minimal residual disease (MRD) in BM samples. Flow cytometry represents
the gold standard in the detection/differentiation of several MM subtypes, thanks to the
use of labelled antibodies against cell surface markers [2,3]. These clusters of differentiation
(CDs) permit the discrimination between normal/reactive PCs and aberrant myeloma
PCs, including the identification of non-PC normal/reactive BM cell compartments [4,5].

Appl. Sci. 2021, 11, 7910. https://doi.org/10.3390/app11177910 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-1152-948X
https://orcid.org/0000-0002-2104-5465
https://orcid.org/0000-0001-6611-2150
https://orcid.org/0000-0001-9132-7073
https://orcid.org/0000-0001-6621-6355
https://orcid.org/0000-0001-6156-8239
https://orcid.org/0000-0002-9130-9972
https://doi.org/10.3390/app11177910
https://doi.org/10.3390/app11177910
https://doi.org/10.3390/app11177910
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11177910
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11177910?type=check_update&version=1


Appl. Sci. 2021, 11, 7910 2 of 11

However, the differentiation of a single marker is not sufficient for a clear discrimination
of PC subtypes; diagnosis strategies require a large combination of CDs for the detection
and the identification of abnormal PCs from an MM patient [4]. Assessment of CD38 and
CD138 is usually applied to PCs identification. In particular, CD138, also called syndecan-1,
is a cell adhesion molecule involved in cell–cell or cell–matrix interactions, and is involved
in several cell activities [6]. Despite its usual expression in normal cells [7], CD138 results
in being one of the most abundant surface proteins in MM PCs and is associated with cell
proliferation and other carcinogenesis activities [8,9]. Due to that, several research studies
are focusing their goal on its use as an antigen receptor for diagnosis and therapy in MM
disease [10].

Due to very high expression and uniformity on surfaces of MM PCs, CD38 is also
being considered as a good target for new diagnostic and therapeutic approaches [11].
CD38 is a type II transmembrane glycoprotein, which has transmembrane receptor func-
tions in addition to ecto-enzymatic activities [12]. It is expressed on normal cell subsets,
such as T, NK, B, and dendritic cells, but it is also expressed during cell activation and
proliferation [11]. In addition to CD138 and CD38, other markers—namely, CD45, CD56,
CD19, CD81, CD27, and CD117—are used to further distinguish between normal/reactive
PCs and MM PCs during preliminary diagnosis or detection of MRD [13–15]. Among
all, a multiparametric flow cytometry evaluation of BM from MM patients reveals two
subpopulations of clonal PCs, based on the presence/absence of CD45 expression [16].
CD45 is a key regulator of antigen-mediated signaling and activation in lymphocytes,
initially characterized as a leukocyte-common antigen. Despite its role remaining contro-
versial, CD45 expression allows MM prognostic stratification. Specifically, MM patients
with high-grade angiogenesis generally show a lower number of CD45+ PCs [17].

Specific biological probes, able to detect and identify specific immunophenotypes
of PC, including those of myeloma, could support flow cytometry in the simultaneous
evaluation of the presence/absence of molecular targets (surface or intracellular) associated
with MM disease. In this context, phage display technology is a powerful tool for the iden-
tification of new ligands that specifically recognize targets of interest [18]. Phage-displayed
random peptide libraries consist of billions of M13 bacteriophage (or simply phage) clones
that expose random peptides on their capsid protein. From these combinatorial phage
libraries, specific peptides able to recognize and selectively bind molecular targets on
whole cells can be screened by the affinity selection technique of biopanning [19,20]. M13
is a filamentous phage that measures 900 nm (length) and 6 nm (width). Its capsid consists
of approximately 2700 copies of the major coat protein—namely, pVIII—capped on the
two ends by 5 copies of 4 different minor coat proteins (pIX, pVII, pVI, and pIII) [21].
Consequently, M13 phage clones, engineered in PVIII, were considered advantageous in
terms of their nanoscale size, high solubility, and multivalent binding sites compared with
the antibodies. In fact, they have been successfully applied to several detection systems
with fluorescent dyes of noble metal nanoparticles (such as gold, silver), silica-doped with
quantum dots and a surface of micro-materials (such as magnetic beads) [22–30].

The aim of this study was to use an engineered phage as a probe for a phage–
phenotype identification of plasma cells derived from an MM patient. Specifically, phage
clones from the M13-pVIII-9aa phage peptide library were directly labelled with isoth-
iocyanate of fluorescein and used in recognition matrix tests of MM immunophenotype
based on CD45, CD 56, CD38, and CD138.

2. Materials and Methods
2.1. Bacteriophage, Bacteria Host, and Eukaryotic Cells Line

Escherichia coli TG1, bacterium strain Lac-Z delete, Kan− and Amp−, was used to
propagate phage clones. The bacterium was grown and maintained in Luria–Bertani
medium (LB; tryptone 10 g/L, NaCl 10 g/L, and yeast extract 5 g/L) and Luria–Bertani
agar (LB with addition of agar bacteriology 20 g/L), respectively. Selected phage clones
(Amp+) and insert-less phagemid (namely, vector pC89) were maintained at 4 ◦C in TBS
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(Tris-buffered saline; 7.88 g/L Tris hydrochloride and sodium chloride 8.77 g/L; pH 7.5).
MM.1 ATCC®CRL-2974™ (American Type Culture Collection; Rockville, MD, USA) cell
line was cultured in humidified atmosphere containing 5% CO2 at 37 ◦C using a RPMI
1640 medium (Sigma-Aldrich, Milan, Italy) supplemented with fetal bovine serum 10%;
L-glutamine, 2 mM; penicillin 100 units/mL; and streptomycin 100 µg/mL.

2.2. Phage Selection and Binding Affinity

A 9-mer M13-pVIII random phage display library was constructed in the vector pC89,
by cloning a random DNA insert in-frame of encoding segments of the pVIII gene [31].
The procedure described in Lentini et al. [32] was used to isolate specific phage clone
against multiple myeloma cell line (MM.1). The MM.1 cell line was used because several
cell phenotypes expressing mixed surface markers are present. First, the phage library was
used in a pre-selection against plastic materials, used for the selection protocol against
MM.1 cells. Non-binding phage were used in four rounds of affinity selection against
MM.1 cells (1 × 106 cells/mL in Hank’s buffered salt solution, Sigma-Aldrich; pH 7.6).
Each round included the incubation of phage with the target for 1 h at room temperature
(RT) with gentle agitation. Cells–phage complex was precipitated by spinning (8000× g,
5 min) and separated from unbound phage by five-times washing and centrifugation steps
(8000× g, 5 min) with 1 mL 0.1%TBS/Tween (50 mM Tris-HCl, pH 7.5; 150 mM NaCl;
0.1% Tween-20). Phage were finally eluted from the cells–phage complex by 250 µL of
0.2 M glycine–HCl (pH 2.2) in gentle shaking at RT for 10 min. Then, the solutions were
neutralized with 25 µL of 1 M Tris–HCl (pH 9.1).

Phage clones from the last round of affinity selection were identified by plating
infected E. coli TG1 cells on LB agar added with X-Gal (5-bromo-4-chloro-3-indolyl-beta-
D-galactopyranoside), IPTG (isopropyl thiogalactoside), and ampicillin. The presence
of the insert was detected by X-gal, which produces a characteristic blue dye when
cleaved by β-galactosidase. Blue bacterial colonies, from the fourth round of selection,
were randomly selected, considering that each colony contained a single phage clone.
The binding ability of selected phage clones to the target was tested in ELISA using
as a negative control vector pC89. Briefly, 2.5 × 104 MM.1 cells in phosphate-buffered
saline (PBS) were dispensed in each well of a 96-well plate and incubated overnight at
4 ◦C. After the incubation, cells were fixed by methanol (10 min at room temperature),
washed three times with washing buffer (PBS + 0.05% Tween 20), and blocked with 100 µL
of PBS + 5% lactalbumin + 0.05% Tween 20 (2 h at 37 ◦C in slow shaking 30 rpm). The
1 × 1010/100 µL phage clones, in PBS + 1% lactalbumin + 0.1% Tween 20, were added to
each well, and the plate was incubated for 1 h at 37 ◦C in slow shaking 30 rpm. Then,
cells were washed three times with washing buffer and incubated with monoclonal anti-
M13 peroxidase conjugate antibody (Amersham Biosciences, Buckinghamshire, UK) at
a dilution of 1/5000 in PBS + 1% lactalbumin + 0.1% Tween-20 (100 µL/well) for 1 h at
37 ◦C. Finally, cells were washed three times with washing buffer and incubated for 45 min
at room temperature with 100 µL of 3,3′,5,5′-Tetra-methylbenzidine (TMB) for antibody
binding detection. Reaction was stopped with 25 µL of 1 M H2SO4 and optical absorbance
recorded at 450 nm using a MultisKan FC ThermoScientific.

2.3. DNA Sequencing and Peptides Analysis

For each phage clone, insert DNA, encoding the foreign peptide, was obtained from
colonies of infected bacteria amplified by polymerase chain reaction (PCR) using se-
quencing primers M13–40 reverse (5′-GTTTTCCCAGTCACGAC-3′) and E24 forward
(5′-GCTACCCTCGTTCCGATGCTGTC-3′), obtained from Proligo, Sigma (Milan, Italy).
The PCR products were purified by the QIAquick PCR purification kit (Qiagen). Insert
DNA sequence was obtained from the DNA sequencing service of CRIBI (University of
Padova, Italy) using the M13 primer-40 (5′-GTTTTCCCAGTCACGAC-3′).

The DNA sequences were translated into amino acids by the “translate” program
on the proteomics server of the Swiss Institute of Bioinformatics Expert Protein Analysis
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System (ExPASy http://www.expasy.ch/, accessed on 1 Decembre 2020). The amino acid
sequences were aligned according to their similarity using the IDENTITY series matrix in
Clustal X 2.1 sequence alignment software (available at http://clustalx.software.informer.
com/2.1). Frequency (fxi) of amino acids, within the pool of peptides in the selected phage
clones, were calculated using the following formula:

fxi =
Xi
N
× 100

where Xi and N are amino acid frequency at position i and the total number of amino acids
in the alignment, respectively. All frequencies were compared with the threshold value,
which was conventionally set at 40%. All amino acid with a frequency greater than 40%
were included in the “consensus”, a theoretical sequence containing the amino acids most
involved in binding with the target. The resulting amino acid sequence of the peptide
inserts was converted into FASTA files and analyzed with MEME Suite (motif-based
sequence analysis tools v.5.0.5; http://meme-suite.org/, accessed on 1 Decembre 2020);
Eukaryotic Linear Motif (ELM, http://elm.eu.org/, accessed on 1 Decembre 2020) resource,
for SLiMs (short linear motif), and Domain Motif Interactions (DMIs) identification, fitting
data at “Taxonomic Context” Homo Sapiens and restricted to nucleus, cytosol, and plasma
membrane; BLAST-p (BLAST suite, https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed
on 1 Decembre 2020) to search regions of similarity with human proteins involved in
hematological neoplastic diseases using the following parameters: (i) Protein Data Bank
proteins (pdb), as database; (ii) human taxid: 9606, as organism; and (iii) blastp protein–
protein BLAST, as algorithm [32–35].

2.4. Labelling of Phage with FITC

Each clone was propagated in E. coli TG1, the bacteria host, and purified by twice
precipitation in PEG/NaCl and filtered at 0.22 µm [36]. After the protocol, a phage titer
of about 1012 virions/mL, estimated by measuring the number of transducing units per
mL (TU/mL), was obtained. Labelling of phage with FITC fluorochrome was carried out
according to the previously described procedure [37], and adapted to the experimental
condition of the present study. An amount of 5 × 1012 TU (transducing units) were resus-
pended in 200 µL buffer Na2CO3/NaHCO3 (pH 9.2) with 5 µL of fluorescein isothiocyanate
(FITC, 5 mg/mL). Phage were incubated in a dark environment on a rotator for 2 hat RT to
allow the reaction with fluorochrome. The sample was then incubated at 4 ◦C overnight
with 200 µL of PEG/NaCl and subsequently centrifuged at 15,300× g (Eppendorf Cen-
trifuge 5417R) at 4 ◦C for 1 h. The supernatant was discarded and the pellet re-suspended
in 100 µL of Tris-buffered saline. Insert-less phagemid (pC89) was also labelled as negative
control. Labelled phage was stored in the dark at 4 ◦C until utilization.

2.5. Sample Collection

Bone marrow (BM) samples were obtained from three MM patients (one with IgA-
Lambda gammopathy and two with IgA-Kappa). All patients were admitted at the Hema-
tology Unit of University Hospital Policlinico G. Martino, Messina. The study was ap-
proved by the institutional ethics committees, and all participants gave written informed
consent according to the Declaration of Helsinki.

2.6. Isolation of Myeloma Plasma Cells from Bone Marrow

Bone marrow (BM) mononuclear cells (BMMCs) were isolated from heparinized BM as-
pirated samples by Ficoll Hypaque density gradient centrifugation (30 min, 25 ◦C, 400× g).
BMMCs were incubated for 20 min at 4 ◦C in the dark with the following fluorochrome-
conjugated monoclonal antibodies: CD45 (APC-conjugated, clone HI30, BD Bioscience),
CD56 (PeCy7-conjugated, clone NCAM16.2, BD Bioscience), CD38 (PerCp5.5-conjugated,
clone HIT2, BD Bioscience), CD138 (PE-conjugated, clone M115, BD Bioscience). Cells were
washed twice with sterile PBS (Sigma-Aldrich, Milan, Italy) before proceeding to cell purifi-

http://www.expasy.ch/
http://clustalx.software.informer.com/2.1
http://clustalx.software.informer.com/2.1
http://meme-suite.org/
http://elm.eu.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi


Appl. Sci. 2021, 11, 7910 5 of 11

cation. PCs were isolated by using fluorescence-activated cell sorting (FACS) on a FACSAria
sorter (BD Bioscience) with the following gating strategy: CD45−/CD56−/CD38+ cells,
CD45−/CD56+/CD38+ cells, CD45−/CD38+/CD138+ cells, and CD45+/CD38+/138− cells.
Dead cells were excluded by staining with LIVE/DEAD FIXABLE Aqua Dead dye (In-
vitrogen). Cell populations sorted by flow cytometry displayed purity >95% and were
immediately used for fluorescence imaging.

2.7. Sample Preparation for Fluorescence Imaging

For each sample (MM.1 cell line or cell from MM patients after cell sorter), 25 µL
of sorted cells was placed on poly-L-lysine (PLL)-coated glass slides and incubated for
15 min at room temperature. After the incubation, non-adherent cells were removed by
washing three times with PBS, while the remaining ones were fixed by paraformaldehyde
4% (v/v in PBS), applied for 15 min at room temperature. After the incubation, excess of
paraformaldehyde was removed by PBS washing (thrice) and cells were permeabilized
with Triton X-100 0.1% (v/v in PBS) for 10 min at room temperature. Triton X-100 was
removed by PBS washing (thrice), then 15 µL of phage labelled-FITC was added for 1 h at
37 ◦C. After the incubation, unbound phage were removed by PBS washing (thrice) and
cells for fluorescence analysis were prepared by adding glycerol mounting buffer 90% (v/v
in PBS) and coverslips to the slides. The samples were analyzed by fluorescence microscope
(LeicaDMRE) with 63×magnification.

3. Results and Discussion

Twenty-four phage clones were selected from the 9-mer M13-pVIII phage display
library by three rounds of biopanning against the MM.1 cells. Twenty-four phage clones
were amplified, and their DNA were sequenced to derive the amino acids sequence of the
foreign peptide displayed in their major coat protein. Positively charged amino acids were
the most frequently present in all the sequences, immediately adjacent to the N-terminus
of the peptide insert. These findings indicate that the amino acids, which do not vary in
position, could be likely close to optimal sequence binding of the target. In this position,
the most represented amino acids were arginine (R), lysine (K), and the alanine (A). Based
on these most representative amino acids in the N-terminus, three families of motifs were
deduced, as shown in Table 1.

Table 1. Sequence consensus of selected phages.

Family 1 Family 2 Family 3

Sequence * N Sequence * N Sequence * N

-ARKMNPPAG 3 NRKIAPGNQ 1 -KKAHPGGSP 3
WARKVHSPT- 1 NRKGTSTNL 1 MKKAWPGRA- 2
-ARRTGSNPE 1 RRANNPSPQ 3 QRRAGPVPP- 1
-ARRLLQARV 1 RRLFTPPRQ 1 -KRARHAAEG 1
-GRKAANASS 1 RRYTHPNNS 4

Consensus
-ARK—P– RRA–P–Q -KKA-PG—

RRY–P-N-

* N refers to the number of times the peptide was found after selection. Dashes indicate gaps used to maximize
the alignment.

In the families, four phage clones, displaying the foreign peptides ARKMNPPAG,
RRANNPSPQ, RRYTHPNNS, and KKAHPGGSP, were chosen because they were the
most representative and closest to the consensus sequence; they were then used for the
next analysis.

The speculative bioinformatic analysis, aimed at the possibility of identifying motifs
in the selected peptides that are present in human proteins with functions that are already
known in the literature, are shown in Table S1.

Prior to ex-vivo fluorescence imaging of myeloma plasma cells from heparinized BM
aspirated samples, a fluorescent validation test of the phage clones, labelled with FITC
fluorochrome, was performed on MM.1, using the insert-less vector pC89 as negative
control (Figure 1).
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Figure 1. Validation of phage clones by fluorescence microscopy. Fluorescence imaging of MM.1 cells
incubated with ARKMNPPAG FITC-labelled phage (magnification 40×, (A), and 63×, (B)) and
insert-less vector pC89 (magnification 40×, (C), and 63×, (D)).

Phage clones were found to specifically bind the MM cells line, as seen by the bright
green fluorescence of FITC (Figure 1A,B) compared with the absence of fluorescence
when the pC89 vector insert-less was used (Figure 1C,D). These findings indicate that
the binding specificity was due to the foreign peptides displayed by phage clones, and
the amine-reactive fluorochrome in the major coat protein, pVIII, did not modify the
phage’s ability to bind the MM.1 target cells. However, we observed a different phage
location, homogeneously distributed (white arrows in Figure 1B) or limited to specific
subcellular sites (red arrows in Figure 1B) within the same cell population. These results
could depend on the presence of different phenotypes originating within the same cell
line. Although still controversial, the immunophenotype of the MM.1 cell line shows
CD38+/45−, with the presence of two subpopulations CD138++ (96%) and CD138low
(4%) [38,39]. In addition, CD56 expression was decreased in the MM.1R cell line compared
with the sensitive counterpart (MM.1S) [38].

Based on the above considerations, to verify the phage clone’s ability to identify
specific PC immunophenotypes from MM samples, FITC-labelled phage were used in ex-
vivo fluorescence imaging with sorted MM cells from heparinized BM aspirated samples.
Figure 2 shows ARKMNPPAG phage clones’ ability to bind/discriminate MM subtype
cells, sorted by using the CD45, CD56, and CD38 antibodies (Figure 2).

The ARKMNPPAG phage, previously selected against the MM.1 cell line, was able to
bind both the immunophenotypes CD45−/CD56−/CD38+ and CD45−/CD56+/CD38+,
but it was differently located (Figure 2A,B and Figure S1). Specifically, the non-specific
marking of the nucleus by DAPI staining (blue fluorescence) showed that phage (green
fluorescence) was specifically localized in subcellular sites, close or identified as nuclear,
in CD56− PCs. Otherwise, in CD56+ PCs, the phage is homogeneously distributed on the
whole cell surface. It is known that 50–80% of MM patients express CD56 on PCs [40,41].
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On the other hand, the biological function of CD56 is extremely controversial in MM
patients with undefined prognosis [42,43].
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CD45 can be used in MM prognosis, specifically to discriminate MM patients with
high-grade angiogenesis [17]. Therefore, the CD45 immunophenotypic gate was associated
with a second surface antigen—namely, CD138—with the aim of testing the phage clones
towards myeloma immunophenotypes with different prognostic significance. Specifically,
the CD45−/CD38+/CD138+ and CD45+/CD38+/138− PC immunophenotypes were cho-
sen for ex-vivo fluorescence imaging using the most representative selected phage clones
(Figure 3).

Figure 3 show results from ex-vivo fluorescence test of ARKMNPPAG (Figure 3A,B),
RRANNPSPQ (Figure 3C,D), RRYTHPNNS (Figure 3E,F), and KKAHPGGSP (Figure 3G,H)
FITC-labelled phage incubated with MM cell sorted using CD45, CD38, CD138 gates. Data
showed that recognition/detection of both ARKMNPPAG and KKAHPGGSP phage was di-
rected to CD45+/CD138− phenotypic patterns (Figures 3B,H and S2), while CD138+/CD45−

PCs were not recognized, as evidenced by the absence of green fluorescence (Figure 3A,G).
These findings suggest that phage were able to recognize/detect the MM immunophe-
notype with lower expression levels of CD138, related to the alteration of the membrane
protein rather than the nucleus. It has been demonstrated that downregulation of CD138
may be linked to a clinically advanced disease; in particular, it can promote dissemination
and spread to other bones [6]. Otherwise, CD38+/CD138+ PCs identify, in MM patients, an
abnormal immunophenotype in the proliferation phase, with high capacity to bind and
accumulate growth factors [6,8,9]. Consequently, the selective recognition of ARKMNPPAG
and KKAHPGGSP phage could direct the diagnosis to an early stage of multiple myeloma
(MM) in the patient.

Otherwise, the RRANNPSPQ and RRYTHPNNS phage were able to selectively
bind CD45−/CD38+/CD138+ PCs, as indicated by the presence of green fluorescence
(Figure 3C,E), while no fluorescence was detected on other PCs (Figure 3D,F). By the com-
parison with DAPI staining, we observed that FITC-labelled phage was homogeneously dis-
tributed on the whole cell surface for the RRANNPSPQ phage (Figures 3C and S3), and it was
specifically localized in subcellular sites for the RRYTHPNNS phage (Figures 3E and S3).
The low or absence of CD45 expression has been found in MM PCs with high-grade angio-
genesis [17]. Therefore, the two phage clones could constitute a useful prognostic index to
be validated in subsequent studies [16,44].
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CD138 gates. Green fluorescence was due to FITC-labelled phage, while blue fluorescence was due
to DAPI nucleus staining. Percentage in brackets refers to only cells with evident green fluorescence
due to phage clone binding.

In summary, phage fluorescence imaging permitted the identification of different im-
munophenotypes from MM samples. Specifically, ARKMNPPAG phage showed a different
recognition trend with respect to CD56, which means recognition of CD56− in the nuclear
and perinuclear region and CD56+ in the plasma membrane regions. In PC CD38+, nor-
mally co-expressed with CD138, ARKMNPPAG and KKAHPGGSP phage discriminated the
myeloma subtype CD45+/CD138− (late-stage disease). Otherwise, RRANNPSPQ and RRY-
THPNNS phage were able to bind cells with an immunophenotype pattern CD45−/CD138+

(early-stage disease), albeit with a different fluorescence biodistribution. The described
approach allowed an experimental design of a phage array that is able to recognize/bind
different MM immunophenotypes based on the CD45/CD56/CD38/CD138 gates, which
could be used for the detection and monitoring of disease (Table 2).
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Table 2. Phage array for MM immunophenotype discrimination.

Phage Clone
Cluster of Differentiation (CD)

CD45 CD56 CD38 CD138

ARKMNPPAG + +/− + −
RRANNPSPQ − nd + +
RRYTHPNNS − nd + +
KKAHPGGSP + nd + −

+/− indifferent recognition; + positive recognition; − negative recognition; nd undefined.

4. Conclusions

In this study, the use of phage clones as fluorescent probes for an immunophenotype
identification of MM PCs was described. Specifically, we found that the most representa-
tive selected phage were able to discriminate two MM immunophenotype cells—namely,
CD45−/CD38+/CD138+ and CD45+/CD38+/CD138−. These results, although prelimi-
nary, highlight the possibility of using a phage-fluorescence probe for the simultaneous
examination of the presence/absence of CDs associated with disease usually detected
by a combination of more anti-CD antibodies. From this perspective, the possibility of
using whole phage clones could open the way to the development of low cost, innovative
biosensor devices to monitor residual diseases, and also to identify a new stage-associated
target disease. The approach described in this study consists of a multi-phage imaging
panel of MM PCs and could be easily scaled and tuned for specific cell subsets of MM and
other neoplasia that would be critical to the characterization of a patient’s disease status.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11177910/s1, Table S1: Significant motifs in foreign peptide, Figure S1: Ex-vivo fluorescence
test of ARKMNPPAG FITC-labelled phage incubated with MM cell sorted using CD45, CD56,
and CD38 gates. Green fluorescence was due to FITC-labelled phage, while blue fluorescence
was due to DAPI nucleus staining (magnification 40×), Figure S2: Ex-vivo fluorescence test of
ARKMNPPAG and KKAPGGSP FITC-labelled phage incubated with CD45+/CD38+/CD138− MM
cells. Green fluorescence was due to FITC-labelled phage, while blue fluorescence was due to
DAPI nucleus staining (magnification 40×). Figure S3: Ex-vivo fluorescence test of RRANNPSPQ
and RRYTHPNNS FITC-labelled phage incubated with CD45−/CD38+/CD138+ MM cells. Green
fluorescence was due to FITC-labelled phage, while blue fluorescence was due to DAPI nucleus
staining (magnification 40×).
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