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Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, characterized by two
pathological hallmarks — extracellular amyloid plaques that are made up of amyloid-peptide and
intracellular neurofibrillary tangles and that are comprised of hyperphosphorylated tau. AD
neuropathology, however, begins decades before symptomatic cognitive decline. To understand
early changes associated with AD pathogenesis and to identify new targets for early diagnosis
and therapeutics, our group has initiated a thorough examination of the human AD brain
proteome. As published previously (1) and more recently (2), weighted co-expression network
analysis of the AD brain proteome revealed a module that was strongly correlated with higher
neuropathological burden and worse cognitive outcomes, as well as highly enriched in microglial
and astrocytic proteins and contained proteins involved in response to inflammation. One of the
key proteins within this module, CD44 (cluster of differentiation 44), has been identified as a
proinflammatory protein. The CD44 gene has also been specifically linked to AD in a genome-
wide association study, where CD44 was identified as one of several genes that are associated
with modification of the age of onset of AD in PSEN1 mutation carriers (3). In this report we have
investigated the association of CD44 and its isoforms to AD pathology.

CD44 is an inflammation-related gene encoding a widely distributed family of alternatively spliced
cell surface glycoproteins (4). CD44 functions as a receptor for hyaluronic acid (HA) and
osteopontin, and has been implicated together with its ligand HA in several inflammatory
diseases, in inflammation-linked neuronal injuries and in cancer (4). Numerous CD44 isoforms
are generated due to alternative RNA splicing which involves at least 10 exons (5). In addition,
variations in glycosylation contribute to structural and functional diversity of CD44. Standard CD44
(CD44s) lacks all 10 variable exons while variant CD44 isoforms may contain one or more
alternatively spliced exons in between standard exons (5). The distribution of the CD44 isoforms
in the normal (5) and AD brain have been reported previously (4). However, the specificity of the
isoform-specific antibodies was not verified in these previous studies. In this investigation we have
first confirmed the specificity of the CD44 isoform-specific antibodies and then used the validated
antibodies to examine the distribution of CD44 isoforms in normal and AD brains.
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Figure 1. Structure of the CD44 variants from Chen et al. (Reference 6). (A) lllustration of the
domain structure of CD44 glycoprotein. (B) Schematic of CD44 variants. Exons shown in green
are always expressed as a standard form of CD44 (CD44s), and up to nine exon variants can be
inserted by alternative splicing. Full-length CD44, CD44s, CD44v3, CD44v6, and CD44v8-10 are
shown. Figure from Chen et al. (6).

To confirm the specificity of the commercial CD44 antibodies, we obtained plasmid constructs of
the five CD44 isoforms (Figure 1) fused with a C terminal V5 tag. These plasmids were
transfected individually into HEK293T cells and the cells overexpressing the corresponding CD44
isoform were subjected to immunoblotting detection using the CD44-specific antibodies obtained
from several commercial sources. The immunoblotting results are shown in Figure 2 and the
antibody information can be found in Table 1. Pan-CD44 antibodies are generated from protein
sequences shared by all CD44 isoforms. They recognize all five isoforms in the immunoblots
(Figure 2A). Antibody sc-18849 is described as CD44s specific, however, the exons for the
CD44s isoform are shared with all CD44 isoforms. Therefore, sc-18849 should not be specific to
CD44s and is included as a pan-CD44 antibody. The CD44 v3 specific antibody is generated from
an epitope encoded by exon 9 (Figure 1), which identifies the full length CD44 and CD44 v3, but
not others (Figure 2B). Similarly, the epitope for CD44 v6 antibody is encoded from exon 11
(Figure 1), which identifies the full length CD44 and CD44 v6, but not others (Figure 2C). The
CD44 v6 antibody shows nonspecific signal at a 1:1000 dilution, but the non-specificity is
significantly reduced when using a 1:3000 dilution. All the three CD44 v10 antibodies are
nonspecific (Figure 1D). While ab6124 can identify all of the CD44 isoforms, the 217685 and
AB2082 only show non-specific background signal. These results are summarized in Table 1.
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Figure 2. Validation of CD44 antibodies in HEK293T cells overexpressing CD44 variants.
(A) blots for pan-CD44 antibodies, (B) blots for a CD44 v3 specific antibody at 1:1000 and 1:3000
dilution, (C) blots for a CD44 v6 specific antibody at 1:1000 and 1:3000 dilution, (D) blots for CD44
v10 antibodies. The primary antibody used in each blot is identified by the product number and
followed by the dilution factor for incubation. Samples are labeled with the plasmid for
overexpression: CD44 FL — full-length CD44; CD44v3 — CD44 variant 3; CD44v6 — CD44 variant
6; CD44v10 — CD44 variant 10; CD44s — CD44 standard. -actin is used as loading control.

Based on the immunoblotting results, pan-CD44 (ab157107), CD44v3, and CD44v6 antibodies
were selected to further investigate the CD44 isoform expression levels in normal and AD brains
(Figure 3-7). The pan-CD44 antibody showed immunoreactivity in neurons and astrocytes in
control brains (Figure 3) and in diffused plaque-like structures and neuritic profiles in AD brains
(Figure 4). The CD44 v3 antibody showed immunoreactivity, primarily in neurons in control brains
(Figure 5 A-C) and in neuritic plaque-like structures and dystrophic neurites in AD brains (Figure
5 D-F & 6). The CD44 v6 antibody showed immunoreactivity in neurons, however, no differences
were observed between the control and AD samples (data not shown). The CD44s antibody,
which is nonspecific and recognizes all CD44 isoforms in the immunoblotting results, did not show
reactivity in the control brain tissue but showed immunoreactivity in diffused plaques in AD brains,
without specific cell-type expression (Figure 7).



Figure 3. CD44 expression in control brains using pan CD44 antibody (ab157107, antibody
specific to the C-terminal epitope 692-742aa). Paraffin embedded brain sections from the
frontal cortex were processed for immunocytochemistry. Representative images demonstrating
CD44-lmmunoreactivity (ir) in control (Figure 3) and AD (Figure 4) brain sections.
Immunoreactivity (ir) for CD44, using the CD44 AB 157107 antibody, is detected in both neuronal
(Figure 3A, B, C) and astrocytic (Figure 3D, E, F) cell types in the control brain sections throughout
the frontal cortex. CD44 ir can be observed in neuronal (arrow head) cell body and processes and
also in astrocytes (arrow) and astrocytic processes in the white matter region.

Figure 4. CD44 expression in AD brains using pan CD44 antibody (ab157107, antibody
specific to the C-terminal epitope 692-742aa). Paraffin embedded brain sections from the
frontal cortex were processed for immunocytochemistry. Representative images demonstrating
CD44-Immunoreactivity (ir) in control (Figure 3) and AD (Figure 4) brain sections. In AD brain
sections (Figure 4 A-F), CD44-ir is detected in diffused plaque-like structures (Figure 4, black
arrowhead) throughout the cortical layers and in the white matter regions. At a higher
magnification, CD44-ir can be detected in astrocytic soma (Figure 4, grey arrow head) and
processes surrounding the diffused plaques. CD44-ir neuritic structures (Figure 4 B, C, arrow)
can also be observed throughout the cortex. Scale bars - 3A, 4A - 200um, All other figs - 100um.
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Figure 5. CD44 V3-isoform specific expression in control and AD brains. Representative
images demonstrating immunoreactivity (ir) for CD44 V3 isoform, using the CD44 V3-specific AB
34229 antibody. CD44 V3—-isoform specific ir was detected primarily in neuronal cell type
throughout the cortex (Figure 5 A-F, arrowhead). CD44 V3 ir was detected in the neuronal soma
and processes (Figure 5 A-F). Note the lack of CD44 V3 ir in other brain cell types. In AD brain
sections (Figure 5, 6), CD44 V3 ir was detected in neuritic plaques (Figure 5 D-F; Figure 6, arrows)
and in some dysmorphic/abnormal neurites throughout the cortical layers and in some tangle-like
structures (Figure 6 C, D, E, arrowhead). Scale bars — Figure 5A, D - 200um, All others - 100um.

Figure 6. CD44 V3-isoform specific expression in AD brains. Representative images
demonstrating immunoreactivity (ir) for CD44 V3 isoform, using the CD44 V3-specific AB 34229
antibody. In AD brain sections (Figure 5, 6), CD44 V3 ir was detected in neuritic plaques (Figure
5 D-F; Figure 6, arrow) and in some dysmorphic/abnormal neurites throughout the cortical layers
and in some tangle-like structures (Figure 6 C, D, E, arrowhead). Scale bars — 100um.



Figure 7. CD44s-isoform specific expression in control and AD brains. Representative
images demonstrating immunoreactivity (ir) for CD44s isoform, using the CD44s-specific sc18849
antibody. Note that the CD44s-ir could not be detected in the control brain sections (Figure 7 A-
C) using this antibody. In AD brain sections (Figure 7 D-F), CD44s-ir could be detected in diffused-
plaque-like structures (arrow) throughout the frontal cortex. The ir was not associated with any
brain specific cell types. Please note that sc18849 antibody is not specific for the standard CD44
isoform (CD44s, Figure 2). Scale bars — 100um.

In brief, we confirmed the specificity of commercially available CD44 antibodies by immunoblotting
transfected cell samples overexpressing specific CD44 variants. We then applied the validated
antibodies to examine the distribution of CD44 variant expression levels in normal and AD brain
tissues using immunohistochemistry. The experimental conditions and results of this study are
summarized in Table 1.



Table 1.

Summary of commercial antibodies used in immunoblotting and immunohistochemistry.

Product# Company

ab157107 Abcam
ab34229 Abcam
Abcam

ab78960

(discontinued) = monoclonal

Source Immunogen Immunoblotting results in Dilution used IHC results Dilution
CD44 overexpressing HEK293 | jn immunoblots |  in human tissue used in IHC
: . Ir in neurons and
Tactl)zr]:al C-terminal All variants 1'119;)80%“ astrocytes and in 1:1000
poly! i diffused plaques
Mouse epitope encoded 1:1000 and Ir in neurons and
v3 . 1:500
monoclonal by exon v3 1:3000 neuritic plaques
Ir in neurons,
Mousa GST-v6 protein v6 1'119230%“ no difference in 1:100

control vs AD
synthetic peptide

37259 Cell Signaling Rabbit of residues All variants 1:1000
monoclonal .
surrounding Pro136
‘ 4 Mouse residues : :
3570 Cell Signaling monoclonal | surrounding Pro210 All variants 1:1000
ab6124 Abcam Mouse tissue, cells, or Al variants 1:1000
monoclonal virus for CD44
No ir in control, ir in
sc-1ssdg | Sam=Crz Rt Not specified Al variants 1:1000 diffused plaques but 1:200
Biotechnology | monoclonal 8
no cellular expression
AB2082 Sigma Rabbit Synthetic peptide Not specific 1:1000
/Chemicon polyclonal of v10
Sigma Rabbit Synthetic peptide . i
£i7c8s /Calbiochem polyclonal of v10 pos speciiic {1000
ir = immunoreactivity
Methods

Plasmid constructs

Sequences of CD44 variants with a C terminal V5 tag were cloned into the FUW backbone
between Xbal and EcoRI restriction sites. The sequences of the CD44 variants used in this study
are shown in the following table.

CD44 Variant

Sequence

CD44 full length

atggacaagttttggtggcacgcagcctggggactctgcctcgtgccgcetgagectggcgcagatcgatitg
aatataacctgccgctttgcaggtgtattccacgtggagaaaaatggtcgctacagcatctctcggacggag
gccgctgacctctgcaaggctttcaatagcaccttgcccacaatggcccagatggagaaagctctgagceat
cggatttgagacctgcaggtatgggttcatagaagggcacgtggtgaticcccggatccaccccaactcca
tctgtgcagcaaacaacacaggggtgtacatcctcacatccaacacctcccagtatgacacatattgctica
atgcttcagctccacctgaagaagattgtacatcagtcacagacctgcccaatgcecttigatggaccaattac
cataactattgttaaccgtgatggcacccgctatgtccagaaaggagaatacagaacgaatcctgaagac
atctaccccagcaaccctactgatgatgacgtgagcagcggctcctccagtgaaaggagcagcacttcag
gaggttacatcttttacaccttttctactgtacaccccatcccagacgaagacagtccctggatcaccgacag
cacagacagaatccctgctaccactttgatgagcactagtgctacagcaactgagacagcaaccaagag
gcaagaaacctgggattggttttcatggttgtttctaccatcagagtcaaagaatcatcticacacaacaaca
caaatggctggtacgtcticaaataccatctcagcaggctgggagccaaatgaagaaaatgaagatgaa

agagacagacacctcagtttttictggatcaggcattgatgatgatgaagattttatctccagcaccatttcaac
cacaccacgggcttttgaccacacaaaacagaaccaggactggacccagtggaacccaagccattcaa
atccggaagtgctacttcagacaaccacaaggatgactgatgtagacagaaatggcaccactgcttatga

aggaaactggaacccagaagcacaccctcccctcattcaccatgagcatcatgaggaagaagagaccc
cacattctacaagcacaatccaggcaactcctagtagtacaacggaagaaacagctacccagaaggaa
cagtggtttggcaacagatggcatgagggatatcgccaaacacccaaagaagactcccaticgacaaca




gggacagctgcagcctcagctcataccagccatccaatgcaaggaaggacaacaccaagcccagagg
acagttcctggactgatttcticaacccaatctcacaccccatgggacgaggtcatcaagcaggaagaag
gatggatatggactccagtcatagtataacgcttcagcctactgcaaatccaaacacaggttiggtggaag
atttggacaggacaggaccitctticaatgacaacgcagcagagtaattictcagagcttctctacatcacatg
aaggcttggaagaagataaagaccatccaacaactictactctgacatcaagcaataggaatgatgtcac
aggtggaagaagagacccaaatcattctgaaggctcaactactttactggaaggttatacctctcattaccc
acacacgaaggaaagcaggaccttcatcccagtgacctcagctaagactgggtcctttggagttactgca
gttactgttggagattccaactctaatgtcaatcgttccttatcaggagaccaagacacattccaccccagtg
gggggtcccataccactcatggatctgaatcagatggacactcacatgggagtcaagaaggtggagcaa
acacaacctctggtcctataaggacaccccaaattccagaatggctgatcatcttggcatccctcttggcectt
ggctttgaticttgcagttigcattgcagtcaacagtcgaagaaggtgtgggcagaagaaaaagctagtgat
caacagtggcaatggagctgtggaggacagaaagccaagtggactcaacggagaggccagcaagtct
caggaaatggtgcatttggtgaacaaggagtcgtcagaaactccagaccagtttatgacagctgatgaga
caaggaacctgcagaatgtggacatgaagattggggtg

CD44v3

atggacaagttttggtggcacgcagcctggggactctgcctcgtgccgcetgagectggcgcagatcgatitg
aatataacctgccgctttgcaggtgtattccacgtggagaaaaatggtcgctacagcatctctcggacggag
gccgctgacctctgcaaggctttcaatagcaccttgcccacaatggcccagatggagaaagctctgagceat
cggatttgagacctgcaggtatgggttcatagaagggcacgtggtgaticcccggatccaccccaactcca
tctgtgcagcaaacaacacaggggtgtacatcctcacatccaacacctcccagtatgacacatattgcttca
atgcttcagctccacctgaagaagattgtacatcagtcacagacctgcccaatgcecttigatggaccaattac
cataactattgttaaccgtgatggcacccgctatgtccagaaaggagaatacagaacgaatcctgaagac
atctaccccagcaaccctactgatgatgacgtgagcagcggctcctccagtgaaaggagcagcacttcag
gaggttacatcttttacaccttttctactgtacaccccatcccagacgaagacagtccctggatcaccgacag
cacagacagaatccctgctaccagtacgtcticaaataccatctcagcaggctgggagccaaatgaaga

aaatgaagatgaaagagacagacacctcagttttictggatcaggcattgatgatgatgaagattttatctcc
agcaccagagaccaagacacattccaccccagtggggggtcccataccactcatggatctgaatcagat

ggacactcacatgggagtcaagaaggtggagcaaacacaacctctggtcctataaggacaccccaaatt
ccagaatggctgatcatcttggcatccctcttggcecttggctttgattctigcagtttgcattgcagtcaacagtc

gaagaaggtgtgggcagaagaaaaagctagtgatcaacagtggcaatggagctgtggaggacagaaa
gccaagtggactcaacggagaggccagcaagtctcaggaaatggtgcatttggtgaacaaggagtcgtc
agaaactccagaccagtttatgacagctgatgagacaaggaacctgcagaatgtggacatgaagattgg

ggtg

CD44v6

atggacaagttttggtggcacgcagcctggggactctgcctcgtgccgcetgagectggcgcagatcgatitg
aatataacctgccgctttgcaggtgtattccacgtggagaaaaatggtcgctacagcatctctcggacggag
gccgctgacctctgcaaggctttcaatagcaccttgcccacaatggcccagatggagaaagctctgagceat
cggatttgagacctgcaggtatgggttcatagaagggcacgtggtgaticcccggatccaccccaactcca
tctgtgcagcaaacaacacaggggtgtacatcctcacatccaacacctcccagtatgacacatattgctica
atgcttcagctccacctgaagaagattgtacatcagtcacagacctgcccaatgcecttigatggaccaattac
cataactattgttaaccgtgatggcacccgctatgtccagaaaggagaatacagaacgaatcctgaagac
atctaccccagcaaccctactgatgatgacgtgagcagcggctcctccagtgaaaggagcagcacttcag
gaggttacatcttttacaccttttctactgtacaccccatcccagacgaagacagtccctggatcaccgacag
cacagacagaatccctgctaccatccaggcaactcctagtagtacaacggaagaaacagctacccaga

aggaacagtggtttggcaacagatggcatgagggatatcgccaaacacccaaagaagactcccattcga
caacagggacagctggagaccaagacacattccaccccagtggggggtcccataccactcatggatctg
aatcagatggacactcacatgggagtcaagaaggtggagcaaacacaacctctggtcctataaggacac
cccaaattccagaatggctgatcatcttggcatccctcttggecttggctttgattcttgcagtttgcattgcagtc
aacagtcgaagaaggtgtgggcagaagaaaaagctagtgatcaacagtggcaatggagctgtggagg

acagaaagccaagtggactcaacggagaggccagcaagtctcaggaaatggtgcattiggtgaacaag
gagtcgtcagaaactccagaccagtttatgacagctgatgagacaaggaacctgcagaatgtggacatg

aagattggggtg




CD44v10 atggacaagttttggtggcacgcagcctggggactctgcctcgtgccgctgagectggcgcagatcgatitg
aatataacctgccgctttgcaggtgtattccacgtggagaaaaatggtcgctacagcatctctcggacggag
gccgctgacctctgcaaggctttcaatagcaccttgcccacaatggcccagatggagaaagctctgagceat
cggatttgagacctgcaggtatgggttcatagaagggcacgtggtgaticcccggatccaccccaactcca
tctgtgcagcaaacaacacaggggtgtacatcctcacatccaacacctcccagtatgacacatattgctica
atgcttcagctccacctgaagaagattgtacatcagtcacagacctgcccaatgcecttigatggaccaattac
cataactattgttaaccgtgatggcacccgctatgtccagaaaggagaatacagaacgaatcctgaagac
atctaccccagcaaccctactgatgatgacgtgagcagcggctcctccagtgaaaggagcagcacttcag
gaggttacatcttttacaccttttctactgtacaccccatcccagacgaagacagtccctggatcaccgacag
cacagacagaatccctgctaccaataggaatgatgtcacaggtggaagaagagacccaaatcattctga
aggctcaactactttactggaaggttatacctctcattacccacacacgaaggaaagcaggaccttcatccc
agtgacctcagctaagactgggtcctttggagttactgcagttactgttggagattccaactctaatgtcaatcg
ttccttatcaggagaccaagacacattccaccccagtggggggtcccataccactcatggatctgaatcag
atggacactcacatgggagtcaagaaggtggagcaaacacaacctctggtcctataaggacaccccaa
attccagaatggctgatcatcttggcatccctcttggccttggcttigaticttgcagtttgcattgcagtcaacag
tcgaagaaggtgtgggcagaagaaaaagctagtgatcaacagtggcaatggagctgtggaggacaga
aagccaagtggactcaacggagaggccagcaagtctcaggaaatggtgcattiggtgaacaaggagtc
gtcagaaactccagaccagtttatgacagctgatgagacaaggaacctgcagaatgtggacatgaagatt

9999tg

CD44s atggacaagttttggtggcacgcagcctggggactctgcctcgtgccgcetgagectggcgcagatcgatitg
aatataacctgccgctttgcaggtgtattccacgtggagaaaaatggtcgctacagcatctctcggacggag
gccgctgacctctgcaaggctttcaatagcaccttgcccacaatggcccagatggagaaagctctgagceat
cggatttgagacctgcaggtatgggttcatagaagggcacgtggtgaticcccggatccaccccaactcca
tctgtgcagcaaacaacacaggggtgtacatcctcacatccaacacctcccagtatgacacatattgctica
atgcttcagctccacctgaagaagattgtacatcagtcacagacctgcccaatgcecttigatggaccaattac
cataactattgttaaccgtgatggcacccgctatgtccagaaaggagaatacagaacgaatcctgaagac
atctaccccagcaaccctactgatgatgacgtgagcagcggctcctccagtgaaaggagcagcacttcag
gaggttacatcttttacaccttttctactgtacaccccatcccagacgaagacagtccctggatcaccgacag
cacagacagaatccctgctaccagagaccaagacacattccaccccagtggggggtcccataccactca
tggatctgaatcagatggacactcacatgggagtcaagaaggtggagcaaacacaacctctggtcctata
aggacaccccaaattccagaatggctgatcatcttggcatccctcttggccttggctttgattcttgcagttigea
ttgcagtcaacagtcgaagaaggtgtgggcagaagaaaaagctagtgatcaacagtggcaatggagct

gtggaggacagaaagccaagtggactcaacggagaggccagcaagtctcaggaaatggtgcatttggt

gaacaaggagtcgtcagaaactccagaccagtttatgacagctgatgagacaaggaacctgcagaatgt

ggacatgaagattggggtg

Cell Culture and Imnmunoblotting

HEK293T cells (ATCC® CRL-3216™) cultured in DMEM with 10% FBS and 100 U/mL penicillin
and streptomycin were plated at 5 x 10° cells per well in 6-well plates. On the next day when the
cell confluency reached 70%, CD44 variant plasmid or pcDNA control plasmid was transfected at
2 ug per well with transfection reagent polyethylenimine at 1:3 ratio (6 pL of reagent per well).
Cells were harvested 45 hours post-transfection, then lysed and boiled with 200 yL of 2X Laemmli
Sample Buffer (BIORAD Cat#1610737). The samples were used for SDS-PAGE and transferred
to nitrocellulose membranes. After blocking with 5% milk/TBST buffer, membranes were
incubated with primary antibodies at 1:1000 or 1:3000 dilution at 4 °C overnight, then incubated
with corresponding HRP-conjugated secondary antibodies at 1:5000 or 1:10,000 dilution for 1 hr
at room temperature. Membranes were exposed with SuperSignal West Pico PLUS
chemiluminescence substrate (Thermo Scientific, REF 34580) and images were taken by
BIORAD ChemiDoc Touched Imaging System.



Immunohistochemistry

Cryopreserved, pathology-confirmed AD (N = 10, 5males, 5 females, average age at death =
72.7) and non-disease control (N = 10, 5 males, 5 females, average age at death = 61.4), formalin
fixed, paraffin embedded, frontal cortex tissue blocks were obtained from the Emory
Neuropathology/ Histochemistry Core. 4-5um paraffin sections were deparaffinized and immuno-
stained with CD44 isoform-specific antibodies (listed in Table 1) on a Thermo Fisher
autostainer. Immunohistochemistry was carried out using a Vector ImMmPRESS kit per
manufacturer instructions. Briefly, sections were pretreated by exposure to hot citrate buffer, then
blocked with Bloxall (10 minutes, room temperature) followed by 2.5% normal serum (20 minutes,
room temperature). Sections were subsequently incubated with primary antibody (60 minutes,
room temperature), amplifier secondary antibody (30 minutes, room temperature) and
ImMmPRESS HRP anti-secondary polymer reagent (30 minutes, room temperature), then
developed with diaminobenzidine (DAB). For controls primary antibodies were were omitted.
Immuno-stained sections were mounted, and cover-slipped. Images were captured using an
Olympus bright-field and camera (OlympusBX51). For final output, images were processed using
Adobe Photoshop software.
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