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A B S T R A C T

αB-Crystallin is a member of the small heat shock protein family. It is a molecular chaperone and an anti-
apoptotic protein. Previous studies have shown that the peptide (73DRFSVNLDVKHFSPEELKVKV93, hereafter
referred to as peptain-1) from the core domain of αB-crystallin exhibits both chaperone and anti-apoptotic
properties similar to the parent protein. We developed a mouse monoclonal antibody against peptain-1 with the
aim of blocking the functions of αB-crystallin. The antibody reacted with peptain-1, it did not react with the
chaperone peptide of αA-crystallin. The antibody strongly reacted with human recombinant αB-crystallin but
weakly with Hsp20; it did not react with αA-crystallin or Hsp27. The antibody specifically reacted with αB-
crystallin in human and mouse lens proteins but not with αA-crystallin. The antibody reacted with αB-crystallin
in human lens epithelial cells, human retinal endothelial cells, and with peptain-1 in peptain-1-transduced cells.
Unlike the commercial antibodies against αB-crystallin, the antibody against peptain-1 inhibited the chaperone
and anti-apoptotic activities of peptain-1. The antibody might find use in inhibiting αB-crystallin's chaperone
and anti-apoptotic activities in diseases where αB-crystallin is a causative or contributing factor.

1. Introduction

α-Crystallin is a small heat shock protein and consists of αA- and
αB- subunits. They have 55% sequence homology between them, and
both are molecular chaperones (Kappe et al., 2003) and anti-apoptotic
proteins (Andley et al., 2000). αB-Crystallin is stress-inducible and is
present in several tissues including lens, retina, heart, skeletal muscles
and kidney, but αA-crystallin, which is non-stress inducible, is present
mainly in lens (Arrigo, 2013). αB-crystallin performs important roles in
tissues by protecting them against various forms of stress. Previous
studies showed that αB-crystallin protects cells from hyperthermia, UV
light, hydrogen peroxide-induced oxidative stress, and chemically in-
duced apoptosis (Liu et al., 2004; Dou et al., 2012; Christopher et al.,
2014; Tang et al., 2014). Similarly, administration of αB-crystallin
blocks ischemic injury, brain stroke, multiple sclerosis, optic nerve
crush injury, spinal cord contusion injury and acute hypertension in

experimental animals (Ying et al., 2008; Arac et al., 2011; Klopstein
et al., 2012; Rothbard et al., 2012; Wu et al., 2012; Yan et al., 2017).
Other studies have shown that αB-crystallin promotes pathological
angiogenesis in retina (Kase et al., 2010) and epithelial to mesenchymal
transition during fibrotic diseases (Bellaye et al., 2015; Ishikawa et al.,
2016; Nahomi et al., 2016; Nam and Nagaraj, 2018). In addition, it is
overexpressed in many cancers, suggestive of its causative or con-
tributing role (Koletsa et al., 2014; Shi et al., 2014). One previous study
showed inhibition of tumor progression in human breast cancer xeno-
grafted mice by treatment with an inhibitor of αB-crystallin (Chen
et al., 2014). Together, these observations point to αB-crystallin as a
therapeutic target in diseases. Whether extracellular αB-crystallin plays
a role in the pathogenesis of diseases is not known. Rothbard et al.
(Rothbard et al., 2012) showed that αB-crystallin levels in plasma are
elevated ~5 fold in patients with multiple sclerosis relative to normal
individuals, suggesting a possible pathological role for extracellular αB-
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crystallin. An αB-crystallin related small heat shock protein Hsp27 has
been found to be increased in the serum of patients in several diseases,
among them are, chronic pancreatitis (Liao et al., 2009), multiple
sclerosis (Ce et al., 2011), gastric adenocarcinoma (Huang et al., 2010)
and insulin-resistance associated macrovascular complications (Burut
et al., 2010). Whether such an increase in Hsp27 contributes to the
pathogenesis is currently not known. Thus, the role of extracellular
small heat shock proteins in disease needs to be established.

All small heat shock proteins (sHSPs) have a conserved α-crystallin core
domain containing ~90 amino acids. In recent years, several researchers
have identified core domain peptides from sHSPs, including those in αA-
and αB-crystallin that can function similar to their parent molecules
(Sharma et al., 2000; Bhattacharyya et al., 2006; Ghosh et al., 2007;
Nahomi et al., 2013b; Nahomi et al., 2015). We found that transfer of the
peptides of αA- and αB-crystallin into cells effectively inhibited chemical-
induced apoptosis and treatment in rats prevented cataract development
(Nahomi et al., 2013b). Hinton and his group showed αB-crystallin-derived
peptide is internalized into cells by an amino acid transporter, and such
internalized peptide was able to block oxidative stress-induced apoptosis in
retinal pigment epithelial cells (Sreekumar et al., 2013). Steinman's group
reported that intraperitoneally injected αB-crystallin peptide was effective
in the treatment of experimental autoimmune encephalomyelitis in mice
(Kurnellas et al., 2012). These observations suggest that sHSP-derived
peptides may have therapeutic benefits.

Monoclonal antibodies are widely used for the detection of proteins,
protein modifications and as therapeutics. Several monoclonal anti-
bodies (humanized) are now FDA-approved drugs. The most notable are
anti-TNFα (Humira) and anti-VEGF-A (Lucentis). There are others for
treatment of ulcerative colitis, cancer, angiogenesis, inflammation, etc.
Our idea was to develop a monoclonal antibody against peptain-1, so
the antibody will neutralize the two major functions of αB-crystallin
and inhibit diseases promoted by αB-crystallin. We report development
of a monoclonal antibody that preferentially reacts with peptain-1 and
inhibits the chaperone and anti-apoptotic activities of peptian-1 and the
chaperone activity of αB-crystallin.

2. Material and methods

2.1. Immunization

All peptides used for this study were purchased from Peptide 2.0. VA
(HPLC and mass spectrometry data for all peptides are provided in
Supplemental Fig. S1). All procedures involving animals were approved by
the Institutional Animal Care and Use Committee of the University of
Colorado and were performed in accordance with published National
Institutes of Health guidelines and ARVO guidelines. Peptain-1 (2 mg) was
conjugated with 2 mg of Imject Mariculture Keyhole Limpet Hemocyanin
(mcKLH, Thermo Scientific, MA, Cat#77600), mixed with Freund's com-
plete adjuvant (Sigma, MO, Cat#5881), and injected intraperitoneally (i.p.)
to Balb/c mice, and then after three booster injections (i.p.) in Freund's
incomplete adjuvant (Sigma, MO, Cat#5506) as previously described
(Mailankot et al., 2009). Ten days after the final injection, blood was col-
lected from the saphenous vein, and serum was separated for ELISA.

2.2. Generation of monoclonal antibody

Spleen cells were fused with myeloma cells FOX-NY cells (ATCC, VA)
using polyethylene glycol, and hybridomas were cultured in a selection
medium. ELISAs were performed either with peptain-1, Imject bovine
serum albumin (Thermo Scientific, Cat#77110) conjugated peptain-1,
scrambled peptain-1 (FEPSVRFSKVDHLVKENDLVK, Peptide 2.0, VA) or
human recombinant αB-crystallin to select positive clones by ELISA.
Hybridoma clones with high reactivity to peptain-1 and αB-crystallin and
no reactivity against scrambled peptide were selected by subcloning.
Immunoglobulin G (IgG) subclass was isotyped using Mouse Typer iso-
typing kit (Bio-Rad, CA, Cat#172-2051). The hybridoma clone that

showed strongest immunoreactivity was grown in hybridoma serum free
media (Life Technologies, NY, Cat#12045076) for antibody production.
The monoclonal antibody was purified on a Protein G-Sepharose column
(GE Healthcare, PA) and stored at −80 °C until use.

2.3. Coupling of BSA with peptain-1

Peptain-1 (4 mg) was dissolved in 100 μl of DMSO and made up to
0.85 ml with the conjugation buffer (Thermo Scientific, Cat#77162).
This was mixed with Imject bovine serum albumin (4 mg in 0.65 ml
conjugation buffer). To this mixture, 0.165 ml of EDC (1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide hydrochloride) (Thermo Scientific,
Cat#77149, 1.65 mg) was added, incubated at room temperature (RT)
for 2 h and dialyzed overnight at 4 °C against PBS.

2.4. Western blotting

Water-soluble protein was prepared from human and mouse lenses by
the procedure previously described (Nagaraj et al., 2012). Recombinant
human Hsp20 was purchased from (Biotang Inc., MA, Cat# BT-HSP-
020), and αA- and αB-crystallin, and Hsp27 were purified as described
before (Nagaraj et al., 2012). All proteins or peptides (1 to 30 μg) were
resolved on 12% SDS-PAGE and transferred electrophoretically to a ni-
trocellulose membrane. Membranes were blocked with 5% NFDM (non-
fat dry milk, Bio-Rad, Cat#170-6404) in TBST, incubated overnight at
4 °C with either the peptain-1 antibody (1:1000 dilution), or monoclonal
αB-crystallin antibody (mouse, Developmental Studies Hybridoma Bank,
University of Iowa, diluted 1:500,000) or a polyclonal αB-crystallin an-
tibody (rabbit, Millipore, Billerica, MA, Cat#ABN185, 1:1000 dilution)
and treated with an HRP-conjugated horse-anti-mouse IgG (Cell Sig-
naling, MA, Cat#7076S, 1:5000 dilution) or HRP conjugated goat-anti-
rabbit IgG (Cell Signaling, MA, Cat#7074S, 1:5000 dilution) for 1 h at
RT. Membranes were developed using the SuperSignal West Pico or
Femto Kit (Pierce Chemicals, IL, Cat#34580 and Cat#34096). For
stripping membranes, we used Restore Western Blot Stripping Buffer
(Thermo Scientific, Cat#21059) as per manufacture's instruction.

2.5. Direct ELISA

The ELISA plate wells were coated with peptain-1 or truncated
peptain-1 peptides (5 μg/well) or BSA-conjugated peptain-1 (2 μg/well)
in 50 mM sodium carbonate buffer, pH 9.6 overnight at 4 °C. The wells
were blocked with 5% NFDM-PBST for 2 h at RT in a humidified
chamber. The wells were washed with 1× PBST and treated with the
peptain-1 antibody (1:50 dilution) for 2 h at 37 °C. For the ELISAs in
Fig. 1E, primary antibodies (peptain-1 or αB-crystallin mouse mono-
clonal or αB-crystallin rabbit polyclonal) were diluted 1:50 and in-
cubated for 1 h at 37 °C. The wells were washed and treated with HRP-
conjugated horse-anti-mouse IgG (Cell Signaling, MA, Cat#7076,
1:5000 dilution) and incubated for 1 h at 37 °C. After washing, the wells
were treated with 3,3′,5,5′-tetramethylbenzidine substrate (Sigma,
Cat# T3405-50TAB) in 50 mM phosphate citrate buffer, pH 5.0, for
45 min at 37 °C. The reaction was stopped by the addition of 2 N H2SO4,
and the absorbance was measured at 450 nm.

2.6. Competitive ELISA

The ELISA plate wells were coated with BSA-conjugated peptain-1
(2 μg/well) in 50 mM carbonate buffer, pH 9.6, overnight at 4 °C.
Varying concentrations of peptain-1, αA-crystallin, Hsp20 and Hsp27-
derived peptides (0–20 μg) were incubated with the peptain-1 antibody
(10 μg) in PBS overnight in a shaker at 4 °C. The wells were blocked
with 5% NFDM-PBST for 2 h at RT in a humidified chamber. The wells
were then washed with 1× PBST and treated with the antibody-peptide
mixtures for 2 h at 37 °C. The wells were washed and treated with HRP-
conjugated horse-anti-mouse IgG (1:5000 dilution) and incubated for
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1 h at 37 °C. After washing, wells were treated with 3,3′,5,5′-tetra-
methylbenzidine substrate in 50 mM phosphate citrate buffer, pH 5.0,
for 45 min at 37 °C. The reaction was stopped by the addition of 2 N
H2SO4, and absorbance was measured at 450 nm. The results are ex-
pressed as the ratio between B (absorbance in the presence of compe-
titor) divided by B0 (absorbance in the absence of competitor).

2.7. Immunofluorescence and immunohistochemistry

For immunofluorescence, human lens epithelial cells (FHL124 cells
from Dr. Michael Wormstone, University of East Anglia, UK) were
cultured in chamber slides (Lab-Tek II, NY) and incubated with or
without human recombinant TGFβ2 (Peprotech, NJ, Cat#100-35B,
10 ng/ml) for 48 h to stimulate αB-crystallin expression as previously
described (Nahomi et al., 2016). Human retinal endothelial cells
(HRECs) were isolated and cultured on chamber slides as previously
described (Busik et al., 2008). Cells were fixed with 4% paraf-
ormaldehyde, permeabilized with ice cold 80% methanol, blocked with
5% goat serum, and treated with peptain-1 antibody (20 μg/ml) in goat
serum overnight at 4 °C. Cells were then incubated with goat anti-
mouse Alexa Fluor 488 conjugated secondary antibody (Life Technol-
ogies, Cat#A1100,1:250 dilution) for 1 h at 37 °C. For im-
munohistochemistry, mouse eye sections were deparaffinized and
blocked with 5% goat serum. Sections were then treated with anti-
bodies as described above. Negative controls were prepared by omitting
the primary antibody. DAPI was used to visualize nuclei, and images

were taken in a confocal microscope (ECLIPSE Ti) at 20× magnifica-
tion.

2.8. Effect of the antibody against the chaperone activity of peptain-1 and
αB-crystallin

The chaperone activity of peptain-1 and αB-crystallin was determined
using citrate synthase (CS) and alcohol dehydrogenase (ADH). All assays
were performed using UV microplate reader (Spectramax 190, Molecular
devices, San Jose). For the CS assay, peptain-1 (300 μg/ml) or αB-crys-
tallin (167 μg/ml) was pre-incubated in the absence or presence of either
peptain-1 antibody or αB-crystallin mouse monoclonal antibody or αB-
crystallin rabbit polyclonal antibody (42 μg/ml in the case of peptain-1
and 54.4 μg/ml in the case of αB-crystallin) at RT for 4 h in 40 mM HEPES
buffer, pH 7.4. Aggregation of CS (167 μg/ml) at 43 °C was monitored at
400 nm for 1 h in a kinetic mode. For the ADH assay, peptain-1 (500 μg/
ml) and αB-crystallin (60 μg/ml) were pre-incubated with or without ei-
ther peptain-1 antibody or αB-crystallin mouse monoclonal antibody or
αB-crystallin rabbit polyclonal antibody (120 μg/ml in the case of peptain-
1 and 20 μg/ml in the case of αB-crystallin) for 4 h at RT in PBS.
Aggregation of ADH (1 mg/ml in PBS containing 2 mM EDTA) was in-
duced by incubating at 43 °C and monitored at 400 nm for 1 h in a kinetic
mode. To determine specific effects of the peptain-1 antibody on the
chaperone activity, we tested a naïve antibody in the ADH assay. Peptain-1
(500 μg/ml) or αB-crystallin (60 μg/ml) was pre-incubated with the pep-
tain-1 antibody or naïve mouse IgG (Sigma, Cat # I5381) (120 μg/ml in
the case of peptain-1 and 20 μg/ml in the case of αB-crystallin) for 4 h at
RT in PBS. The ADH aggregation assay was carried out as above. Percent
protection by the chaperone was calculated by taking O.D. at 60 min and
using the formula:

= ± + ±
±

×

Percent protection O D of client antibody O D of client chaperone antibody
O D of client antibody

( . . ) ( . . )
( . . )

100

2.9. Detection of peptain-1 in HeLa cells

HeLa cells were cultured on chamber slides as previously described
(Nahomi et al., 2016). Cells were incubated with or without peptain-1
(100 μg/well in 250 μl serum free medium) for 24 h, fixed as described
above and permeabilized with 0.1% Triton-X 100 for 5 min at RT. The
cells were processed as described above except that in these experi-
ments, a Texas Red conjugated secondary antibody (Life Technologies,
Cat #T6390) was used.

2.10. Effect of the antibody against the anti-apoptotic activity of peptain-1

Peptain-1 with or without prior incubation with antibodies was
transferred into HeLa cells using PULSin protein delivery reagent
(Polyplus-transfection-Bioparc, France, Cat # 501-04) as per manufac-
turer's instructions. In brief, peptain-1 (35 or 50 μg) was incubated with
or without peptain-1 or αB-crystallin mouse monoclonal or αB-crys-
tallin rabbit polyclonal antibody (all 10 μg) in 150 μl 20 mM HEPES
buffer pH 7.4 for 16 h at 4 °C in a shaker. Next, 7.5 μl of the protein
delivery reagent was added and incubated at RT for 15 min. To the
mixture, 550 μl of serum free media was added and incubated with
HeLa cells in six well plates for 4 h 37 °C. The wells were washed once
with PBS and then treated with staurosporine (Sigma, Cat # S6942-
200UL) at 20 nM for 16 h at 37 °C. The wells were then washed once
with PBS and the cells were lysed using 1× RIPA buffer (Thermo sci-
entific, Cat # 89900) containing a protease inhibitor cocktail (Sigma,
Cat # P8340, 1:100 dilution) and processed for Western blotting. Ten
μg protein was used for Western blotting. Cleaved caspase-3 level, an
indicator of apoptosis, was determined by Western blotting of cell ly-
sates using a cleaved caspase-3 antibody (Cell Signaling, Cat# 9664S,
1:1000 dilution).

Fig. 1. The peptain-1 monoclonal antibody reacts with peptain-1 but the two
commercial antibodies (against human αB-crystallin) do not. Peptain-1 and αB-
crystallin were subjected to SDS-PAGE on 12% gel and Western blotted. First,
we probed with a commercially available mouse monoclonal antibody (A). The
membrane was stripped and re-probed with a commercially available rabbit
polyclonal antibody (B), the membrane was stripped again and probed with the
peptain-1 antibody (C). The gel run in parallel was stained with Coomassie blue
(D). M = molecular weight markers, a = peptain-1, b = human αB-crystallin.
The solid arrow indicates αB-crystallin and the dotted arrow peptain-1. A direct
ELISA against BSA-conjugated peptain-1 was performed to test the im-
munoreactivity of peptain-1 antibody and commercial antibodies (E).
1 = peptain-1 antibody, 2 = mouse monoclonal antibody, 3 = rabbit poly-
clonal antibody. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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2.11. Statistical analysis

The data were analyzed with GraphPad Prism software (Version 7)
by one-way ANOVA and presented as the means ± SD of the specific
number of experiments indicated in figure legends. The differences
were considered significant at p < .05.

3. Results

3.1. Production of peptain-1 monoclonal antibody

The culture media from the selected clone (2000 ml) was collected,
passed through a 1.5 ml Protein G-Sepharose column, and purified ac-
cording to the manufacturer's protocol (GE Healthcare). The isotyping
ELISA showed that the purified antibody was of IgG1 subtype.

3.2. Immunoreactivity of the antibodies

First, we tested the immunoreactivity of peptain-1 antibody and the
two commercially available antibodies against human αB-crystallin in
Western blotting. The commercial mouse monoclonal antibody reacted
with human recombinant αB-crystallin but not with peptain-1 (Fig. 1A).
Similar results were obtained when we stripped the same membrane
and probed with a rabbit polyclonal antibody (Fig. 1B). However, when
we probed the same membrane with the peptain-1 antibody, we ob-
served immunoreactivity for both peptain-1 (below 10 kDa) and αB-
crystallin (Fig. 1C). SDS-PAGE run in parallel showed peptide/protein
loading (Fig. 1D). Similar results were obtained in direct ELISAs in
which we coated the wells with BSA-conjugated peptain-1 (Fig. 1E).

The antibody reacted with BSA-conjugated peptain-1 and re-
combinant human αB-crystallin (Fig. 2A). BSA-conjugated peptain-1
showed an intense band between 50 and 75 kDa and less intense bands
with several high molecular weight proteins, possibly because of
crosslinking of BSA during the conjugation of peptain-1 to BSA. Human
recombinant αB-crystallin showed a major band, as expected at 20 kDa.
The peptain-1 antibody was then tested by Western blotting against
other human small heat shock proteins, αA-crystallin, Hsp20 and
Hsp27. As seen in Fig. 2B, the antibody strongly reacted with αB-
crystallin, weakly with Hsp20, and did not react with either αA-crys-
tallin or Hsp27.

3.3. Immunoreactivity of the antibody against peptain-1 and truncated
peptain-1 peptides

Peptain-1 used in this study was a 21 amino acid peptide (73DRF-
SVNLDVKHFSPEELKVKV93). We tested three truncated peptides by
direct ELISAs to determine the minimum amino acid sequence required
for the antibody recognition. The direct ELISAs results showed that the
11 amino acids at the C-terminus (83HFSPEELKVKV93), 10 amino acids
at the N-terminus (73DRFSVNLDVK82) and 10 amino acids in the middle
(78NLDVKHFSPE87) all had no immunoreaction (Fig. 3). This suggests
that the antibody requires the full-length peptide for immunoreaction.
We could not test this by Western blotting since truncated peptides ran
as broad bands in SDS-PAGE gel unlike peptain-1.

3.4. Immunoreactivity of the antibody against chaperone peptides of small
heat shock proteins

We performed competitive ELISAs for peptain-1 and the core do-
main peptides of αA-crystallin (70KFVIFLDVKHFSPEDLTVK88), Hsp20
(71GHFSVLLDVKHFSPEEIAVK91) and Hsp27 (93DRWRVSLDVNHFAPD-
ELTVK112). For this assay, we incubated various concentrations of the
peptides with peptain-1 antibody and used the reaction mixtures in
competitive ELISAs. We found peptain-1 to be the strongest competitor
for antibody binding (Fig. 4A). Hsp20 peptide also showed strong
competition, but it was lower than peptain-1. The Hsp27 peptide

showed only weak competition, whereas the αA-crystallin peptide was
non-reactive.

Next, we tested the antibody by Western blotting. The antibody
strongly reacted with peptain-1, weakly reacted with the peptide of
Hsp20 and showed no reaction with the other two peptides
(Fig. 4B). The strong immunoreactivity of Hsp20 in the competitive
ELISA, but weak reaction by Western blotting, is possibly due to the
two different ways the antigen is presented to the antibody in the
two assays.

Fig. 2. The monoclonal antibody reacts with peptain-1 and human αB-crys-
tallin. Peptain-1, BSA-conjugated peptain-1 and αB-crystallin were subjected to
Western blotting using the peptain-1 antibody (A, left panel). M = molecular
weight markers, a = peptain-1, b = BSA-conjugated peptain-1, c = αB-crys-
tallin. Recombinant small heat shock proteins were also tested for peptain-1
immunoreactivity (B, left panel). The gels run in parallel were stained with
Coomassie blue (A and B right panels), 1 = human αA-crystallin, 2 = human
αB-crystallin, 3 = human Hsp20 and 4 = human Hsp27. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. The antibody reacts only with the full-length peptain-1 but not with
truncated peptain-1. A direct ELISA was performed to test the immunoreactivity
of antibody against peptain-1 and truncated peptides. 1 = peptain-1, 2 = 11
amino acids at the C-terminus (83HFSPEELKVKV93), 3 = 10 amino acids at N-
terminus (73DRFSVNLDVK82), 4 = 10 amino acids in the middle (78NLDVKH-
FSPE87).
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3.5. Detection of αB-crystallin in lens proteins and mouse lenses

We tested the antibody against human and mouse lens proteins by
Western blotting, as they contain high levels of αB-crystallin and are
expected to react strongly with the antibody. We used water-soluble
proteins from three different human lenses of age 18, 30 and 46 years.
All three samples reacted with the antibody (Fig. 5A). As the lens age
increased, the immunoreactivity in the high molecular weight region
increased (between 25 and 200 kDa), which was expected as α-crys-
tallin covalently crosslinks with itself and other proteins with age. We
observed reaction against αB-crystallin in three wild-type (WT) mouse
lenses but not in αB-crystallin knockout (αB−/−) lenses.

We then tested the antibody by immunohistochemistry in WT and
αB-crystallin knockout (KO) mouse lenses. We observed that the anti-
body showed immunoreaction in WT lens but not in KO lens (Fig. 5B).
Negative control, where we omitted the primary antibody, showed no
immunoreaction in WT lenses. In mouse lenses, the immunoreactivity
was seen predominantly in the outer cortex but not the nucleus. This
could be due to inaccessibility of the epitope for the antibody or the
inability of the antibody to react with the post-translationally modified
αB-crystallin. Nonetheless, these data confirm high specificity of the
antibody toward αB-crystallin in lenses.

3.6. Immunoreaction of the antibody in cultured cells

We have previously shown that αB-crystallin is highly upregulated
in FHL124 cells upon treatment with 10 ng/ml of TGF-β2 for 48 h
(Nahomi et al., 2016). The antibody showed immunoreactivity against
αB-crystallin (observed in cytoplasm and nucleus) in the TGF-β2
treated cells (Fig. 6A). HRECs inherently express αB-crystallin, which
was evident by the immunoreaction throughout cells (Fig. 6B). In ne-
gative controls, where the primary antibody was omitted, im-
munoreaction was absent in both FHL124 and HRECs.

A previous study showed that peptain-1, when incubated with

cultured cells, enters cells (Sreekumar et al., 2013). Furthermore, our
previous study also showed cellular effects of peptain-1 when incubated
with lens epithelial cells, possibly because of its entry into cells
(Nahomi et al., 2013b). We detected peptain-1 in HeLa cells treated
with peptain-1 for 24 h (Fig. 7B), which was mainly in the cytoplasm.
Cells not treated with peptain-1 (Fig. 7A) or cells in which the primary
antibody was omitted (Fig. 7A and B, right panels) did not show im-
munoreaction.

3.7. Inhibition of the chaperone activity of peptain-1 and αB-crystallin by
the peptain-1 antibody

The antibody's ability to block the chaperone activity of peptain-1
was tested in chaperone assays. We used chemical aggregation of CS
(Fig. 8A, B, E and F), thermal aggregation of ADH (Fig. 8C, D, G and H).
Peptain-1 alone inhibited the aggregation of CS and ADH up to 61.3%
and 69.4%, respectively (Fig. 8A and C). We noticed that the antibodies
alone had some protection against client protein aggregation. This was
considered when calculating percent protection, as mentioned in
Methods (Section 2.8). However, when pre-incubated with the peptain-
1 antibody, peptain-1 was able to protect aggregation only by 6.2% and
16.5%, respectively. Thus, the peptain-1 antibody treatment resulted
almost complete loss in the chaperone activity of peptain-1. The results
of Western blotting (Fig. 1B) and ELISA (Fig. 1E) indicated that the
polyclonal antibody did not bind to peptain-1 and therefore the in-
hibition of the chaperone activity of peptain-1 by the polyclonal anti-
body in the ADH aggregation assay (Fig. 8C) (and not in the CS ag-
gregation assay) is puzzling and needs further investigation. To
determine whether the antibody blocks the chaperone activity of αB-
crystallin as well, we tested the antibody in chaperone assays using CS
(Fig. 8B and F) and ADH (Fig. 8D and H) as client proteins. In the
absence of the antibody, αB-crystallin protected the aggregation of CS
and ADH by 58.4% and 62.5%, respectively (Fig. 8B and D). However,
in the presence of the antibody, while the protection of ADH was re-
duced by 16%, the aggregation of CS remained unaltered. The reason
for this is not known, a possibility is that αB-crystallin binds to CS
through other chaperone sites (in addition to peptain-1) and inhibits CS
aggregation in the presence of the peptain-1 antibody. To check the
specificity of the antibody toward peptain-1 or αB-crystallin in these
assays, we used the commercial monoclonal antibody against αB crys-
tallin and a polyclonal antibody against αB crystallin. All chaperone
assays were performed using these two antibodies at the same con-
centration as the peptain-1 antibody. In contrast to the peptain-1 an-
tibody, the other two antibodies did not block the chaperone activity of
either peptain-1 or αB-crystallin, except in the case of polyclonal an-
tibody, which blocked the chaperone activity of peptain-1 in the ADH
aggregation assay (Fig. 8C and G).

To confirm specificity of the peptain-1 antibody against the cha-
perone activity of peptain-1 and αB-crystallin, we compared it with a
naïve antibody in the ADH aggregation assay. Pepatin-1 blocked the
aggregation of ADH by 53.5%, but when pre-incubated with the anti-
body, this protective ability was reduced to 13% (Fig. 9A and B). Such a
loss in the chaperone activity was not observed with the naïve antibody.
αB-Crystallin prevented the aggregation of ADH by 77.6%, but in the
presence of peptain-1 antibody, it was reduced to 68.2%. Such a re-
duction was not observed with the naïve antibody (Fig. 9C and D). The
absence of a complete inhibition of the chaperone activity by the
peptain-1 antibody could be due to lower amounts of the antibody
compared to chaperones. Nonetheless, these data suggest that the
peptain-1 antibody binds to the core domain of αB-crystallin and in-
hibits its chaperone activity.

3.8. Inhibition of the anti-apoptotic activity of peptain-1 by the antibody

Finally we tested the ability of the antibody to block the anti-
apoptotic function of peptain-1 during staurosporine induced apoptosis

Fig. 4. Peptain-1 is the preferred chaperone peptide for the antibody binding.
Peptain-1 and the chaperone peptides of other small heat shock proteins were
tested by a competitive ELISA (A) and Western blotting (B, left panel) as de-
scribed in Methods. The gel run in parallel was stained with Coomassie blue (B,
right panel). M = molecular weight markers, 1 = peptain-1, 2 = αA-crystallin,
3 = Hsp20, and 4 = Hsp27. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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in HeLa cells. Caspase-3 activation is an indicator of apoptosis in cells
(Porter and Janicke, 1999). We checked the levels of cleaved caspase-3
(active caspase-3) by Western blotting. We found a large increase in
cleaved caspase-3 levels in cells treated with staurosporine and that was

significantly reduced by peptain-1 treatment, the inhibition with 50 μg
(53%, Fig. S2) was 33% > 35 μg of peptain-1 (20%, Fig. 10). This effect
of peptain-1 was inhibited by prior incubation with the peptain-1 an-
tibody (26% and 100% against 50 μg and 35 μg peptain-1). In contrast,

Fig. 5. The antibody shows immunoreactivity with αB-crystallin in human lens proteins and with WT but not in αB −/− mouse lenses and lens proteins. Water-
soluble protein from human lenses (age 18, 30 and 46) and from WT and αB−/− mouse lenses were subjected to SDS-PAGE on 12% gel and subjected to Western
blotting using peptain-1 antibody (A, top panel). Coomassie staining of the gel after transfer to the nitrocellullose membrane show comparable protein loading (A,
bottom panel). Immunohistochemical analyses of the WT mouse lens showed strong immunoreactivity for αB-crystallin (B, green in top left panels, +Ab). Omission
of the primary antibody (−Ab) resulted in no immunoreactivity (top right panels). Similar staining was not observed in the lens of αB−/− mouse (bottom panels).
The nucleus was stained with DAPI (blue). The images shown are representative from three independent experiments. Ab = antibody, M = molecular weight
markers, WT = wild type, αB−/− = αB-crystallin KO. The solid arrow denotes the cortical region and the dotted arrow the nuclear region of the lens. The scale bar
=100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the two commercial antibodies did not inhibit the anti-apoptotic ac-
tivity of peptain-1. However, we cannot completely rule out the loss of
inhibitory effect of peptain-1 due to lower levels of transduction in
peptain-1 + antibody transduced cells. We could not test the effect of
antibodies on the anti-apoptotic activity of αB-crystallin in this ex-
perimental set up because of the difficulty in delivering two proteins
simultaneously into cells.

4. Discussion

The purpose of this study was to develop a monoclonal antibody
against peptain-1, which could be used to block the chaperone and anti-
apoptotic activities, two major functional attributes of αB-crystallin.
The backdrop for this idea was that αB-crystallin is highly elevated in
several diseases or disease processes, and its inhibition would be

Fig. 6. Peptain-1 antibody reacts with αB-crystallin in cultured cells. FHL124 cells were seeded on chamber slides and treated with TGF-β2 (to upregulate αB-
crystallin) as described in Methods. Immunoreactivity for αB-crystallin (green) was observed in TGFβ2-treated cells (A, bottom left panel, +Ab). No significant
immunoreactivity was observed in untreated control cells (A, top left panels). αB-Crystallin was detected in HREC (B). Cell nuclei were stained with DAPI (blue).
Immunoreactivity was not observed in cells in which the primary antibody was omitted (−Ab in A and B). The images shown are representative from two in-
dependent experiments. Ab = antibody. The scale bar =100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. The antibody detects peptain-1 in HeLa cells. HeLa cells were treated with or without peptain-1 as described in Methods. Peptain-1 immunoreaction (red) was
observed only in treated cells (B, +Ab) but not in untreated control cells (A, +Ab). Immunoreactions were absent where the primary antibody was omitted (−Ab, in
A and B). Cell nuclei were stained with DAPI (blue). Ab = antibody. The scale bar =100 μm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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beneficial to inhibit disease or disease progression. For example, αB-
crystallin is highly expressed in triple negative basal-type breast cancers
and during metastasis into the brain (Kim et al., 2011; Malin et al.,
2014; Voduc et al., 2015). In fact, its higher expression levels are di-
rectly related to poor prognosis in breast cancer. In addition, αB-crys-
tallin is highly expressed and obligatory for fibrosis in lungs, retina and
lens (Bellaye et al., 2015; Ishikawa et al., 2016; Nahomi et al., 2016). It
is also involved in retinal angiogenesis (Kase et al., 2010).

αB-Crystallin is a cytosolic protein, but studies have shown that αB-
crystallin can be exported from cells through exosome as a full-length
protein (Sreekumar et al., 2010; Gangalum et al., 2011). Whether
exosome-encapsulated protein is released extracellularly is not known;
it is likely that exosomes are taken up by neighboring cells and that
their contents are released inside those cells. Many investigators have
studied whether extracellular αB-crystallin has any cellular effect. One
study showed that exogenous αB-crystallin protects brain astrocytes

Fig. 8. Antibody inhibits the chaperone activity of peptain-1 and αB-crystallin. The chaperone activity of peptain-1 and αB-crystallin was assayed in the presence or
absence of the antibody using CS (A and B) or ADH (C and D). 1 = + peptain-1 (in A and C) or αB-crystallin (in B and D), 2 = + peptain-1 (in A and C) or αB-
crystallin (in B and D) prior treated with mouse monoclonal antibody, 3 = + peptain-1 (in A and C) or αB-crystallin (in B and D) prior treated with rabbit polyclonal
antibody, 4 = + peptain-1 (in A and C) or αB-crystallin (in B and D) prior treated with peptain-1 antibody. The bar graphs represent the means ± SD of triplicate
measurements. NS = Not significant, *p < .05, ***p < .0005. Aggregation profiles of CS at 43 °C in the presence or absence of peptain-1 and αB- crystallin and
chemically-induced aggregation of ADH at 43 °C are shown in panels E, F, G and H, respectively. Ab = antibody. The monoclonal antibody refers to the monoclonal
antibody to αB-crystallin from University of Iowa Hybridoma Bank and the polyclonal antibody refers to the rabbit polyclonal antibody from Millipore.
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from staurosporine and C2-ceramide-induced cell death and inhibits
reactive oxygen species (ROS) generation in brain mitochondria (Arac
et al., 2011; Zhu et al., 2015) and another recent study showed sup-
pression of inflammatory response in astrocytes and microglia by exo-
genous αB-crystallin (Guo et al., 2019). Several studies have shown
effects of exogenous αB-crystallin on retinal ganglion cells and have
convincingly shown that intravitreally injected protein protects retinal
ganglion cells against ischemia/reperfusion, inflammation and oxida-
tive stress-mediated apoptosis and suggested that αB-crystallin could be
used as a therapeutic protein in glaucoma (Fort and Lampi, 2011; Yan
et al., 2017). In addition, work from Steinman's group has shown that
plasma levels of αB-crystallin are increased in patients with multiple
sclerosis when compared normal individuals (Rothbard et al., 2012)
and αB-crystallin administered intravenously can inhibit neuronal da-
mage in experimental models for stroke and autoimmune en-
cephalomyelitis (Arac et al., 2011; Rothbard et al., 2012). Taken to-
gether these observations point to cellular effects of exogenous αB-
crystallin, possibly through its interaction with cell membrane proteins
(receptors). Thus, it is conceivable that in diseases where αB-crystallin
exhibits promotional activity, its blockade could be beneficial, and in
such conditions peptain-1 antibody might find use.

Sharma et al. first showed that peptain-1 is a molecular chaperone,
and their study together with others has shown that αB-crystallin can
inhibit protein aggregation caused by various stresses (Sharma et al.,
2000; Bhattacharyya et al., 2006). Our study showed that peptain-1,
when injected intraperitoneally in rats, could inhibit selenite-induced
cataracts by blocking protein insolubilization and lens epithelial cell
apoptosis (Nahomi et al., 2013b). Steinman's group and Hinton's group
have shown that peptain-1 or αB-crystallin can inhibit cellular death in
animals (Kurnellas et al., 2012; Zhou et al., 2014). Given these results,
it can be inferred that peptain-1 enters cells on its own to bring about its
effects. In fact, Sreekumar et al. have shown that peptain-1 is trans-
ported into cells through an amino acid transporter (Sreekumar et al.,

Fig. 9. The peptain-1 antibody but not a naïve antibody is able to inhibit the chaperone activity of αB-crystallin. The chaperone activity of peptain-1 and αB-
crystallin was assessed in the ADH aggregation assay. The aggregation profiles of ADH with peptain-1 (A) and αB-crystallin (C) in the presence or absence of peptain-
1 antibody or naïve mouse IgG are shown. Percent protection corresponding to panels A and C are shown in panels B and D. The bar graphs represent the means ± SD
of triplicate measurements. 1 = peptain-1 Ab (in B and D), 2 = naïve Ab (in B and D), 3 = peptain-1 (in B) or αB-crystallin (in D), 4 = peptain-1 + peptain-1 Ab (in
B) or αB-crystallin + peptain-1 Ab (in D), 5 = peptain-1 + naïve Ab (in B) or αB-crystallin + naïve Ab (in D). Ab, antibody. NS, Not significant, **p < .005 and
****p < .0001.

Fig. 10. Peptain-1 antibody inhibits the anti-apoptotic function of peptain-1.
HeLa cells were transduced with either peptain-1 alone (35 μg) or peptain-1
incubated with antibody using PULSin protein delivery reagent as described in
Methods. Cells were then treated with 20 nM staurosporine for 16 h to induce
apoptosis. Treatment with peptain-1 reduced the activation of caspase-3, which
was not observed in cells treated with peptain-1 incubated with the peptain-1
antibody. The commercial antibodies did not inhibit the anti-apoptotic activity
of peptain-1. Representative Western blot for cleaved caspase-3 (Clvd.Casp-3) is
shown, β-actin was used as a loading control. The bar graphs are densitometric
plots for the Clvd.Casp-3 levels and are means ± SD of triplicate measurements.
1 = Control, 2 = staurosporine alone, 3 = staurosporine + peptain-1,
4 = staurosporine + peptain-1 prior treated with peptain-1 Ab, 5 = staur-
osporine + peptain-1 prior treated with a mouse monoclonal Ab, 6 = staur-
osporine + peptain-1 prior treated with rabbit polyclonal Ab. Ab, antibody,
NS = Not significant, *p < .05, **p < .005 and ****p < .0001.
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2013). The ability of exogenous peptain-1 to bring about cellular effects
further underscores the importance of methods to block αB-crystallin
activities where it participates in promotion of disease.

Peptain-1 antibody recognized αB-crystallin, but not αA-crystallin
in lens proteins. The antibody only showed weak reaction with Hsp20.
This could be due to subtle differences in amino acid sequence in the
region corresponding to peptain-1 in small heat shock proteins. The
ability of the antibody to inhibit the chaperone activity of αB-crystallin
clearly suggests that the antibody binds to the peptain-1 sequence
within αB-crystallin during such inhibition. Given that the chaperone
and anti-apoptotic activities are interrelated in α-crystallin (Pasupuleti
et al., 2010; Nahomi et al., 2013a), it can be assumed that peptain-1
antibody would block the anti-apoptotic activity of αB-crystallin as
well. Further work is needed to verify this possibility. The antibody
might find use in detection and quantification of peptain-1 in experi-
ments where peptain-1 is injected in experimental animals or treated in
cells to determine its effects. If the perceived beneficial effects of pep-
tain-1 antibody come to fruition, a humanized version of the antibody
could find an application in clinical settings.
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