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Abstract

CD44 is a transmembrane glycoprotein that binds to hyaluronic acid, plays roles in a number

of cellular processes and is expressed in a variety of cell types. It is up-regulated in stem

cells and cancer. Anti-CD44 monoclonal antibodies affect cell motility and aggregation, and

repress tumorigenesis and metastasis. Here we describe four new anti-CD44 monoclonal

antibodies originating from B cells of a mouse injected with a plasmid expressing CD44 iso-

form 12. The four monoclonal antibodies bind to the terminal, extracellular, conserved

domain of CD44 isoforms. Based on differences in western blot patterns of cancer cell

lysates, the four anti-CD44 mAbs separated into three distinct categories that include P4G9,

P3D2, and P3A7, and P3G4. Spot assay analysis with peptides generated in Escherichia

coli support the conclusion that the monoclonal antibodies recognize unglycosylated

sequences in the N-terminal conserved region between amino acid 21–220, and analyses

with a peptide generated in human embryonic kidney 293 cells, demonstrate that these

monoclonal antibodies bind to these peptides only after deglycosylation. Western blots with

lysates from three cancer cell lines demonstrate that several CD44 isoforms are unglycosy-

lated in the anti-CD44 target regions. The potential utility of the monoclonal antibodies in

blocking tumorigenesis was tested by co-injection of cells of the breast cancer-derived

tumorigenic cell line MDA-MB-231 with the anti-CD44 monoclonal antibody P3D2 into the

mammary fat pads of mice. All five control mice injected with MDA-MB-231 cells plus anti-

IgG formed palpable tumors, while only one of the six test mice injected with MDA-MB-231

cells plus P3D2 formed a tiny tumor, while the remaining five were tumor-free, indicating

that the four anti-CD44 mAbs may be useful therapeutically.
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Introduction

CD44, a transmembrane glycoprotein with a large extracellular domain [1–5], was originally

identified as a receptor for the extracellular matrix molecule hyaluronic acid [6–9]. Subse-

quently, it was shown that CD44 played a role in a number of cellular processes related to

adhesion and cell motility [2, 10–13], in some cases in the absence of hyaluronic acid [14, 15].

CD44 is expressed in a variety of cell types [16–18], and has been shown to be up-regulated in

stem cells [19–22] as well as select carcinomas [23–31]. Anti-CD44 monoclonal antibodies

(mAbs) have been shown to block the formation of subcutaneous tumors and to repress metas-

tasis in mice [32, 33], and down regulation of CD44 in cancer cells has been shown to reduce

stem cell-associated traits [34–36]. Moreover, anti-CD44 mAbs have been shown to affect can-

cer cell motility and aggregation of breast tumor and melanoma cell lines in a 3D Matrigel

model, in the apparent absence of hyaluronic acid (HA) [14, 15].

For investigating the role of CD44 in tumorigenesis and metastasis, there are over 140 com-

mercially available anti-CD44 mAbs (S1 Table), the majority generated against peptides repre-

senting conserved regions of the protein. There are, however, problems in studying the role of

CD44 in tumorigenesis and metastasis with mAbs, given the large number of isoforms result-

ing from alternative splicing and secondary modification, most notably glycosylation (https//

www.ncbinlm.nih.gov/protein; https//www.uniprot.org; HGNC1681 at HUGO; https://www.

genenames.org) [5, 37–42]. Through alternative splicing alone, at least 38 CD44 mRNAs have

been identified, and by protein separation methods, at least 21 isoforms [42]. Many of these

isoforms probably play specialized roles in different cellular functions and are cell type-spe-

cific. In tumorigenesis and metastasis, the different isoforms may play roles that are specific to

different cancers. Although there are more than 140 commercially available antibodies (S1

Table), many either represent the same original mAbs or target the same region of the CD44

protein. Given the variety of functions, combined with the potential number of isoforms of

CD44 expressed in cancer cells, variations in the heavy chain and light chain sequences of the

different anti-CD44 mAbs, as well as variations in the targeted antigen sequences, it is unlikely

that the number of available mAbs is sufficient. Indeed, the mAbs with highest efficacy and

specificity and with optimum therapeutic value may have been missed. For that reason, we

have begun to generate and characterize new anti-CD44 mAbs. Here, we describe four anti-

CD44 mAbs generated against a recombinant CD44 generated by a plasmid expressing

CD44isf(isoform)12 injected into a mouse. CD44isf12 lacks the entire extracellular variable

region. CD44isf12, is upregulated in breast cancer [43, 44], and has been implicated in the epi-

thelial-mesenchymal transition (EMT) and tumor progression in mice [45]. CD44isf12 retains

the complete extracellular conserved regions that contains the hyaluronidase binding domain,

the transmembrane domain and the cytoplasmic tail [13]. Because the CD44 antigen used in

the immunization was generated in the mouse, the plasmid expressed a glycosylated CD44

protein, but glycosylation was not necessarily like that of native CD44 proteins formed in

human cancer cells. We selected four of ten anti-CD44isf12 mAbs for further analysis, based

on their rate of hybridoma growth, IgG subtype, and intensity of ELISA selection. The four

anti-CD44 mAbs, produced by the four hybridomas, P4G9, P3D2, P3A7 and P3G4, stained

fixed cells of three different tumorigenic cell lines(breast, melanoma, glioblastoma) and a non-

tumorigenic breast cell line. Staining by the four mAbs occurred at the plasma membrane. All

four mAbs recognized multiple CD44 isoforms in lysates of the three cell lines by western blot

analyses, and bound to recombinant peptides containing the unglycosylated N-terminal con-

served region of CD44, generated in Escherichia coli (E. coli). The mAbs did not bind to a simi-

lar peptide generated in the human embryonic kidney cell line HEK293, which was

glycosylated. However, if this HEK293 recombinant protein, representing amino acids (aa) 1
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through 220 (the entire N-terminal extracellular conserved region of CD44), was deglycosy-

lated with neuramidase and PNGaseF, all four mAbs bound to it, indicating that the mAbs rec-

ognized only the unglycosylated peptide. This was verified by a spot assay using an

unglycosylated peptide generated in E. coli with the same amino acid sequence as the

HEK293-generated peptide. Since the four mAbs stained fixed cells of three tumorigenic cell

lines (MDA-MB-231, HTB-66, U87) and bound to multiple isoforms in western blots of lysates

of the three cell lines, it seems reasonable to conclude that multiple CD44 isoforms that are

unglycosylated in the anti-CD44 target regions, are expressed in the unglycosylated form three

cell lines. Finally, we demonstrate that the mAb P3D2 inhibits tumorigenesis by cells of the

breast cancer cell line in mammary fat pads of mice, suggesting therapeutic value.

Material and methods

Antibodies and peptides

The anti-c-MYC mAb 9E10, developed by M.J. Bishop, was obtained from the Developmental

Studies Hybridoma Bank (DSHB) (http://dshb.biology.uiowa.edu/). The affinity purified goat

anti-mouse IgG1 (Cat.# A90-105A) was obtained from Bethyl Laboratories. The recombinant

(p1) CD44 80 kDa CD44-6X Histidine-Sumo fusion protein corresponding to aas 21–606 of

CD44 isoform 4 (Cat.# LS-G20578), and the recombinant (p3) CD44-6X Histidine fusion pro-

tein corresponding to aas 21–220 (Cat.# LS-G26414) were obtained from LifeSpan BioScience,

Inc. The (p2) CD44 histidine (HIS) fusion protein, corresponding to aa 28–380 of the CD44

isoform 4 (Cat.# AG7633) was obtained from Proteintech. The recombinant n-terminal (p4)

23.4 kDa CD44-6X Histidine fusion protein corresponding to aas 1–220 (Cat.# 12211-H08H)

was obtained from Sinobiologicals. The Multiple Tag protein containing 6X Histidine and the

V5 tag (Cat.# M0101) was obtained from GenScript.

Cell culture

The cell lines used in this study were obtained from the American Type Culture Collection

(ATCC). The nontumorigenic cell line MCF-7 was cultured in Eagles Minimal Medium

(MEM) (Cat.# 11095–080; ThermoFisher Scientific) supplemented with 10% FBS (Cat.#

S11150; Atlanta Biologicals), 10 μg/ml insulin (Cat.# I-9728; Millipore-Sigma) and 1% penicil-

lin- streptomycin mixture (Cat.# 15140122; ThermoFisher Scientific). The tumorigenic

MDA-MB-231 (MB-231) cell line, was cultured in DMEM/F12 medium (Cat.# 11320033;

ThermoFisher Scientific), supplemented with 5% horse serum (Cat.# 16050122; ThermoFisher

Scientific), 1% penicillin-streptomycin mixture, 20 ng/ml of human recombinant EGF (Cat.#

E-9644), 10 μg/ml insulin, 0.5 μg/ml hydrocortisone (Cat.# H-0135) and 0.1 μg/ml cholera

toxin (Cat.# C-8052) all obtained from Millipore-Sigma. Cells of the HTB-66 and U87 cell

lines were cultured in MEM supplemented with 10% FBS, 1% sodium pyruvate (Cat.#

11360070) and 1% nonessential amino acids (Cat.# 11140050), both from ThermoFisher Sci-

entific. Hybridomas were cultured in Hyclone ADCF mAb medium (Cat.# SH30349.02; GE

Healthcare), containing 1% glutamax (Cat.# 35050061), 1% sodium pyruvate, 1% penicillin

streptomycin (all ThermoFisher Scientific) and 0.1% gentamycin (Cat.# IB02030, IBI Scien-

tific), at 37˚C in 7.5% CO2. Supernatants were harvested from hybridoma cultures that had

reached concentrations of 1.5 to 2.0x106 cells per ml.

RNA isolation

Total cell RNA was isolated as previously described [46]. In brief, cells in tissue culture flasks

were washed with phosphate buffered saline (PBS), pH7.2, and 1 ml of Trizol (Cat.# 15596026;
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ThermoFisher Scientific) added. The preparation was incubated for 5 min. 200 μl of chloro-

form was added, incubated for 3 min and the mixture spun at 12000g for 20 min. The aqueous

phase containing the RNA was precipitated with isopropanol, centrifuged at 12000g for 10

min., washed once with 75% ethanol and pelleted. The pellet was suspended in RNAase-free

water. To eliminate residual genomic DNA, the RNA preparation was treated with gDNA

wipeout buffer (Cat.# 205311; Qiagen).

RT-PCR

RT-PCR was performed as previously described [46], with minor modifications. In brief, 1 μg of

total RNA was subjected to RT-PCR using 3’ Primer rapid amplification of cDNA ends (RACE;

Cat.# 18373–027; ThermoFisher Scientific). Reverse transcription was performed using the

Adapter primer provided, which allows transcription of the poly(A) tail by Superscript II Reverse

Transcriptase. The reaction, run at 42˚C for 50 min, was terminated at 70˚C for 15 min and by

addition of 1 μl of RNaseH. 200 ng of cDNA was then used to amplify CD44 cDNAs, using the

Expand Long Template Polymerase Kit (Cat.# 11681834001; Roche) and the primers CD44Fw 5Ꞌ
and CD44Rv 5Ꞌ (S2 Table), corresponding to aa 353–361 (QNVDMKIGV) of CD44isf12. The

PCR conditions were denaturation at 94˚C for 2 minutes, 10 cycles with each at 94˚C for 10 sec,

55˚C for 30 sec, 68˚C for 2.5 min, then 25 cycles with each at 94˚C for 10 secs, 25 cycles at 55˚C

for 30 sec, 68˚C for 2.5 min, progressively increased to 10 min. For amplification of the GAPDH,

100 ng of cDNA were generated with the primers GAPDH Fw 5Ꞌ and GAPDHRv 5Ꞌ (S2 Table).

Cloning of CD44 cDNA fragments and generating expression plasmid

RT-PCR fragments were isolated using the Rapid Gel Isolation Kit (Cat.# 28704; Qiagen) and

cloned using TOPO-pCR4.0 plasmid (Cat.# K457501; ThermoFisher). Plasmid purification

was achieved using PureLink Quick Plasmid DNA Miniprep kit (Cat.# K210010; Thermo-

Fisher). Sequencing of plasmid inserts was done at the Carver Center for Genomics at the

department of biology at University of Iowa. The resulting sequencing plasmid

pCR4.0-CD44isf12, which contained the fragment from HTB-66 cells, was used to the generate

the expression plasmid.

Creating the expression plasmid

The plasmid, pLX304-CD44, obtained from DNASU (https://dnasu.org/DNASU/), contained

a CD44 fragment (2097 Bp) fused to a V5 epitope tag, under control of the CMV promoter.

pLX304-CD44 was digested with BstXI (Cat.# RO113S; New England Biolabs) and BamH1

(Cat.# FD0054; ThermoFisher Scientific), and a 1436 Bp sequence including the variable

region. The remaining pLX304 fragment was dephosphorylated, using artic alkaline phospha-

tase (Cat.# MO289S; New England Biolabs) and gel-purified. The plasmid, pCR4.0-CD44isf12,

was then digested with BstXI and BamHI, to obtain a 422 Bp fragment that was subsequently

gel purified. The two fragments were ligated using T4 Ligase (Cat.# 10481220001;Roche) and

the resulting plasmid, pLX304isf12V5, which contained the CD44isf12 sequence fused in

frame with a V5 tag, at the expression site, transformed into TOP10 cells (Cat.# C4040; Life

Technologies) and sequenced. To test for expression, MB-231 cells were transformed with

pLX304isf12V5 as previously described [46].

Mouse immunization

Mouse immunization (Fig 1D) was performed as approved under protocol 5121587 of the Uni-

versity of Iowa Institutional Animal Care and Use Committee (IACUC). All efforts were taken
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to minimize animal suffering. Balb/cAnNHsd mice (Cat.# 047; Envigo) were injected intraperi-

toneally (IP) with 50 μg of the CD44 peptide N-GSQEGGANTTSGPIR-C (>80% purity) (JPT

Peptide Technologies) (Fig 1B) and 40 μl of ImjectTM Alum adjuvant (Cat.# 77161; Thermo-

Fisher Scientific) at 1, 14 and 28 days. The peptide plus 5 μg of pX304-CD44isf12V5 were co-

injected intraperitoneally at 58 days and in the tail vein at 70 days. The final intravascular co-

injection included 50 μg of high molecular weight Vacci Grade Poly I:C (Cat.# teve-pic;

Fig 1. Primary structure of CD44isf1 and CD44isf12, the expression vector pLX304isf12V5, injection regime, and fusion and hybridoma

selection. A. The primary structure of the largest CD44, CD44isf1, which contains the complete complement of variable regions. B. Primary

structure of the smallest transmembrane CD44 isoform, CD44isf12, which lacks the entire variable domain, and the sequence of the CED2

domain representing the peptide used in the immunization regimes. C. The expression vector, pLX304isf12V5, used in the immunization

regime. D. The mouse injection regime for generating anti-CD44 mAbs. E. Fusion and hybridoma selection regime for hybridomas producing

anti-CD44 mAbs.

https://doi.org/10.1371/journal.pone.0250175.g001
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InvivoGen) and 50 μg of anti-CD40 (Cat.# FGK4.5/FGK45; BioXCell) as adjuvant in a total vol-

ume of 200 μl. At 77 days, animals were euthanized, and spleens removed and homogenized.

Hybridoma production and selection

Cell fusion was performed as previously described [47, 48], with minor modifications. Follow-

ing euthanizing protocols approved by the Office of the Institutional Animal Use Committee,

the spleen was removed, and splenocytes isolated and resuspended in Iscove’s modified Dulbec-

co’s medium (IMDM; Cat.# 12440053; ThermoFisher Scientific) supplemented with 1% gluta-

max, 1% sodium pyruvate, 0.1% penicillin streptomycin, and 0.1% gentamicin and 15% fetal

bovine serum. Cells were then washed in serum-free IMDM medium. Sp2/0-Ag14 myeloma

cells (Cat.# CRL-1581;ATCC) were also washed in serum free IMDM medium, passed through

a 70 μm filter, and resuspended in serum-free IMDM. The nucleated splenocytes were then

combined with Sp2/0-Ag14 myeloma cells at a ratio of 4:1 and pelleted. The pellet was resus-

pended in 0.5 ml of 50% (v/v) polyethylene glycol (PEG; Cat.# P7181; Millipore-Sigma)-IMDM

medium, and 15 ml of prewarmed serum-free IMDM was added. The cell preparation was incu-

bated at room temperature for 8 min without agitation, then at 37˚C for 2 additional minutes,

and pelleted. The pellet was resuspended in 30 ml of IMDM containing 15% fetal bovine serum,

20% IMDM medium conditioned by giant cell tumor (Cat.# TIB-223; ATCC), 0.1% sodium

pyruvate, 0.1% glutamax and 50 μg/ml gentamicin sulfate. The cell suspension was then trans-

ferred to two T75 flasks and incubated at 37˚C in 5% CO2 for 2 days. A 500 μl aliquot of 2X

hypoxanthine–aminopterin–thymidine (HAT) (Cat.# HO262; Millipore-Sigma) medium was

added to the flask, containing 5 ml growth medium, and the medium was exchanged every 3

days at 37˚C in 5% CO2 in order to select for hybridomas. Upon 25% confluency, the cells were

prepared for and sorted via fluorescent activated cell sorting (FACS) into 96 well plates.

Transformation of MB-231 with pLX304isf12V5

To test expression of CD44isf12 in MB-231 cells, MB-231 cells were transformed using Fugene

(Cat.# E2311; Promega) as described by the manufacturer [46]. In brief, 5x104 cells in a 12 well

tissue culture plate were grown overnight in regular growth media., then grown overnight in

500 μl Opti-MEM (Cat.# 31985062; ThermoFisher Scientific). A mixture of 2 μg of

pLX304isf12V5plasmid/98 μl of Opti-MEM was incubated in the presence of 5 μl of Fugene and

Opti-MEM in a total volume of 105 μl for 20 min. This mixture was then added to the cell culture

plate, in 500 μl fresh growth media, and incubated for two days. Selection was started with 2 μg/

ml Blasticidin (Cat.# ALX-380-089, Enzo Life Science) and subsequently increased to 10 μg/ml.

FACS

HAT-selected hybridomas were washed once in serum-free IMDM medium, and the pellet

resuspended in 1ml PBS, pH 7.2, and incubated with affinity-purified fluorescent anti-mouse

IgG1 H+L Alexa Fluor 488 antibody (Cat.# AB_2338840; Jackson ImmunoResearch Laborato-

ries. Inc.) at 1:10,000 dilution and propidium iodide (50 nM) (Cat.# P41701; Sigma). The anti-

body labeled hybridomas and unlabeled control hybridomas were filtered through a 70 μm

mesh, and FACS performed at the University of Iowa Flow Cytometry Facility. IgG1 positive

hybridomas were clonally plated into 96 well plates.

mAb concentration and purification

mAb concentration and purification were performed as previously described [14, 15]. In brief,

mAb supernatant was concentrated in VivaCell centrifugal filters with a 50 kDa cut off
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(Satorius, Stonehouse, UK). Concentrates were affinity purified using a Protein G HP spin

trap column (Cat.# 28903A; GE Healthcare), desalted twice with a 4 ml Amicon Ultra-centrif-

ugal filter (Cat.# UFC805024; EMD Millipore). The concentrations of purified mAbs were

determined using a NanoDrop One UV-VIS 1000 Spectrophotmeter (ThermoFisher Scientific,

Waltham, MA).

Isotyping and ELISA

Isotypes of mAbs were assessed by using the IsoStrip, Mouse Monoclonal Antibody Isotyping

Kit (Cat.# 11493027001; Roche). 10 μl of antibody concentrate was diluted 1:15 in PBS pH7.2

containing 1% BSA. A 150 μl aliquot was added to a tube containing lyophilized latex beads.

After the beads were resuspended, the isotyping strip was placed in the preparation and the

isotype identified. Enzyme-linked immunosorbent assay (ELISA) was performed as previously

described with minor modifications [48]. One hundred ng of a recombinant CD44 (CD44

std.) 80 kDa protein (Cat.# BMS318; eBiosience), in 100 μl of 0.05 M carbonate/bicarbonate

coating buffer was applied to each well in a 96 well plate. The wells were washed in 1% BSA

overnight. 200 μl mAb supernatants (1:1 diluted in TBS-T) or purified mAb were added. Prep-

arations were treated with a horse radish peroxidase conjugate Goat anti-mouse pan IgG-FC

Fragment (Cat.# A90-131P; Bethyl Laboratories) in the dark for 1h. Plates were then treated

with TMB horse radish peroxidase substrate (Cat.# 50–76.01; Seracare KPL) and assessed at

450 nm in a SpectraMax Plus 384 Microplate Reader (Molecular Devices, San Jose, CA).

Cellular lysates and protein concentration

Lysates of the cell lines were obtained from 70 to 80% confluent cell cultures. Flasks were

washed and cells incubated for 2 hours with intermittent mixing on ice in RIPA lysis buffer

(Cat.# 20–188; Millipore-Sigma) supplemented with 50 μM phenylmethylsulphonyl fluoride

(PMSF), 1% Triton and the complete mini ethylenediaminetetraacetic acid (EDTA)-free pro-

tease inhibitor (Cat.# 11836153001; Roche) and PhosStop (Cat.# 04906845001; Roche). Mem-

branes and cell debris were removed by centrifugation. The protein concentration was

assessed using the DC Protein Assay (Cat.# 500–0116; Bio-Rad) according to the manufactur-

er’s instructions.

Deglycosylation

Twenty μg of the N-terminal peptide (aa 1–220), expressed in HEK293 cells, were deglycosy-

lated in 80 μl of PBS pH7.4 and 1.6 μl of neuraminidase (Cat.# 1158886001; Millipore-Sigma)

and 1.6 μl PNGaseF (Cat.# 9109-GH; R&D Systems), incubated for 1 hour at 37˚C and then at

4˚C overnight.

Spot assay

Ten μg cellular lysate or 3 μg peptide were dried on nitrocellulose membranes in the wells of a

6-well plate for at least 1 hour, then treated with Intercept protein free blocking buffer in TBS

(Cat.# 927–80001; LI-COR Biosciences) for 1 hour at room temperature. The membranes

were then incubated in blocking buffer containing 2.5 μg/mL of the purified mAb for 1 hour at

room temperature. The membranes were treated with IR Dye 800-conjugated goat anti-mouse

IgG1 secondary antibody (Cat.# 926–32350; LI-COR Biosciences) at a 1:10,000 dilution for 1

hour. The membranes were washed and scanned in a LI-COR Biosciences Fc-Odyssey Scanner

(LI-COR Biosciences, Lincoln, NE).
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Western blot

Eighty μg of denatured total cell protein or 3 μg of 80 kDa CD44 recombinant peptide in sam-

ple buffer (Cat.# 1610747; Bio-Rad) were separated in a TRIS/glycine/sodium dodecyl sulfate

polyacrylamide gel (Cat.# 4561084; Bio-Rad). Dual color molecular weight markers (Cat.#

928–6000; LI-COR) were also separated. Proteins were transferred to nitrocellulose mem-

branes and the blot blocked with Intercept protein free blocking buffer (TBS) overnight. The

blocked membranes were then incubated in TBS containing hybridoma supernatant (1:10).

Blots were then treated with goat-derived IR Dye 800 anti-mouse antibody (Cat.# 926–32350;

LI-COR Biosciences) at a dilution of 1:10,000, and scanned in a LI-COR Biosciences Fc-Odys-

sey Scanner at 800 nm and 700 nm, respectively.

Immunofluorescent staining and fluorescent tag

Formaldehyde (3.8%)-fixed cells were stained in TBS (pH 7.6), containing 10 μg per ml of

mAb and 1% BSA, then treated with the secondary affinity-purified anti-mouse IgGH+L Alexa

Fluor 488 antibody (Cat.# AB-2338840; Jackson Immunoresearch) at a 1:1000 dilution. To

visualize expression of the V5-epitope in cells transformed with the expression plasmid

pLX304isf12V5, formaldehyde-fixed MB-231 cells were treated with 0.3% TritonX-100. MB-

231 cells expressing CD44isf12V5 were imaged through a Nikon TE2000 inverted epifluores-

cence microscope with a Canon EOS Rebel T3i/EOS 600D camera (Canon, Huntington, NY).

Cells stained with mAbs were imaged through a Leica SP8 confocal microscope. Contrast was

processed using Fuji software [49].

Tumorigenesis model

Tumorigenesis experiments were approved by the University of Iowa Institutional Animal

Care and Use Committee (IACUC) under Protocol 8121508, in compliance with Public Health

Service Policy, Animal Welfare Regulations and the Guide for the Care and Use of Laboratory

Animals (Jackson Labs). All efforts were taken to minimize animal suffering. Female NOD.

CB17-PRKDCSCID/J mice (Cat.# 001303; Jackson Laboratories) were injected in a posterior

mammary fat pad with 1x106 MB-231 cells. To test the effect of the anti-CD44 mAb on tumor

formation, affinity-purified anti-CD44 mAb P3D2 was mixed at 5 mg/kg of mouse with the

suspension of MB-231 cells, in a final volume of 200 μl, in PBS, pH7.2. As a control, affinity

purified IgG1 was mixed with MB-231 cells. Mice were tested in three separate experiments.

All mice were euthanized when a palpable tumor was detected in the immediate region of the

injection sites of control mice. Mice were dissected, and the mammary fat pads excised. The

region of the fat pad with a tumor in control mice and a corresponding region in mAb treated

mice were fixed in 4% formaldehyde then transferred to 70% ethanol, paraffin-embedded at

the Central Microscopy Research Facility at the University of Iowa, sectioned and stained with

hematoxylin and eosin-Y [50].

Results

CD44 immunogen

CD44isf1, the isoform representing the complete CD44 open reading frame is composed of an

extracellular domain, a transmembrane domain and a cytosolic domain (Fig 1A) [1–5]. The

extracellular domain contains a N-terminal conserved region (CED1), which includes the HA

binding site, a variable region and a second distal conserved region (CED2) (Fig 1A) (XP

005253288.1 https://www.ncbi.nlm.gov/gene/960). The major factors dictating the size of the

CD44 isoforms are the differences in the variable domain (V2-V10) (Fig 1A) [51], located
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between two conserved domains, which undergoes alternative splicing [40, 41], as well as sec-

ondary modifications, most notably glycosylation [1, 4, 5, 52–55]. The molecular weight of the

unglycosylated CD44isf1 protein is 81.5 kDa. It has been estimated to have 154 potential glyco-

sylation sites, which predicts the estimated weight of the glycosylated protein to be approxi-

mately 120 kDa [4, 5, 37, 40–42, 52] (uniport.org/P16070). The molecular weight of the

CD44isf12 protein that lacks the variable region V2-V10 is 39 kDa [37]. The estimated glycosy-

lated molecular weight is approximately 55 kDa (https://www.protpi.ch/. The length of the

cytosolic domain has also been demonstrated to vary between isoforms [40, 41, 56].

We previously demonstrated that the anti-CD44 mAb, H4C4 [52, 57] stained all three tested

tumorigenic cell lines, the breast cancer cell line MB-231, the melanoma cell line HTB-66, and

the glioblastoma cell line U87 [14, 15]. Attempts were made to clone larger CD44 isoforms

from all three cell lines using 3Ꞌ RACE and RT-PCR with N-terminal and C-terminal primers,

described in S2 Table. The cloned cDNA products lacked a 1147 Bp sequence, which included

the variable region V2-V10. Therefore, the 3Ꞌ RACE amplification product represented the iso-

form CD44isf12. This may have been due to the observation that PCR favors shorter sequences

[58]. Alternatively, there may be an abundance of CD44isf12 mRNA. Western blot patterns,

described in a later section, suggested the former may be the correct explanation.

Expression plasmid

The immunization strategy (described below) to generate anti-CD44 mAbs involved injection

of both a 15 amino acid peptide of the N-terminal conserved CED2 region, including amino

acids 248 to 262, of the proximal conserved domain of CD44isf12 (Fig 1B), and a plasmid that

expressed the entire CD44isf12, pLX304isf12V5 (Fig 1C). In the expression plasmid, the

CD44isf12 coding sequence is in frame with the DNA sequence of the V5 tag, at the 3Ꞌ-end

(CD44isf12V5). The CD44isf12V5 sequence is under the control of the cytomegalovirus

(CMV) promoter (Fig 1C) [59, 60].

Immunization and selection strategies

The strategy for immunization is outlined in Fig 1D. In the immunization regime, the chemi-

cally synthesized 15 amino acid peptide (N-GSQEGGANTTSGPIR-C), located in the con-

served region CED2 (Fig 1B), was first injected intraperitoneally at one, 14 and 28 days (Fig

1D). Then both the peptide and the expression plasmid pLX304isf12V5 were simultaneously

injected at 58 days intraperitoneally and into the tail vein at 70 days (Fig 1D). At 77 days, mice

were euthanized (Fig 1D).

Fusion and hybridoma selection

The spleens of the euthanized mice were isolated and homogenized, the spleenocytes mixed

with cells of the immortalized cell line Sp2/0-Ag14 cells [61], fusion induced with 50% PEG

and hybridomas isolated by HAT selection (Fig 1E) [62]. Hybridoma clones were then selected

for IgG production with anti-IgG1 antibody by fluorescence-activated cell sorting (FACS).

Clones were then selected for IgG subtype and for a strong ELISA signal with an 81.5 kDa

CD44 peptide, generated in E. coli, which included the CD44isf1 amino acid sequence. Ten

clones satisfied these criteria and four with high growth rates were selected for further analysis.

Verification of the selected hybridoma mAbs

Expression of the open reading frame was verified in cells of the breast cancer cell line MB-

231. MB-231 cells were transformed with the expression plasmid and immunostained for the

PLOS ONE Anti-CD44 monoclonal antibodies

PLOS ONE | https://doi.org/10.1371/journal.pone.0250175 April 23, 2021 9 / 22

https://www.protpi.ch/
https://doi.org/10.1371/journal.pone.0250175


V5 tag of CD44isf12, with an anti-V5-FITC antibody. Transformed MB-231 cells stained pref-

erentially in the plasma membrane (Fig 2A), demonstrating that CD44isf12V5 was in fact

expressed and localized correctly in human cells transformed with pLX304isf12V5.

Four clones with strong ELISA signals (P4G9, P3A7, P3D2, P3G4) stained fixed cells of

four cell lines (MCF-7, nontumorigenic breast; MB-231, tumorigenic breast cancer; HTB-66,

tumorigenic melanoma; U87, tumorigenic glioblastoma), demonstrating that the cells of all

four cell lines expressed the CD44 target antigen (Fig 2B). For the three cancer cell lines, stain-

ing was punctate and localized to the plasma membrane (Fig 2B). The four mAbs were also

tested for binding to cell lysates of two lines, nontumorigenic MCF-7 and tumorigenic MB-

231, by spot assay analysis. All four mAbs bound to lysates of both cell lines (Fig 2C). Negative

controls, probed with anti-IgG, did not bind to the lysates of the cells (Fig 2C).

Western blot analysis

To assess the variety of isoforms identified by the four selected anti-CD44 mAbs, western blots

were performed with lysates of the three tumorigenic cell lines (MB-231, breast cancer; HTB-

66, melanoma; U87, glioblastoma). Western blots were loaded with 20 μg (Fig 3A) or 80 μg

(Fig 3B), the latter to discriminate minor isoforms. Western blots performed with 20 μg of cell

extract of three cell types showed one major band at 60 kDa, except for MB-231 probed with

mAb P3G4, which exhibited two major bands at approximately 60 kDa and 50 kDa. By

increasing the amount four-fold to 80μg, minor bands could be discriminated and compared

in western blots. While there were no obvious differences between P3D2 and P3A7 for each of

the three tested strains, there were clear differences between strains (Fig 3B). P4G9 and P3G4

exhibited differences in minor bands, and both exhibited differences when compared to the

common pattern of P3D2 and P3A7 (Fig 3B). Together, the results for the western blots loaded

with 20 or 80μg of cell extract indicate that P3D2 and P3A7 target the same sequence, while

P4G9 and P3G4 target different epitopes of CD44, resulting in three distinguishable antigenic

targets, and that all four mAbs discriminate between the three different strains.

Spot assay with peptides

We next tested binding of the four generated anti-CD44 mAbs to commercially available

recombinant CD44 peptides generated in E. coli and in the human cell line HEK293, and to the

chemically synthesized peptide (Fig 1B), which we used in combination with the expression

plasmid (Fig 1C) in the immunization protocol (Fig 1D). The first E. coli recombinant peptide,

p1, contained sequences in the conserved domain CED1, (21–222 aas), variable domain V3 to

V10, and the conserved domain CED2 (267–649 aas) (Fig 4A). All four anti-CD44 mAbs bound

to p1 (Fig 4A). The second E. coli recombinant peptide, p2, included sequences in CED1 (28–

222 aas) and V3-V6 (267–423 aas) (Fig 4A). All four mAbs bound to p2 (Fig 4A). The third E.

coli recombinant peptide, p3, contained only a sequence in CED1 (21–220 aas) (Fig 4A). All

four anti-CD44 mAbs bound to p3 (Fig 4A). These results demonstrated that the four selected

mAbs recognized target sequences in amino acids 21–220 of CED1. The fourth recombinant

peptide, p4, generated in the human cell line HEK293 included aas 1–220 (Fig 4A). Unlike p1,

p2 and p3, which were presumably unglycosylated because they were generated in E. coli, p4

was presumably glycosylated, since it was generated in a mammalian cell line. None of the four

anti-CD44 mAbs bound to p4 (Fig 4A). Since the E. coli recombinant peptides possessed a C-

terminal 6XHIS tag, we tested binding of the four anti-CD44 mAbs to a multi-tag peptide con-

taining 6XHIS by spot assay, to exclude the possibility it was the target. None of the four mAbs

bound (Fig 4B). A control anti-6XHIS antibody, 9E10, did bind (Fig 4B). Finally, we tested

binding to a chemically synthesized 15 amino acid peptide in the CED2 domain, representing
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Fig 2. Validation of the expression plasmid, immunocytostaining of cell lines with selected mAbs and spot assay

analysis of cell lysates with selected anti-CD44 mAbs. A. Expression of CD44 assessed by immunofluorescence, by

the breast cancer cell line transfected with the expression plasmid pLX304isf12V5. Cells were stained with anti-

V5-FITC antibody. B. Immunostaining of four cell lines, MCF-7 (breast cancer), MB-231 (breast cancer), HTB-66

(melanoma) and U87 (glioblastoma), with each of the four mAbs, P4G9, P3D2, P3A7, and P3G4. C. Spot assay analysis
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aas 630–644 of CD44isf1, which is low in secondary structure and turns, as determined by the

Chow-Fasman prediction [63], and antigenic as predicted by the Jameson-Wolf method [64].

None of the four mAbs bound to the chemically synthesized peptide, as one would have pre-

dicted based on binding to the previous four peptides (Fig 4A).

of cell lysates of the cell lines MCF-7 and MB-231, with the four selected mAbs. Anti-IgG1 was used as a negative

control.

https://doi.org/10.1371/journal.pone.0250175.g002

Fig 3. Western blot analyses of the four anti-CD44 mAbs. A. Western blot analysis of lysates of the cell lines MB-231 (breast cancer), HTB-66 (melanoma),

and U87 (glioblastoma) loaded with 20 μg total protein and probed with supernatant of the anti-CD44 mAbs P4G9, P3D2, P3A7 and P3G4. B. Western blot

similar to that in panel A loaded with 80 μg total protein and probed with supernatant of the four anti-CD44 mAbs.

https://doi.org/10.1371/journal.pone.0250175.g003
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Glycosylation and binding

Since the four mAbs were generated against CD44isf12, which lacked the variable region, and

bound to the E. coli-generated peptide p2, which contains only the CED1 sequence, we tentatively

concluded that the four mAbs were generated against an amino acid sequences in CED1, which

would have been the peptide generated in the expression plasmid pLX304isf12V5, since the co-

injected peptide represented a sequence in CED2 (Fig 1B). Western blots of E. coli p2 probed with

Fig 4. Binding of the four anti-CD44 mAbs to recombinant peptides. A. Spot assay analysis of binding by the four selected anti-CD44 mAbs to three

peptides generated in E. coli, one generated in HEK293 cells and one chemically synthesized. B. Spot assay analysis of binding of the four selected anti-CD44

mAbs to a recombinant multiple tag protein containing 6XHIS. 9E10 is a DSHB mAb against c-MYC in the multiple tag protein. C. Western blot analysis of E.

coli p2 binding to the four generated mAbs. Anti-IgG was used as a negative control.

https://doi.org/10.1371/journal.pone.0250175.g004
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the four mAbs supported the results of the spot assay analysis, namely that all four mAbs recog-

nized a sequence in amino acids 28–222 of the CED1 domain (Fig 4C). Since none of the mAbs

bound to the HEK293 recombinant peptide, and since the HEK293 recombinant peptide was gly-

cosylated [65, 66], we tested whether deglycosylation of the HEK293 peptide exposed the target aa

sequence. We deglycosylated the HEK293 recombinant peptide by treating it with neuraminidase

and PNGaseF, which reduced its molecular mass by approximately one-third (Fig 5A), then per-

formed a spot assay comparison of glycosylated and deglycosylated peptides with the four mAbs.

While none of the four mAbs bound to the untreated HEK293 peptide, all bound to the Neur-

aminidase/PNGaseF-treated peptide (Fig 5B). These results supported the conclusion that the

four mAbs targeted unglycosylated amino acid sequences in the CD44 conserved domain, CED1.

Blocking tumorigenesis

Since the four generated anti-CD44 mAbs stained fixed cells of all three tested cell lines (Fig

2B) and bound to multiple CD44 isoforms in western blots of cell lysates of each line (Fig 3A),

we considered the possibility that the mAbs might recognize native CD44 isoforms in vivo. We

therefore assessed whether one of the mAbs, P3D2, blocked tumorigenesis by the breast cancer

cell line MB-231 in a mouse model. MB-231 cells were mixed with the affinity-purified anti-

CD44 mAb P3D2 just prior to injection into mammary fat pads, while in control animals,

MB-231 cells were mixed with affinity-purified anti-IgG antibody. For the combined data of

three independent experiments, a total of six control animals were injected with MB-231 cells

plus anti-IgG (i.e., without mAb P3D2), and a total of six test animals were injected with MB-

231 cells and P3D2. Animals were examined twice a week manually for palpable tumors in the

mammary fat pads. A palpable large tumor was identified in each of the five control animals

after five weeks, at which time both control and test mice were euthanized and the mammary

fat pads excised. Of the six test animals, five contained no palpable tumor in the mammary

gland and one contained a small palpable tumor. Histological sections of the fat pads, stained

with hematoxylin and eosin (H&E), supported this interpretation. Representative histological

sections are presented in Fig 6A and 6C for control animals injected with MB-231 cells plus

anti-IgG and in Fig 6B and 6D for test animals injected with MB-231 and mAb P3D2. These

results demonstrate that the anti-CD44 mAb P3D2, when co-injected with cells of the breast

cancer-derived, tumorigenic cell line MB-231 blocked subsequent tumorigenesis.

Fig 5. HEK293 recombinant peptide representing the first 220 amino acids of CD44 binds to the four anti-44 mAbs when deglycosylated. A.

Treatment of the HEK293 recombinant peptide, that represents amino acids 1–220 of CD44, with neuramidase and PNGaseF causes a decrease in

molecular mass from approximately 60 to approximately 40 kDa (-), in the absence, (+) in the presence of neuramidase and PNGaseF. B. A comparison of

spot assay binding of the four mAbs, between the glycosylated and deglycosylated HEK293 peptide.

https://doi.org/10.1371/journal.pone.0250175.g005
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Discussion

The large number of CD44 isoforms resulting from alternative splicing and secondary modifi-

cation is consistent with the variety of cell types and cellular functions [5, 37–42, 51, 67], in

which CD44 plays a role [2, 10, 14–18]. CD44 also plays a prominent role in tumor progression

and metastasis in a variety of cancers, as reviewed in detail by Chen et al. [13]. Moreover, indi-

vidual cells express more than one CD44 isoform suggesting that multiple isoforms play a vari-

ety of roles in single cells [37, 51, 56]. It would therefore be highly advantageous to generate a

Fig 6. The anti-CD44 mAb P3D2, when injected with cells of the tumorigenic cell line MB-231, blocks tumorigenesis. A mammary fat pad of

mice was either injected with tumorigenic plus anti-IgG1 (control) or MB-231 cells plus the anti-CD44 mAb P3D2 (test). When control fat pads

contained palpable tumors, the fat pads were removed from euthanized mice, both control and test, and stained with hematoxylin (stains nuclei

black) and eosin (stains cytoplasm red). A,C. Representative histological sections of tumors in the mammary fat pads of control mice injected with

MB-231 cells and anti-IgG1. B,D. Histological sections of fat pads of test mice injected with MB-231 cells plus the anti-CD44 mAb P3D2.

https://doi.org/10.1371/journal.pone.0250175.g006
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highly characterized, diverse panel of anti-CD44 mAbs in order to dissect the roles of the dif-

ferent CD44 isoforms in tumorigenesis and metastasis, and identify specific mAbs that may be

useful and selective anti-tumor and anti- metastasis drugs. In addition, it should be noted that

different mAbs generated against the same CD44 domain or peptide may vary dramatically in

blocking activity or efficacy due to differences in the variable regions of the light and heavy

chain, as well as the exact targeted antigenic sequences. Finally, the need for more affinity

reagents, most notably monoclonal antibodies and recombinant antibodies, that are well vali-

dated and characterized, has engendered initiatives by the NIH and other institutions, such as

the Protein Capture Reagents Program (PCRP) of the Common Fund of NIH [68], and the

Clinical Proteomic Technologies for Cancer (CPTC) program of the National Cancer Institute

of NIH http:proteomics.cancer.gov [69, 70], NeuroMab at UC Davis [71], and the Muscular

Dystrophy Association https://www.mda.org [72]. For all of the preceding reasons, we devel-

oped a strategy for generating new mAbs against CD44, in which we co-inoculated mice with

both a 15 amino acid peptide from the proximal extracellular conserved domain (CED2) of

CD44 and an expression plasmid that expressed a protein with the amino acid sequence of the

smallest CD44 isoform, isf12, which lacked the extracellular variable region (V2-V10). Ten

hybridomas were selected based on IgG subtype, ELISA signals with recombinant CD44 pro-

tein and speed of hybridoma growth. The four best of the 10 based on the selection criteria

were then characterized.

mAb variability

The four selected anti-CD44 mAbs each identified a number of isoforms in lysates of the three

tested cell lines separated on western blots. Western blot analyses identified three complex pat-

terns, one generated by mAb P4G9, one by both P3D2 and P3A7, and one by P3G4. In addi-

tion, each mAb generated different western blot patterns between the three cancer cell lines.

These letter results support previous studies demonstrating that different cancer cells express

different CD44 isoforms, as do non-cancer cells [16, 23, 24, 27–30, 41, 45]. These, detailed

characterizations of isoforms may reveal ones that are specific for cancer cells that can be used

as targets for mAbs that selectively block tumorigenesis and metastasis.

Glycosylation

CD44 isoforms appear to share the 1–222 aas that compose the conserved N-terminal extra-

cellular domain (CED1). Sequences in the 21 to 220 domain proved to be the antigenic tar-

gets for all four cloned mAbs. A search for N- and O-glycosylation for CD44isf12 at http://

www.cbs.dtu.dk revealed 24 potential O-glycosylation sites along CD44, including at least 5

in the CED1 domain. These potential sites may explain why the four generated mAbs

bound to the unglycosylated E. coli recombinant peptide p3 (aas 21–220), but not the glyco-

sylated HEK293 recombinant protein (aas 1–220). Deglycosylation of the HEK293 recombi-

nant peptide allowed the four generated anti-CD44 mAbs to bind to the peptide, as

demonstrated by spot assay analysis. It should be noted that glycosylation of the recombi-

nant peptide when it was generated in HEK293 cells may be different from that of native

CD44 isoforms generated in the three cancer cell lines [65]. Western blots of cell line lysates

indicated that each of the four mAbs bound to a number of different native CD44 isoforms,

presumably by binding to the same unglycosylated amino acid sequences of CD44, suggest-

ing that the CED1 sequence glycosylated in the recombinant HEK293 peptide was not gly-

cosylated in the native CD44 isoforms identified by western blot analysis of lysates of all

three cancer cell lines. Interestingly, Matsuki et al. (2003) generated a monoclonal antibody,

268-1F5, that bound to a sequence in the proximal conserved CED2 region of CD44 [73],
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that recognized CD44 only after deglycosylation. In western blot analysis of cell line lysates

including that of MB-231, the 268-1F5 mAb produced only a weak signal with an 85kDa iso-

form, it’s major target [73]. In contrast, the major target of the four anti-CD44 mAbs we

have generated is approximately 65 kDa and exhibits a strong signal in MB-231 cell lysates

probed with the 4 generated mAbs. These results suggest that other anti-CD44 mAbs gener-

ated against different conserved regions using unglycosylated recombinant proteins may be

less effective due to glycosylation of the target domains in the mature protein.

P3D2 inhibits tumorigenesis

Here, we have tested whether one of the anti-CD44 mAbs we generated, P3D2, was anti-

tumorigenic. To test for anti-tumorigenic activity, we co-injected the mAb P3D2 with cells of

the tumorigenic cell line MB-231 [74–76], into the mammary fat pads of mice. P3D2 was

highly effective in blocking tumorigenesis by MB-231 cells.

Concluding remarks

The CD44 isoforms not only play major roles in a host of cellular functions ranging from

embryogenesis to the cell physiology of adults in a variety of tissues, but also in cancer tumori-

genesis [77]. CD44 knockdown experiments and anti-CD44 antibodies have been shown to

affect a number of cancer cell-related behaviors in vitro [14, 78, 79]. Several previous studies

demonstrated that mAbs against CD44 blocked tumorigenesis in mouse models [14, 32, 80,

81]. In the study by Verel et al. (2002), the target epitope binding region of the mAbs were in

the variable region of CD44 between aa 36–370 [80]. None of the studies assessed the role of

glycosylation, as we have performed here. We have shown that the mAbs we have generated

identify unglycosylated sequences in the N-terminal conserved region of native CD44 iso-

forms. The four characterized mAbs bind to a variety of CD44 isoforms in cancer cell lysates,

indicating that the targeted amino acids region of these isoforms, which is in the N-terminal

conserved region, is unglycosylated in the native state. Here, we have tested one of the four

mAbs for its capacity to inhibit tumorigenesis by breast cancer cells in the mammary fat pad of

mice. The antibody was highly effective, suggesting that mAbs targeting the unglycosylated

conserved N-terminal region of CD44 may prove clinically relevant. Interestingly, CD44 gen-

erated in HEK293 cells, which were cloned from human embryonic kidney, was glycosylated

in the mAb target region of CD44, indicating that cancer cells leave this region unglycosylated

and possibly, this provides a unique cancer cell target. This possibility is now under

investigation.
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